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The nonstoichiometry and physical properties of 
the Ndl _xCal + xFeO4_ v system 
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The solid solutions of the Ndl-xCal+xFeO4-y system for compositions of x=0.000, 0.125, 
0.250, 0.375, and 0.500 are prepared by drip pyrolysis. XRD analysis shows all the solid 
solutions aretetragona114/mmm- The Fe 4+ ratio to the total Fe ions or z value has a maximum 
for the composition x=  0.375. From the X-ray powder diffraction analysis and the Mtissbauer 
spectroscopy, the distortion and symmetry change of oxygen octahedra of Fe ions are 
observed. The structural change of oxygen octahedra of Fe ions strongly affects the physical 
properties. The solid solution when x=0.000 shows a weak ferromagnetic behaviour due to 
the spin canting of the distorted octahedra. The other solid solutions with 
x=0.125, 0.250, 0.375, and 0.500 show a paramagnetic behaviour over room temperature. 
The decrease of the magnetic transition temperature is due to the distortion of oxygen 
octahedra of Fe ions and the existence of the Fe 4+ ion. The formation site of oxygen 
vacancies plays an important role in the conductivity of the Ndl-xCal+xFeO4-y system. 
Although the oxygen vacancies in [Nd, Ca]-O layer have little effect on conductivity, the 
oxygen vacancies in the FeO2 plane of the perovskite layer act as electron trapping sites and 
thus increase the activation energy. 

1. Introduction 
ABO3 perovskite [1] and K2NiF4-type structures [2] 
corresponding to n = oo and n = 1, respectively, in the 
Ruddlesdon-Popper type compound series of 
AO(ABO3), or An+ 1BnO3n+ 1, have shown interesting 
and special physical properties and therefore they 
have been studied extensively. Whereas ABO3 perov- 
skites form three-dimensional octahedra networks, the 
ideal tetragonal K2NiF4 structures are composed of 
alternating perovskite (ABO3) and rock salt (AO) 
layers along the tetragonal c-axis. Thus the K2NiF~ 
compounds exhibit two-dimensional magnetic and 
electrical properties through ab-plane B - O - B  bonds 
of two-dimensional corner sharing octahedra net- 
works in the perovskite layer. More precisely, an ABO3 
perovskite layer is composed of AO and BO2 layers 
and the sequence along the c-axis in the K2NiF4 
structure is B O 2 - A O - A O - B O 2 - A O - A O - B O 2  in 
which oxygen atoms at the apices of the B O  6 octahed- 
ron are simultaneously a part of the AO layer. 

Physical properties of the KzNiF4-type com- 
pounds are greatly affected by the mixed valencies 
of B-site ions and oxygen vacancies because mag- 
netic and electrical interactions are determined 
by the ab-plane B - O - B  bonds in the perovskite 
layer. However, the oxygen vacancies in the BO2 
and AO layers in the K2NiF4 structure have 
different influences on physical properties. In general, 
the K2NiF4-type compounds show thermally 
activated electrical conductivity and the anti- 
ferromagnetic interaction exhibited by the super- 
exchange model. 

Although interplanar couplings between B site ions 
in the perovskite layers of CaLaFeO4 magnetic struc- 
ture are antiferromagnetic, the magnetic moments are 
aligned in the (00 1) plane along the a-axis and mag- 
netic ordering appears at 373 K 1-3]. Different mag- 
netic arrangements in LaSrFeO4 compound may be 
considered as intraplanar antiferromagnetic interac- 
tions and then a magnetic ordering appears at 380 K 
[4]. The stability of the KzNiF4 compounds can be 
estimated by the Goldschmidt tolerance factor 
(0.85 ~< t ~< 1.02) [5]. If the t value is less than unity, 
a bond mismatch occurs between the rock salt and the 
perovskite layer, which introduces a tensile stress in 
the rock salt (AO) layer and a compression stress in 
the perovskite (ABO3) layer [2]. Thus the B-O bonds 
of the KzNiF4-type compound are smaller than those 
of perovskite. If t approaches low or high limits, it can 
not be accommodated by B-O bond shrinkage and 
then structural changes occur [6]. The structure and 
physical properties of the K2NiF4 compounds are 
greatly influenced by the t value. The K2NiF4 com- 
pounds also can adopt considerable oxygen vacancies 
and recent study shows that there are different oxygen 
vacancy arrangements between the Ca2FeO3.5 and 
Ca/MnO3.5 compounds [7]. 

