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has shown the mixed valence of Fe cations and the dis-
The compounds Sr11xNd12xFeO42y (x 5 0.00, 0.25, 0.50, 0.75, torted site arising from the presence of an oxygen vacancy.

and 1.00) with the K2NiF4 structure are prepared by a drip Gibb (1) and Fournés et al. (2) have reported that SrFeO2.75
pyrolysis technique. X-ray powder diffraction analysis assigns solid solution is composed of the Fe31 ion in octahedral
all the compositions to the tetragonal system with decreasing sites and the Fe41 ion with high spin configuration stabilized
lattice volume as x increases. Nonstoichiometric chemical for- by a highly distorted site and that SrFeO2.83 compound
mulas are formulated and identified by Mohr salt analysis and has average Fe3.51 valence state implying a short rangeMössbauer spectroscopy, respectively. Oxygen vacancy forma-

hopping. The electrical conductivities of these nonstoichio-tion is predominant rather than the oxidation of the Fe31 ion
metric perovskites have been investigated by the amountto the Fe41 ion with respect to the competitive compensation
of Fe41 ion, the influences of the oxygen vacancy, and alsofor the positive charge deficiency. The electrical and magnetic
the mobility of conduction carriers which decrease withproperties of these compounds, with the space group I4/mmm,

are different from those of the corresponding three-dimensional the increase of the Fe–O–Fe average distance according
perovskites. All the compositions of the two-dimensional to the hopping conduction model. Hombo et al. (3) have
Sr11xNd12xFeO42y compounds are within the semiconducting shown that the mobility of conduction carriers rather than
range with positive temperature dependence of the electrical the carrier density decreases largely with the increase of
conductivity. Although the amount of Fe41 ion is maximum at the oxygen vacancies.
the composition of x 5 1.00, its lowest electrical conductivity The representative K2NiF4-type compounds have tetrag-can be associated, not with the conduction carrier concentra-

onal structures with the I4/mmm space group which istion, but with the mobility which depends on the amount of
composed of the interlayers of the rock salt within thethe oxygen vacancy and on the Fe–O–Fe bond distance. As a
perovskite layers. Therefore, it can be anticipated thatresult of the magnetic measurement with a SQUID, all the
the oxygen nonstoichiometry may be the main factor forcompositions follow the Curie–Weiss law and the anomalous

effective magnetic moments of the compositions can be inter- characteristics of the K2NiF4-type compounds, similar to
preted as a coexistence of low and high spins of the mixed their corresponding perovskites. Because of the relatively
valence state.  1996 Academic Press, Inc. weak interplanar interactions along the c axis between the

magnetic ions in K2NiF4-type compounds (4), the differ-
ences of structural and physical properties between these

INTRODUCTION compounds and corresponding perovskites would be ex-
pected. The structural study for the A0.5La1.5Li0.5Fe0.5O4The structure and physical properties of nonstoichio-
(A 5 Ca, Sr, Ba) system by Demazeau et al. (5–7) hasmetric perovskite-related compounds, ABO32y (A 5 rare
shown that the more covalent character of the Fe–O bondearth elements, B 5 transition metals), with three-dimen-
than the Li–O bond causes the D4h distortion of FeO6sional characteristics have been studied extensively. The
octahedra. This strong D4h elongation is sufficient to stabi-electrical and magnetic properties of nonstoichiometric
lize the dz2 orbital and leads to the high spin configurationperovskites with the general formula A12xA9

xBO32y have
of the Fe41 ion.been described as the result of the degree of B–O–B inter-

The relatively large quadrupole splitting (DEq 5 1.28 paction, the structural distortion leading to the specific elec-
0.99 mm/s) presented in the Mössbauer spectroscopictronic configuration of the B cation, and the mixed valence
study at 300 K by Fournés et al. (8) has shown not onlystate of B cations and oxygen vacancies occurring when a
the octahedral site distortion but also the anisotropic elec-divalent A9 ion is substituted for the trivalent A ion (1 p 5).
tronic configuration (d1

xz d1
yz d1

xy d1
z2 d0

x 22y2) of the Fe41 ion.The study for the Mössbauer resonance spectra of the
SrFeO32d system with a wide range of nonstoichiometry The degree of the structural distortion can also be repre-

161
0022-4596/96 $18.00

Copyright  1996 by Academic Press, Inc.
All rights of reproduction in any form reserved.



