
934 Bull. Korean Chem. Soc. 1995, VqL 16, No. 10 Gwe Ya Kim et al.

Structural and Magnetic Properties of the Brownmillerite 
CazAlxFez-xOs System

Gwe Ya Kim, Kwon Sun Roh, and Chui Hyun Yo

Department of Chemistry, Yonsei University, Seoul 120-749, Korea 
Received June 21t 1995

A series of solid solutions in the CazAMFeiQ 9=0.00, 0.50, 0.66, 1.00 and 1.34) system with brownmillerite structure 
has been synthesized at 1100 °C under an atmospheric air pressure. The solid solutions are analysed by powder 
x-ray diffraction analysis, Mohr salt titration, thermal an시ysis, and Mossbauer spectroscopic analysis. The x-ray diffrac
tion analysis assigns the compositions of x=0.00 and 0.50 to the space group Pcmn and those of x=0.66, 1.00, and 
1.34 to the Ibm2. Mossbauer spectra have shown the coordination state and disordering of AP+ and Fe3+ ions. The 
substituting preference of Al3+ ions for fhe tetrahedral site decreases with increasing x value. Magnetic susceptibility 
of the system has been measured in the temperature range of 5 K to 900 K. The solid solutions of the compositions 
of x=0.00, 0.50 and 0.66 have shown a thermal hysteresis and the thermoremanent magnetization gap decreases 
with increasing x value in the above systems. However the compositions of x=1.00 and 1.34 do not show the hysteresis. 
The exchange integral is calculated from Fe3+ ion occupancy ratio. The integral decreases with x value and thus 
the magnetic transition temperature decreases with the increasing x value.

Introduction

The crystal structure of the Ca2Fe20s was first suggested 
by Biissem.1 Pcmn was considered to be the most probable 
space group with the basic structure consisted of layers of 
corner-sharing (A1O6) octahedra alternating with layers of 
(FeO4) tetrahedra. However Battle et al.2 report that the 
atomic arrangement is similar to that proposed by Biissem 
but there is marked distortion of the oxygen octahedra and 
tetrahedra around the iron ions.

There was a considerable interest in the reorientation of 
the Fe3+ ion spins for magnetic properties of the Ca2Fe2O5 
system, which is similar to that of the orthoferrites. However 
the spin reorientation of the ion in the ErFeOs system is 
a continuous and coherent rotation of the Fe3+ ion spins.

In Pcmn, the c-direction is the direction only within the 
ac plane along which the spins can align without producing 
a ferromagnetic moment. The direction is probably preferred 
because of the large inter- and intra-superexchange bond 
angles. Battle et al} have observed thermal hysteresis in 
Ca2Fe2O5 on cooling the material in a magnetic field from 
above the Neel temperature. They interpret the fact as the 
existence of a weak ferromagnetic moment parallel to a-axis.

Mossbauer spectroscopic study of the Ca2AlxFe2-IO5 (zM 
1.0) system shows the first order phase transition.4 The stru
cture of the solid solutions with the high x value differs 
from that of Ca2Fe2O5 and the most probable space group 
of the Ca2AlFeO5 is Ibm2.5

The site occupancy of Fe3+ and Al3+ ions in the brown
millerite structure has been of interest since Bussem hypo
thesized that all Fe3+ ions are in the tetrahedral sites and 
all Al" ions are in the octahedral sites. However Smith6 
studied the intensities of the OfeO reflections versus composi
tion. He predicted that the Al" ion substitutes preferentially 
in the tetrahedral sites until the tetrahedral sites are filled 
about half. Additional Al3+ ions are distributed equally into 
sites 나ntil 3/4 and 1/4 of the Al3+ ions in Ca2AlFeO5 system 
are located in tetrahedral and octahedral sites, respectively. 

The Mossbauer spectroscopy indicates that the Al" ions are 
not restricted to the tetrahedral sites below 尤=0.50 and the 
cation distribution for CazAlosFei&Os is found to be Ca2[Alo.io 
Fe03o](Alo.4oFeo.6oK>5 (in this paper [ ] and ( ) represent 
octahedral and tetrahedral sites, respectively). Geller et al.4 
investigated only hysteresis of Ca2Fe2O5 but we expect ther
mal magnetic hysteresis with the change of x value.