In the present study, the solid solutions of the 
Ndl-xCal +~FeO,_y system (x = 0.000, 0.125, 0.250, 
0.375, and 0.500) have been prepared and analysed by 
the X-ray powder diffraction method, Mohr salt titra- 
tion, and M6ssbauer spectroscopy. The non- 
stoichiometric chemical formulas of the solid solutions 
could be formulated by the Mohr analysis. Observed 
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magnetic and electrical properties are discussed with 
relation to the mixed valence state of Fe ions, oxygen 
vacancy, two-dimensional structure, and the degree of 
Fe-O covalency. 

T A B L E  1 Lattice parameters, lattice volume, c/a ratio, and crystal 
system for the Nd~_Ca~ + FeO4_y system 

x Lattice parameters c/a Lattice Crystal 
(rim) volume system 
a c (rim 3 ) 

2. Experimental procedure 
The solid solutions of the Nd 1 -=Cat + ~FeO4_y system 
(x = 0.000, 0.125, 0.250, 0.375, and 0.500) were pre- 
pared by drip pyrolysis and heat-treatment at 1350 ~ 
under atmospheric air pressure. The starting materials 
such as Nd2Oa (99.99%), CaCO3 (99.99%), and 
Fe(NO3)3"9H20 (analytical grade) were weighed in 
appropriate stoichiometric amounts and dissolved in 
dilute nitric acid and then the solution dripped onto 
the hot surface of a long quartz tube at 800 ~ in an 
electrical furnace. The solution when dropped onto 
the hot quartz surface produced localized ignition 
sites which gave a very fine ash of intermediate state 
phases which were subsequently heated at 1350 ~ at 
ambient atmosphere for 48 h and then annealed at 
850 ~ for 24 h. The regrinding and heating processes 
were repeated several times in order to obtain a single 
phase product. 

The phase of the solid solution was identified by 
X-ray powder analysis with a Philips pw 1710 diffrac- 
tometer using monochromatized CuK~ (X = 0.15418 nm) 
radiation. Lattice parameters, lattice volume of the 
unit cell, and crystal system of the solid solutions were 
determined accordingly. 

The oxidation states of iron ions were determined 
by the Mohr  salt analysis in which a given amount  of 
sample was dissolved in 0.1 N solution of Mohr  salt 
with small amounts of HC1 and titrated with 0.1 N 
K2Cr207 standard solution. The mole ratio of the 
Fe 4+ to total iron ions, oxygen vacancy and non- 
stoichiometric chemical formulas for the system were 
determined from the analysis. 

The M6ssbauer spectra were recorded at room tem- 
perature using 14.4 keV 57Co 7-ray radiation and fit- 
ted to the Lorentzian curve using PC-MOS to obtain 
M6ssbauer parameters such as isomer shift, quadru- 
pole splitting, and magnetic hyperfine field. 

The electrical conductivity measurements of the 
polycrystalline pellet samples have been carried out by 
the four-probe d.c. technique in the temperature range 
278 to 900 K for the composition with x = 0.000 and 
in the range 145 to 278 K for the compositions with 
x = 0.125, 0.250, 0.375, and 0.500. The electrical con- 
ductivities were calculated using Laplume's equation 
and the activation energy is estimated from the slope 
on the Arrhenius plot of the conductivity. 

The magnetic susceptibilities were measured using 
a Faraday balance from room temperature to 800 K. 
The solid solution with x = 0.000 shows magnetic 
field dependence and therefore was measured under 
two different magnetic fields. 

3. Results and discussion 
The solid solutions of the Ndl  -xCal  +xFeO4_y system 
for compositions with x = 0.00, 0.25, 0.50, 0.75, and 
1.00 were tried in the first preparation. The structural 

0.000 0.3868 1.2092 3.126 0.18090 tetragonal 
0.125 0.3853 1.2105 3.142 0.17971 tetragonal 
0.250 0.3842 1.2082 3.145 0.17830 tetragonal 
0.375 0.3847 1.2110 3.148 0.17924 tetragonal 
0.500 0.3856 1.2087 3.134 0.17975 tetragonal 
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Figure ] Plot of the lattice volume versus x for 
Nd 1 _xCa 1 +~FeO 4 _y system. 

the 

distortion occurs when x ~> 0.500 and their patterns 
are distinctly different from that of tetragonal I4/mm m. 