162 KIM, RYU, AND YO

sented as the tetragonality (c/a) which means the degree RESULTS AND DISCUSSION
of elongation of oxygen octahedra along the c axis and the

The X-ray diffraction analyses for the Sr11xNd12xFeO42ystabilization of the high spin configuration of the Fe ion
system assigned tetragonal symmetry of the representativein c/a 5 3.36 p 3.47 (5–7).
K2NiF4 -type structure for all the compositions. The latticeThe preparation and characterization of K2NiF4 -type
parameters, the lattice volumes of unit cell, and the tetrago-compounds with stoichiometric compositions have been
nalities (c/a) for all the compositions are listed in Table 1.studied previously (9–11). In the present study, the influ-

In the composition range from x 5 0.00 to 0.50, as xences of the structure, the mixed valency of the Fe ion,
value increases, lattice parameter a decreases to be mini-and the oxygen vacancy on the electrical and magnetic
mized and c increases to be maximized at x 5 0.50, respec-properties for the nonstoichiometric Sr11x Nd12x FeO42y
tively. However the lattice parameters for a compositionsystem will be investigated.
range from x 5 0.50 to 1.00 have a reverse tendency against
those of the above composition range. As larger Sr21 ionsEXPERIMENTAL
are substituted for Nd31 ions in 9-coordinated sites, the
tetragonality (c/a) in the lattice structure increases to beSpectroscopic pure powders of SrCO3 , Nd2O3 , and
maximized at x 5 0.50, which means the elongation ofFe(NO3)3 ? 9H2O are used as starting materials for the
oxygen octahedra along the c axis is maximum at the com-preparation of Sr11x Nd12x FeO42y compounds. The solid
position. However, in the composition range from x 5 0.50solutions with the composition range 0.00 # x # 1.00 have
to 1.00, the tetragonality decreases with the increasing xbeen prepared by dripping the mixture of appropriate stoi-
value up to minimum at x 5 1.00.chiometric starting materials initially dissolved in dilute

The lattice parameters can be associated with the elec-nitric acid into the hot quartz tube at 8008C in an electrical
tronic configuration of the transition elements and thefurnace. After being ground, the mixture is heated at 9008C
physical properties of the low-dimensional characteristicunder air atmosphere for 24 h and quickly quenched to
metal oxides. The correlation between the A–O apicalroom temperature. The grinding and heat treatment are
distance in rock salt layer or the B–O apical distance ofrepeated in order to prepare the homogeneous nonstoi-
the BO6 octahedra in (A9A)2BO4 and the sizes of thechiometric solid solution.
inserted A9 cations has been described by Labbe et al.X-ray diffraction patterns are obtained with monochro-
(13). The substituted Sr21 ion is randomly distributed be-mated CuKa radiation (l 5 1.5418 Å) using a Philips
tween perovskite layers and rock salt layers in thePW-1710 X-ray diffractometer. The lattice parameters
Sr11x Nd12x FeO42y system with the low Sr21 concentration.and crystal system are determined from least-square fits
However, the more increase in Sr21 concentration causesof the diffraction lines indexed with the tetragonal space
the dorminant occupancy of the Sr21 ion into rock saltgroup I4/mmm for all the compositions. The oxidation
layers rather than the Nd31 ion. Thus the largest tetra-states of Fe ions are specified by chemical analysis in
gonality at x 5 0.50 may be explained as the dominant sitewhich the reduction of the Fe41 ion into the Fe31 ion
occupancy of the Sr21 ion within rock salt layers.by the Mohr salt is followed by the redox titration for

In K2NiF4-type compounds, it has been generally sug-excess Fe21 ion with standard potassium dichromate
gested that the interplanar interactions between magneticsolution. Nonstoichiometric chemical formulas of the
ions along the c axis are very weak due to the presence ofSr11x Nd12x FeO42y system for all the compositions have
rock salt layers compared with the intraplanar interactionsbeen determined.
within the ab planes. The distances between (110), (200),Mössbauer resonance spectra are obtained with a 57Co/