In the present study, solid solutions of the 
system with compositions of 丸=0.00, 0.50, 0.66, 1.00, and 
1.34 have been prepared and their crystallographic structures 
and the valence state of iron ion are analyzed by powder 
x-ray diffraction analysis and Mohr salt titration, respectively. 
The magnetic properties of the system are discussed with 
the change of space group, Mossbauer spectroscopic analysis, 
and the magnetic measurement.

Experimental

Samples of the C^ALFeiOs system with compositions 
of x=0.00, 0.50, 0.66, 1.00, and 1.34 have been prepared from 
the corresponding stoichiometric amounts of CaCOa (Sigma 
Chemical Co., 99.9%), Fe2O3 (Rare Metallic Co., 99.9%), and 
AI2O3 (Rare Metallic Co., 99.99%). The mixtures are heated 
at 800 t for 4 hrs to decompose the carbonate and after 
being ground, fired at 1100 M in the air for 48 hrs. The 
grinding and heating processes are repeated in order to pro
duce a homogeneous solid solution.

The powder x-ray diffraction analysis has been carried 
out by a SIEMENS KRISTALLFLEX 805 using CuKa Q= 
1.5405 A) radiation. The diffraction data are obtained by a 
fitting process with the Rietveld technique. The lattice pa
rameters, the lattice volume of the unit cell, and the space 
group of the samples are also determined.

Thermal analysis has been carried out to examine the sta
bility of the sample in the temperature range of 300 K-1000 
K and the analysis does not show any peak. The oxidation 
state of iron ions is specified as only Fe3+ state by Mohr 
salt titration.
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Table 1. Lattice parameters, lattice v이ume, and space group 
of solid s)lutions for the Ca2AlIFe2-rO5 system

x value
Lattice parameter/A 

a b c

Lattice 

volume/A3
Space group

0.00 5.58(6) 14.74(7) 5.41(4) 446.0(1) Pcmn
0.50 5.58(8) 14.63(2) 5.38 ⑷ 440.2(2) Pcmn
0.66 5.58(5) 14.61(7) 5.38 ⑸ 439.6(1) Ibm2
1.00 5.55(2) 14.50(6) 5.35(7) 431.4(8) Ibm2
L34 5.52(1) 14.46(1) 5.31(1) 424.0(2) Ibm2
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Figure 1. Plot of lattice volume versus x value for solid solutions 
of the CazAIxFes-^Os system.

The Mossbauer spectroscopic analysis has been performed 
in the standard transmission geometry using a source of 
57Co in Rh matrix. The spectra are recorded at room temper
ature and fitted using a least-squares refinement program.

Magnetic measurement has also carried out by a Faraday 
Balance Magnetometer and a SQUID in the temperature 
range from 5 K to 900 K. The heating and cooling processes 
are followed in order to show the thermal magnetic hystere
sis.

Results and Discussion

The x-ray diffraction patterns of solid solutions with com
positions corresponding to x=0.00, 0.50, 0.66, 1.00, and 1.34 
are indexed on the basis of the orthorhombic unit cell of 
the brownmillerite structure. The intensities of hQl peaks 
with the conditions of 五 + / = 2刀 +1 decrease with increasing 
x value and are near zero at the composition of x = 0.66. 
Therefore the compositions of the O.OOMrVO.66 correspond 
to the space group Prwn(D2h16) and those of the 0.661.34 
to the，師2(C為22).5 The accurate lattice parameters of the 
CazALFeiOs compounds have been calculated from the 
above space groups by a Rietveld technique based on the 
analytical least-squares refinement. The lattice parameters, 
lattice volume, and space group are listed in Table 1.

The lattice volume decreases with increasing x value with

Figure 2. Mossbauer spectra of 난le C^ALFez-Qs system at 
room temperature.

anormality at the x = 0.66 where phase transition4 occurs as 
shown in Figure 1. The decreasing lattice volume is due 
to the substitution of the smaller Al3+ ion (50 pm) for the 
larger Fe3+ ion (64 pm).