It is apparent that the mixed phases are formed in the 
range of 0.5 < x < 1.0. Therefore, our experiments are 
restricted to the region 0.000 ~< x ~< 0.500 and the five 
solid solutions x = 0.000,0.125,0.250,0.375, and 
0.500 were prepared. Lattice parameters, lattice vol- 
ume, c/a ratio, and crystal system are listed in Table I. 
X-ray diffraction patterns of all the compositions 
show a characteristic tetragonal I,,/mm m s t r u c t u r e .  

A plot of the lattice volume versus x value of the 
system is shown in Fig. 1. 

The Mohr  salt analysis of the solid solutions was 
carried out and then �9 and y values of the N d l - x  

3+ 4+ Cal+xFel-~Fe~ O4-y system were calculated. The 
z and y values and the nonstoichiometric chemical 
formulas are listed in Table II. Plots of �9 and y values 
versus x value are shown in Fig. 2. The composition 
with x = 0.375 has a maximum r value because many 
oxygen vacancies are formed at x = 0.500. 

Just as for perovskite oxide, a tolerance factor for 
K2NiF4-type compounds can be defined as follows: 

r(A - O) 
t =  

E2r(B - O)11/2 

Also, Poix has defined the tolerance factor as: 

q, 
t - -  

(213B) 1/2 
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TABLE II x, ~, y values, and nonstoichiometric chemical formula 
for the Nd~-xCat +xFeO4-y system 

x z y Nonstoichiometric chemical formula 

0.000 0.000 0.000 NdCaFe 3 + 04.000 
0.125 0.116 0.004 3+ 4+ Ndo.avsCal.t 25Feo.as4Feo.11603.996 
0.250 0.177 0.036 Ndo.750Ca~.250Feoa+a3Fe~o.~ 7703.964 
0.375 0.206 0.085 3+ 4+ Ndo.625Cal.375Feo.794Feo.2o603.91s 
0.500 0.099 0.200 3+ 4+ Ndo.sooCal.500F%.901Feo.0990 3.800 
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Figure 2 Plots of z ( 0 - )  and 
Ndl ~Ca,+xFeO4_y system. 
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where qt A and J3B are invariant values associated with 
A - O  and B - O  distance in nine-fold and six-fold co- 
ordinations, respectively. The tetragonal K2NiF4 
structures are stable for 0.85 < t < 1.02 [6 I. The c/a 
ratio or tetragonality of the K2NiF4 structure is also 
used as the reference for the stability of the tetragonal 
structure. It is stable in the range 3.25 < c/a < 3.30. If 
Nd 3+ ions (r---130.3 pm) are substituted by larger 
Ca 2+ ions (r = 132.0 pm), A - O  bond length increases 
and B - O  bond length decreases with the formation of 
Fe 4+ ion. The tolerance factor for NdCaFeO4 com- 
pound is about 0.89. It is near the low limit and the 
t value also increases as the x value increases, which 
favours the more stable tetragonal phase. The c/a ratio 
as a function of x is plotted in Fig. 3. 

The study will concentrate on where oxygen va- 
cancies are formed and how they are arranged. Three 
factors that affect the lattice parameters of the tetrag- 
onal K2NiF4 structure are (i) the substitution of 
a Nd 3 § ion by a slightly larger Ca 2§ ion which in- 
creases both the a and c parameters, (ii) the formation 
of a Fe 4 § ion which mainly affects the a parameter, 
and (iii) the formation of oxygen vacancies which 
decreases the a and c parameters. In the compositions 
with x = 0.125 and 0.250, relatively low oxygen va- 
cancies are formed. However the a parameter de- 
creases with the formation of small Fe 4 § ions despite 
the substitution effect of Ca 2 § ions in place of Nd 3 + 
ions. The solid solutions with considerable amounts of 
Fe 4+ ions show an increase of the a parameter in the 
compositions with x = 0.375 and 0.500. The substitu- 
tion of Ca 2 + ions in place of Nd 3 § ions increases the 
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Figure 3 Plot of c/a ratio versus x for the Ndl-xCal+xFeO4-y 
system. 