Rh source at room temperature. Mössbauer spectroscopic
analysis has been accomplished by the curve fitting with
Lorentzian function. TABLE 1

Electrical conductivities of the compounds have been Lattice Parameters, Unit Cell Volume, and Tetragonality for
measured by four probe dc method in the temperature the Sr11xNd12xFeO42y System
range from 170 K to room temperature. Voltages and cur-

Lattice parameter (Å)rents are measured independently with a Keithley Model
Unit cell Tetragonality

236 Source Measure Unit (SMU) under evaporating liquid x value a c volume (Å3) c/a
nitrogen. The electrical conductivities are calculated using

0.00 3.846(9) 12.618(4) 186.75(4) 3.28Laplume’s equation (12). The magnetic susceptibilities are
0.25 3.833(2) 12.624(9) 185.50(2) 3.29measured after they approached the thermal equilibrium
0.50 3.829(3) 12.636(1) 185.28(2) 3.30along zero field cooling with the Superconducting Quan-
0.75 3.839(9) 12.564(2) 185.27(3) 3.27

tum Interference Device (SQUID) from 4 K to room tem- 1.00 3.866(7) 12.136(3) 181.45(4) 3.14
perature.



TWO-DIMENSIONAL Sr11xNd12xFeO42y 163

TABLE 2 between the ionic radii of the Sr21 and Nd31 ions has
t, y Values and Nonstoichiometric Chemical Formula for little influence on the coordination with 9-oxygen anions

the Sr11xNd12xFe31
12tFe41

t O42y System in the Sr11x Nd12x FeO42y system, the formation of oxygen
vacancies is dominant.

Nonstoichiometric
Takano et al. (15) reported the relationship between thex value t value y value chemical formula

lattice parameter and the oxygen vacancy in the SrFeO32d
0.00 0.09 (60.004) 20.04(5) SrNdFe31

0.91Fe41
0.09O4.04 system. Since the oxygen vacancies cause the electrostatic

0.25 0.10 (60.003) 0.07(5) Sr1.25Nd0.75Fe31
0.90Fe41

0.10O3.93 repulsive force between the Fe cations and the cations are
0.50 0.12 (60.004) 0.19(3) Sr1.50Nd0.50Fe31

0.88Fe41
0.12O3.81 pushed apart, the lattice parameter increases with increas-0.75 0.14 (60.003) 0.30(5) Sr1.75Nd0.25Fe31

0.86Fe41
0.14O3.70

ing oxygen vacancies. The lattice parameters in this system,1.00 0.31 (60.003) 0.34(5) Sr2Fe31
0.69Fe41

0.31O3.66

therefore, can be used as a standard to estimate the more
dominant distribution of the oxygen vacancies among the
rock salt layers and the perovskite layers. It was found that

and (220) planes among the hkl planes indexed from the distributions of oxygen vacancies for the compositions
X-ray diffraction patterns, as it will be shown later, can be x 5 0.25 and 0.50 in the Sr11x Nd12x FeO42y system are
used as the standards for the degree of interaction between dominant along the c axis rather than in the ab plane and
magnetic ions in the ab plane. for the compositions x 5 0.75 and 1.00 are dominant in

Table 2 shows the mole ratio of Fe41 ions to total Fe the ab plane rather than along the c axis. It is reasonable
ions or the t value obtained from the chemical analysis, that this system has the dependence of oxygen vacancy
the amount of oxygen vacancies or y value, and the nonstoi- distribution on the preferred direction.
chiometric chemical formula for all the compositions. The The 57Fe Mössbauer resonance spectra for the solid solu-
competitive formation of the oxygen vacancies and the tions recorded at room temperature are shown in Fig. 2.
Fe41 ions can compensate for the positive charge deficiency All the spectra are asymmetric due to the existence of more
due to the substitution of the Sr21 ion in place of the than one oxidation state of the Fe ions. The Mössbauer
Nd31 ion. As shown in Fig. 1, the formation of the oxygen parameters such as isomer shift (d) and quadrupole split-
vacancy is dominant rather than that of Fe41 ions for the ting (DEq) are listed in Table 3. The observed linewidths
compositions of x $ 0.25 in the Sr11x Nd12x FeO42y system. are broader than those natural for the c-ray (14.4 keV)
For the perovskite Nd12x Srx FeO32y system, it is reported emitted from the source 57Co, which shows the system may
that the formation of Fe41 ions is prior to that of oxygen be disordered at room temperature (15). All the spectra
vacancies (14). These tendencies can be interpreted that do not show any magnetic hyperfine splitting at room tem-
the substitution of the large Sr21 ion leads to the easier perature. The magnetic ordering temperature must be be-
coordination with 12-oxygen anions than the small Nd31 low the room temperature.
ion. So this fact results in the large formation of Fe41 ions Two quadrupole doublets of x 5 0.00 are compatible
in the corresponding perovskite. Because the difference with the Fe31 and Fe41 ions in the octahedral sites, respec-