The experimental data of DTA and TGA for all the compo
sitions show that there is neither weight loss nor phase tran
sition in the temperature range of 300 K-1000 K. The com
pounds, therefore, might be thermally stable in the condition. 
It means that the orthorhombic phase and oxidation state 
of Fe3+ ion, assuming the stable electronic structure of Ca2+ 
and Al" ions, are retained in the above temperature range.7

The Mossbauer spectra of the Ca2AlxFe2-xO5 system are 
shown in Figure 2. The spectra are fitted with Lorentzian 
curves and the Mossbauer parameters are listed in Table
2. They show that the solid solutions of all the compositions 
contain only the oxidation state of Fe3+ ion and have the 
brownmillerite orthorhombic structure in which the layers 
of LFeOft] octahedra and of (FeO4) tetrahedra are alternating 
along b-axis.

The compositions of 尤=0.00, 0.50, and 0.66 show spectra 
of the magnetic materials below the magnetic ordering tem
perature. The ordering of magnetic spins of Fe3+ ions can 
be explained by superexchange model.8 The exchange inter-
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Table 2. Mdssbauer parameters such as isomer shift (8), quad
rupole splitting (AEg), hyperfine field (A/由)，linewidth (T)» and 
Al (tet)/Al(oct) for solid solutions of the CazAUFeiCk system

x vaiue Fe site 七崩汽)叼 /f 二)端 
/(mm/sec) /(mm/sec) /(mm/sec) A1(O)

■00
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-00
34
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0.37(9) -0.53(6) 50.1(3) 0・25 —
0.21(3) 0.70(4) 42.7(4) 0.25
037(2) —0.59(2) 462(4) 0.73 3.17
0.17(3) 0.66(7) 39.1(7) 0.86
0.35(0) —0.70(7) 43.5(1) 1.03 2.14
0.15(9) 0.50(8) 36.0(1) 1.00
0.34(9) 1.86(2) — 1.21 —
0.13(5) -0.54(7) 30.2(5) 1.39
0.23(5) L52⑺ — 0.28 1.83
0.05(9) 1.89(5) — 0.26

350

300
200 300 400 500 600 700 800 900

T/K

action between the Fe3+ ions occurs via an induced spin 
density in the s orbital of diamagnetic AF* ion by a polarized 
p orbital on the oxygen ion due to paramagnetic Fe3+ ion. 
The spectrum for the composition of x=0.00 can be fitted 
by using two series of sextets with the same intensity as 
shown in Figure 2. The isomer shift of 0.37(9) mm/sec and 
hyperfine field of 50.1(3) T for the first sextet are consistent 
with the Fe3+ ion at the octahedral site. Those of 021(3) 
mm/sec and 42.7(4) T for the second sextet allow us to att
ribute to the Fe3+ ion at the tetrahedral site.9,10

For compositions of x=0.50 and 0.66, the isomer shift of 
the sextet with high intensity and that of another sextet 
with low intensity correspond to the Fe3+ ion at the octahed
ral site and that at the tetrahedral site, respectively. Mdss- 
bauer spectrum for the composition of x=1.00 can be fitted 
by assuming a doublet with isomer shifts of 0.34(9) mm/sec 
and a sextet of 0.13(5) mm/sea The doublet and sextet are 
consistent with Fe3+ ions at octahedral and tetrahedral sites, 
respectively. It seems that the transition temperature of mag
netic ordering may be near the room temperature for the 
composition of x=1.00. Mdssbauer spectrum of the x= 1.34 
is one of the paramagnetic compound and corresponds to 
the Fe3+ ions at octahedral and tetrahedral sites.

The isomer shift decreases with increasing x value and 
thus the covalency between Fe3+ and O2- ions increases 
with x value, which reflects the decreasing lattice volume 
and the increasing ionic character of Al34--©2* bond. The 
very low isomer shift of the composition of x—1.34 supports 
that [FeO6] octrahedron and (FeO4) tetrahedron are majorly 
surrounded by the Al3+ ion with more ionic character, which 
will be discussed latter on. The linewidths of the composi
tions of x=0.50, 0.66, and 1.00 are large and are reasonable 
for disordering of Al3+ and Fe3+ ions in each octahedral 
and tetrahedral layer, respectively. In the disordering system 
of Al3+ and F涉+ ions the possible atomic arrangements such 
as (FeQ)Fe“(FeQ)F%_iAl, (FeO^FdAL, (FeQ)F%_3A13, 
etc, where x is 4 and 6, allow central Fe3+ ions to have 
slightly different Mossbauer parameters, which induces the 
broading of Mossbauer lines.11 The sharp linewidth of the 
x=1.34 means that EFeO6] octrahedron and (FeO4) tetrahed
ron are majorly not surrounded by Fe3+ ions but by Al3+

580

Figure 3. Plot of xm-1 versus T for the Ca2Fe20s system.
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Figure 4. Plot of xm-1 versus T for the CazAlosFe^Os system.

ions, which is consistent with lower Neel temperature as 
shown in Figure 6.