c parameter when x = 0.125. However it decreases 
again when x = 0.250. The decrease with the forma- 
tion of oxygen vacancies in the rock salt layer over- 
comes the substitution effect of Ca 2 + ions in place of 
Nd 3 + ions. Although oxygen vacancies increase again 
when x = 0.375 and they are arranged in both rock 
salt and perovskite layers, the substitution effect dom- 
inates and thus increases the c parameter. The large 
formation of oxygen vacancies mainly at the rock salt 
layer decreases the c parameter when x = 0.500. 

The M6ssbauer spectra at room temperature for all 
compositions are shown in Fig. 4. The M/Sssbauer 
parameters such as isomer shift, quadrupole splitting, 
and magnetic hyperfine field are listed in Table III. 
M6ssbauer spectra are fitted to the Lorentzian curve 
using PC-MOS. The M6ssbauer spectrum of a dis- 
tinct sextet line at room temperature for the composi- 
tion with x = 0.000 is characteristic of the iron ion in 
a magnetically ordered state or below magnetic order- 
ing temperature (TN). There must be a single valence 
state Fe 3 + iron from only one set of sextet peaks and 
isomer shift of 0.3060 mm s-  t. A distorted octahedra 
where apical oxygens are compressed along the c-axis 
can be predicted in terms of a negative sign of the 
quadrupole splitting. The M6ssbauer spectrum for 
x = 0.125 shows doublet peaks and it is interpreted as 
a superposit~on between Fe 3+ and Fe 4+ doublets. 
Mohr salt analysis shows very small amounts of oxy- 
gen vacancies present for x = 0.125. However, large 
oxygen vacancies occur over x >~ 0.250 and their ran- 
dom distribution produces oxygen deficient octahedra 
(ODO). 

The M6ssbauer spectra are fitted under the assump- 
tion of superposition between two Fe a+ ions with 
different environments and a Fe 4+ ion. Two major 
factors that affect the isomer shift of the Fe ion are (i) 
the F e - O  bond length where the shorter the bond 
length, the stronger the covalency is and the isomer 
shift moves to a negative value and (ii) competitive 
oxygen bonding between Fe 3+ and Fe 4+ ions. The 
isomer shift of Fe 3 § ion moves to a positive value due 
to the relatively weak Fe 3 § strength for oxygen bond- 
ing and that of the Fe 4 + ion moves to a negative value 
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T A B L E  I I I  M6ssbauer  parameters for the Ndl_~Cal+~FeO4_y 
system 

x State of 8 AEq Hin t (T) ~ 
Fe ion ( r ams- l ) "  (mm s -  1) b 

0.000 Eea +(Oh) 0.3060 - 0.5160 32.95 

0.125 Fe3+(Ot~) 0.2615 0.7875 
Fe4+(Oh) -- 0.1081 0.2081 - 

0.250 Fe3+(Oh) 0.2455 0.7708 
Fea+(ODO) 0.2271 0.1309 - 
Fe4+(Oh) - 0.2944 0.1521 

0.375 Fe3+(Oh) 0.2375 0.7074 
Fe3+(ODO) 0.2282 0.3718 
Fe3 +(Oh) -- 0.2967 0.1585 

Isomer shift. 
b Quadrupole splitting. 
c Magnetic hyperfine field. 

x=0.375 4+ ~ ~\ ~ a  r" "~'%~ 
Fe (Oh) ~ - ~  F~+(ODO) 

Fe3+(Oh) 
I I I I I 

-3,958 -2.015 0 2.015 3.958 

x=o5oo r 

I I I I I 

-10 -7  0 7 10 
Velocity (mm s 1) 

Figure 4 The M6ssbauer  spectra of the N d l - x C a l + x F e O 4 - y  sys- 
tem. 

in the Fe3+-O 2- Fe 4+ interaction. Isomer shifts of 
Fe 3+ ions when x = 0.000, 0.125 and 0.250 move to 
negative values by the combination of the above two 
effects as the a parameter decreases. The amount  of 
variation in the isomer shifts becomes smaller stepwise 
as the amounts of Fe 4+ ion or z value increases and 
the isomer shifts of Fe 3 + ions when x I> 0.25 show the 
reverse. The negative and large quadrupole splitting 
shows that the c-axis Fe -O bond length is shorter 
than the ab-plane Fe -O bond length. 