tively. For the compositions x 5 0.25 and 1.00, the third
quadrupole doublet can be interpreted as arising from the
tetrahedral sites of Fe31 ions. There is a large correlation
between the isomer shift of the Fe41 ion and the covalency
of the Fe41–O bond, in addition to the neighboring Fe31–O
bonding covalency. The strong covalency of the Fe41–O
bond induced by f bonding between Fe t2g orbitals and
O 2p orbitals decreases the shielding effect on s electrons.
As a result, the s electron density at the nucleus is larger
due to back donation of t2g electrons into f ligand orbitals.
Therefore, the decrease of the Fe–O–Fe bond distance
shifts the isomer shift of the Fe41 ion to a more negative
value. This fact presents that the small Fe–O–Fe bond
distance in the ab plane corresponds to the large negative
isomer shift of the Fe41 ion, as shown in x 5 0.25 and 0.50.
Also, the strong covalency of the Fe41–O bond weakens the
covalency of the Fe31–O bond intersecting an intermediate
oxygen anion. A small isomer shift of the Fe41 ion shows
a large one of the Fe31 ions in the octahedral sites in goodFIG. 1. The plots of the t (mole ratio of Fe41 ions to total Fe ions)

and y values for the Sr11x Nd12x FeO42y system. agreement with Table 3.
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TABLE 3
Mössbauer Parameters for the Sr11xNd12xFeO42y System

at Room Temperature

x value Component d a DE q
b G c Area (%)

0.00 Fe31(Oh) 0.29(6) 0.87(9) 0.65(4) 89.1
Fe41(Oh) 20.11(1) 0.54(4) 0.50(4) 11.9

0.25 Fe31(Oh) 0.37(2) 0.88(6) 0.56(8) 65.7
Fe31(Td) 0.05(9) 0.78(3) 0.48(4) 19.5
Fe41(Oh) 20.16(5) 0.65(6) 0.59(3) 14.8

0.50 Fe31(Oh) 0.38(3) 0.75(2) 0.59(9) 61.3
Fe31(Td) 0.11(2) 0.58(2) 0.48(1) 20.5
Fe41(Oh) 20.16(9) 0.60(4) 0.48(5) 18.2

0.75 Fe31(Oh) 0.24(2) 0.42(5) 0.58(9) 54.1
Fe31(Td) 0.04(1) 0.42(9) 0.57(3) 24.3
Fe41(Oh) 0.01(3) 0.15(9) 0.66(1) 21.3

1.00 Fe31(Oh) 0.31(7) 0.37(9) 0.53(2) 49.9
Fe31(Td) 0.03(9) 0.56(2) 0.59(6) 25.7
Fe41(Oh) 20.05(9) 0.11(5) 0.55(1) 24.4

a d, isomer shift (mm/s).
b DEq , quadrupole splitting (mm/s).
c G, line width (mm/s).

ducting behavior with positive temperature dependence of
the electrical conductivity. In many perovskites, it has been
explained mainly by the hopping conduction mechanism
that the activation energy depends on the amount of the
Fe41 ion which can form a 3d hole as a conduction carrier.
However, the electrical conductivity in this system is not
proportional to the amount of Fe41 ions. Although the

FIG. 2. Mössbauer spectra of the Sr11x Nd12x FeO42y system at
room temperature.