The ratio A1(T)/A1(O) in each composition has been calcu
lated from the ratio between peak areas of Fe3+ ions at octa
hedral and tetrahedral sites as listed in Table 2.12 Thus the 
cation distributions for the Ca2Fe2-xAlxO5 system are found 
to be Ca2[Fe](Fe)O5 for the x=0.00, Ca2[Alo.i2Feo^8](Alo.38 
Feo.62)Os for the x—0.50, Ca2EAlo2iFeo.79](Alo.45Feo55)05 for the 
尤=0.66, and Ca^AlwF血53](A屁7F%G()5 for the x=1.34. Al
though the Al3+ ion with the small ionic radius (50 pm) pre
fers the tetrahedral site, the ratio of Al3+ ion between the 
both sites decreases with x value, which agrees with Smith's 
work6 in the introduction.

Plots of reciprocal molar magnetic susceptibilities versus 
temperature are shown in Figures 3-6. Magnetic parameters 
such as Neel temperature, Curie constant (C), paramagnetic 
Curie temperature (⑶)，and effective magnetic moment (财) 

obtained from the plots are listed in Table 3. The magnetic 
behavior of the CaaAlxFea-jOs below the Neel temperature
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Table 3. Magnetic parameters and the effective magnetic mo

x value 飯/K C 응# M紡/BM

0.00 721 — — 一

0.50 575 5.57 -462 6.67
0.66 499 4.04 — 444 5.68
1.00 350 231 -423 430
1.34 — 1.25 一 358 3.16

T/K
Flsure 5. Plot of xm-1 versus T for the 京站虻处盘* system.

Table 4. Exchange intergral between Fe3+ ions for the CazAL 
Fe2-xO5 system

X value Z -J/k/K

0.00 5.00 24.72
0.50 4.03 24.46
0.66 3.61 23.70
134 2.17 below 0.40
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Figure 6. Plots of Xm'1 versus T for the compositions of x= 1.00
and 1.34 of the CazAMFeiCX system.

can be described by the superexchange model in which the 
antiparallel arrangement of magnetic spins of Fe3+ ions is 
predominent as shown by the negative paramagnetic Curie 
temperature. The substitution of a diamagnetic Al3+ ion for 
Fe3+ ion reduces the Neel temperature as listed in Table 
3, which is consistent with the decreasing hyperfine field 
at Fe3+ ion as listed in Table 2. The effective magnetic mo
ment of the Ca2AlxFe2-xO5 system is slightly smaller than 
that of spin-only magnetic moment of high spin Fe3+ ions, 
which means that the short range spin ordering is present 
in a paramagnetic region.

The compositions of x=0.00-0.66 show thermal hysteresis 
on cooling the material in a magnetic fi이d of 6300 kOe below 
the Neel temperature. The hysteresis does not take place 
by the crystal phase change beacuse the crystal phases of 
the solid solutions are not changed during the heating and 
cooling. The frustration produced by substitution of diamag
netic Al3+ ion in place of Fe3+ ion in the compositions of 
#=0.50 and 0.66 is unreasonable because of a large concen

tration of paramagnetic Fe3+ ions.13 The thermal hysteresis 
is the same as that observed in many orthoferrites where 
the spin reorientation of Fe3+ ion is induced by the aniso
tropy due to the spin ordering of rare earth metal ion.