The MSssbauer spectrum for x = 0.000 shows that 
the Fe 3+ octahedra are compressed and largely dis- 
torted. The sign change of quadrupole splitting 
between x = 0.000 and x = 0.125 shows that large 
distortion of the octahedra occurs. This is consistent 
with the large change in tetragonality or c/a ratio 
between x = 0.000 and x = 0.125. The quadrupole 
splittings for other compositions are all positive values 
which decrease as x increases. There is a small shoul- 
der in the large doublet peaks in the spectrum for 
x = 0.375 and a peak is introduced representing small 
amounts of oxygen deficient octahedra. The isomer 
shift order of Fe 3 + (Oh) > Fe 3 + (ODO) > Fe 4 + (Oh) is 
consistent with order of the electron density at the 
nucleus. 
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Magnetic measurements are carried out from room 
temperature to 800 K under a magnetic field of 10 T 
and plots of the Z-  1 versus temperature (K) are shown 
in Fig. 5. Magnetic parameters and effective magnetic 
moments are listed in Table IV. The magnetic 
transition temperatures for x = 0.000 and 0.500 must 
be over room temperature and near room temper- 
ature, respectively, from the M6ssbauer spectra [8]. 
The inverse molar susceptibility for x = 0.000 shows 
a weak ferromagnetic behaviour below 680 K in good 
agreement with the M6ssbauer spectrum for 
x = 0.000. The perovskite NdFeOa compound corres- 
ponding to NdCaFeOr also shows a weak ferromag- 
netic behaviour below 707 K [9]. The magnetic be- 
haviour can be explained by the structural distortion 
of FeO6 octahedra. The antiferromagnetic interaction 
of Fe 3 + (high spin) - O  2 - - F e  3 + (high spin) is formed 
in the FeO 6 octahedra and thus shows a weak fer- 
romagnetic behaviour by the spin canting of Fe ions. 
The negative 0p value in the Table IV confirms the 
antiferromagnetic interaction. 

The magnetic transition temperature of the 
NdCaFeO4 compound is much higher than those of 
the CaLaFeO4 (373 K) and LaSrFeO4 (380 K) com- 
pounds. In the CaLaFeO4 [3] magnetic structure, the 
interplanar coupling between neighbouring Fe(III) 
ions is also ferromagnetic and the magnetic moments 
in the (0 0 1) plane are aligned along the a-axis. The 
moment is equal to 3.75 gB at 4 .2K 1-3] and the 
magnetic ordering appears at 373 K. The absolute 
value of inverse molar susceptibility decreases as x in- 
creases. 

The magnetic interaction of the super-exchange 
model is principally produced by the F e - O - F e  inter- 
action of ab-plane FeO2 in the K2NiF4-type com- 
pounds. Three factors affecting the degree of magnetic 
interaction are the F e - O  bond length, the tetragonal- 
ity, and oxygen vacancy. The abrupt decreasing of the 
N~el temperature for x = 0.125 shows that the rapid 
increase of c/a or the decrease of the FeO6 octahedra 
distortion gives the largest effect for t h e  magnetic 
interaction. The formation of Fe 4+ ions with 
increasing x value reduces the antiferromagnetic 
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Figure 5 Inverse molar susceptibility as a function of temperature for the Ndl -xCal +~FeO4 y system. Key: ~ -  0.500; ~ -  0.375; 4~- 0.250; 
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TA B LE IV Magnetic parameters and effective magnetic moments 
for the Ndl xCal+xFeO4-y system 

x C Op g~fr(Tot) goal (Fe) 

0.000 6.51 ~ 16.25 7.220 6.095 
0.125 5.04 - 13.88 6.349 5.215 
0.250 5.03 - 16.00 6.342 5.384 
0.375 4.78 - 29.89 6.187 5.308 
0.500 4.46 - 32.53 5.972 5.308 

T A B L E  V Activation energy of the electrical conductivity for the 
Ndl -xCal +xFeO4 -y system 

x Temperature region Activation energy (eV) 

0.000 278 _< T _< 530 0.165 
530 _< T _< 900 0.304 

0.125 152 _< T _< 190 0.301 
190 _< T _< 293 0.136 

0.250 143 _< T _< 223 0.313 
223 _< T _< 273 0.124 

0.375 146 < T < 214 0.327 
214 _< T _< 286 0.205 

0.500 143 _< T _< 223 0.371 
223 < T < 273 0.210 

Fe 3+ O - F e  3+ interaction. The magnetic transition 
temperature for x = 0.500 is near room temperature 
where both the "c value and the c/a ratio are smaller 
than those for x = 0.125, 0.250 and 0.375. 

Plots of X-1 versus temperature for x = 0.125-0.500 
follow the Curie-Weiss law with small positive curva- 
ture. However, since the linearity is in the error range 
R 2 >~ 0.998, the geff of Fe 3 + ions calculated from the 
C value is 6.02 gB for x = 0.00. The Fe 3 + ion should 
be in a high spin state considering 'the theoretical 
value 5.92 gB of high spin Fe 3 + ion. The length of the 
ab-plane F e - O  bond in terms of the a parameter 
decreases as x increases. Therefore, the Fe ions for 
x = 0.125-0.500 have a low spin state or an intermedi- 
ate spin state. The Curie-Weiss constant is the refer- 
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Figure 6 Plot of log electrical conductivity versus 1000/T for the 
NdCaFeO4.00o system. 

ence for the degree of antiferromagnetic interaction 
and it shows relatively small values in these experi- 
ments. The strength of this interaction is determined 
by the ab-plane F e - O  bond length, the bond angle of 
F e - O - F e ,  and the amounts of Fe 3+ ions. The 
Curie-Weiss constants for x = 0.125 and 0.250 are 
small because of the decrease in the Fe-O bond length 
despite the formation of Fe 4 § ions and oxygen va- 
cancies. The decrease of the c/a ratio for x = 0.375 and 
0.500 takes the F e - O - F e  bond angle close to 180 ~ 
corresponding to large Curie-Weiss constants. 

The electrical conductivities are measured for 
x =0.000 in the range 278 to 800K and for 
x = 0.125~.500 in the range 140 to 273 K. Plots of log 
conductivity versus 1000/T are shown in Figs 6 and 7. 
The slope change of the plot can be explained by 
a phase transition in the composition where x = 0.000 
with low tolerance factor [10]. The plots for 
x = 0.125,0.250,0.375, and 0.500 also show slope 
changes. 
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The activation energy of the conductivity is com- 
posed of the energy for the Fe 3+ --*Fe 4+ + e -  and 
hopping energy of an electron from one site to an- 
other. The increase of the z value decreases activation 
energy in the Ndl  _xCal +~FeO4_y system. However, 
oxygen vacancies act as electron trapping sites and 
also increase the activation energy. The conduction 
mechanism may be the hopping model of the conduc- 
tion electrons based on the mixed valences between 
Fe 3+ and Fe 4+ ions. 

4. C o n c l u s i o n s  
The structure for all the solid solutions of the 
Ndl_xCal+xFeO4_y system is tetragonal I4/mmm- 
Generally, the mole ratio of the Fe 4 § and the oxygen 
vacancies increase as x increases. The mixed valence 
between the Fe3 § and Fe 4+ ions can be measured and 
identified by Mohr  salt analysis and M6ssbauer  spec- 
troscopy, respectively. Nonstoichiometric chemical 

formulas for the system are formulated from the x, y, 
and z values. 

Magnetic measurement shows that the magnetic 
interaction occurs through the super-exchange inter- 
action and the structural distortion in the 
N d l - x C a l  +xFeO4_y system presents weak ferromag- 
netic and paramagnetic behaviours for x = 0.000 and 
x = 0.125, respectively. The �9 value increase in the 
mixed valences between Fe 3 + and Fe 4+ ions decreases 
the activation energy of the electrical conductivity and 
therefore, the conduction mechanism should be the 
hopping model of the conduction electron. The oxy- 
gen vacancies at the FeO2 plane in the perovskite 
layer act as electron trapping centres and increase the 
activation energy of the electrical conductivity. 
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