The hysteresis in the compositions of x=0.00 and 0.50 
with the space group of Pcmn is due to the correlation be
tween the spin direction and the local anisotropic field which 
can be interpreted in terms of the Dzyaloshinsky-Moriya in
teraction.13 In Pcmn the c-direction is the only direction 
which the spins can align without producing a ferromagnetic 
moment. However hysteresis gap and preference of c-direc- 
tion are decreased with decreasing of paramagnetic Fe" ion. 
The hyst은resis gap disappears at the compositions of x~ 1.00 
and 1.34 with space group of Ibm2 which results in more 
restriction on the spin direction.4 Although the space group 
of the composition of x=0.66 is Ibm2, the small hysteresis 
gap means that the composition contains a small amount 
of phase with space group of Pcmn. The composition of x = 
1.00 shows a weak ferromagnetism due to the spin canting 
induced by a distortion of the sublattice, which is consistent 
with large quadrupole splitting as shown in Table 2.14,15 The 
composition of x= 1.34 does not show any slope change of 
the pl아 of xm 1 versus T in the range of 5 K to 760 K.

In the molecular field theory, the exchange integral, \J\/k, 
for an antiferromagnet can be estimated from the following 
relation.

\J\/k^ ~ 3X 
zX5(S+l)

where k is B이tzman constant, S the spin, equal to 5/2 for 
the high spin Fe3+ ion, and z the number of nearest neighbor 
Fe" ions. The number of nearest neighbor Fe3+ ions for 
a Fe3+ ion is the statistic지 summation of 4[Fe"] + 2(Fe") 
and 2[Fe3+] + 2(Fe3+) in the octahedral and tetrahedral sites, 
respectively. As listed in Table 4, the exchange integral de
creases with the increasing x value in the compositions of 
x=0.00-0.66 and shows anormalous small value at the com
position of x=1.34. The small intergral is consistent with 
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the abruptly decreased isomer shift and narrow linewidth 
of the Mdssbauer spectrum and the low Neel temperature 
at the composition of x=1.34.

Conclusion

Solid solutions of all the compositions have brownmillerite 
structure. The Al3+ ion with the smaller ionic radius prefers 
the tetrahedral site but the preference decreases at the in
creased x value. The Al3+ and Fe3+ ions are randomly distri
buted in each octahedral and tetrahedral sites. The substitu
tion of diamagnetic Al3+ ion in place of paramagnetic Fe3+ 
ion decreases the exchange integral. The Fe3+ ion is isolated 
by diamagnetic ions at the composition of x = 1.34 and the 
composition has no long range ordering of Fe3+ ion spins 
above 5 K. The composition of x=134 may be below the 
percolation threshold of a Heisenberg antiferromagnet. The 
Fe3+ ion is high spin state and thus isotropic. The spin direc
tion can be changed by local anisotropic field in the composi
tions of 0.00-0.66 with space group of Pcmn. However 
the compositions of x= 1.00 and 1.34 do not show spin re
orientation when cooling due to high symmetric space group 
of Ibm2.
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Hydrolysis of /»-nitrophenyl acetate (PNPA) and /xiHtrophenyldiphenyl phosphate (PNPDPP) by 2V-chloro compounds 
in micellar solution were studied. XN'-Dichloroisocyanuric acid sodium salt (DCI) in cetyltrimethylammonium chloride 
(CTAC1) micellar solution gave pseudo first-order kinetics. But, DCI in cetyltrimethylammonium bromide (CTABr) 
micellar solution showed typical series first-order kinetics - fast hydrolysis of the esters and concomitant slow decay 
of the hydrolyzed product, />-nitrophenolate. The hydrolysis rate was decreased as the hydrophobicity of N-chloro 
compounds was increased, which is the opposite trend to the usual bimolecular micellar reaction. This curious behavior 
of the A^-chloro compounds in the catalytic hydrolysis of PNPA and PNPDPP in a cationic micellar system can be 
best explained by participation of counter ions of the surfactants during hydrolysis.

Introduction

As a mimic system of enzyme catalysis and a model sys
tem for destruction of nerve agents, the hydrolysis of p-ni- 
trophenyl acetate (PNPA) and /)-nitrophenyldiphenyl phos
phate (PNPDPP) in either micellar or microemulsion system 
has been extensively investigated.1 We had previously repor

ted some interesting results of the hydrolysis of PNPA by 
-dichloroisocyanuric acid sodium salts (DCI) in cationic 

micellar system.2 In that paper, we concluded that the dif
ference in the reactivity of the catalytic hydrolysis of PNPA 
by DCI in various cationic micellar systems were due to 
formation of different halogen species which were formed 
by the reaction between the counter ions of the surfactant