It was found that the quadrupole splitting of the Fe41

ion seems to have a linear relation to the tetragonality.
Especially the difference between the quadrupole splitting
for the Fe41 ion of Sr2FeO3.66 in this system and that of
Sr2FeO4 (17) can be explained as tetragonalities, because
the larger tetragonality indicates the larger structural dis-
tortion by the elongation of oxygen octahedra.

The plots of log electrical conductivity as a function of
1000/T present a good linearity at the low temperature
region as shown in Fig. 3. The activation energies for the
electrical conduction are listed in Table 4. All the two- FIG. 3. Plots of log electrical conductivity as a function of 1000/T

for the Sr11x Nd12x FeO42y system.dimensional Sr11x Nd12x FeO42y compounds show semicon-
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TABLE 4 x 5 0.00 and the others cannot be specified as the low spin
Activation Energy for the Elec- or high spin state.

trical Conduction in the Sr11x The two interpretations are possible about these anoma-
Nd12x FeO42y System lous effective magnetic moments. The first is the coexis-

tence of the low and high spins for the Fe31 and Fe41

x value Activation energy (eV)
ions distributed randomly over the materials. Second, the

0.00 0.27(7) intermediate electronic configuration between the Fe31

0.25 0.25(8) (d1
xz d1

yz d1
xy d1

z2 d1
x22y2) ion and the Fe41 (d1

xz d1
yz d1

xy d1
z2 d 0

x22y2)
0.50 0.24(5) ion would be expected. In the case of the latter interpreta-
0.75 0.25(1)

tion, the calculated effective magnetic moment, 3.69 eB ,1.00 0.37(2)
for x 5 0.00 approximates to the empirical one, 3.35 eB ,
for x 5 0.00.

However, the linewidth in the Mössbauer resonance
spectra is too broad to characterize the intermediate elec-

composition x 5 1.00 contains the largest amount of Fe41

tronic configurations of the Fe31 and Fe41 ions. Since
ions over all the compositions, the activation energy for the tetragonalities in this system (c/a 5 3.17 p 3.30) are
electrical conduction is the largest. This inconsistent result smaller than those in the K2NiF4-type compounds (c/a 5
can be illustrated based on the study of Hombo et al. (3)
that the concentration of conduction carriers is inde-
pendent of the temperature at the low temperature range
as a result of the temperature independence of the
Seebeck coefficient.

The conductivities in low temperature depend on the
degree of Fe–O–Fe interaction and the amount of oxygen
vacancies within the lattice. The relationships of the electri-
cal conductivity with the lattice parameter and the oxygen
vacancy can elucidate this point. As shown in Fig. 4, the
activation energy change on the composition is similar to
the change of average distances between (110), (200), and
(220) planes representing the degree of Fe–O–Fe inter-
action. Finally it is concluded that the electrical conductivi-
ties of the Sr11x Nd12x FeO42y compounds are associated
with not the conduction carrier concentration itself or t
value but conduction carrier mobility which depends on the
oxygen vacancy and the distance between the Fe cations.

Inverse magnetic susceptibilities as a function of temper-
ature in a temperature range from 4 to 300 K are shown
in Fig. 5. All the compositions of the Sr11x Nd12x FeO42y

system follow Curie–Weiss behavior. Magnetic exchange
in perovskite compounds generally takes place by the
superexchange interaction which occurs between magnetic
ions via the nearest neighboring oxygen anion and gives
rise to an antiferromagnetic coupling. As shown in Table
5, the paramagnetic Curie temperatures, up , increase with
x value due to the random distribution of the Fe41 ions.
The positive up value at x 5 1.00 can be possibly interpreted
as the short range ordering of ferromagnetic Fe41–O–Fe31

interaction caused by the higher concentration of the Fe41

ion but interrupted abruptly by the oxygen vacancy.
The spin only effective magnetic moments of the Fe ions

are obtained on the assumption that the Nd31 ion with
FIG. 4. (a) Plots of the activation energy for the electrical conductiontotal angular magnetic moment of 3.62 eB in the ground and the calculated and observed distances (dimension of Å) between

state 4I9/2 has no magnetic interaction with the Fe cations. (110) planes. (b) Plots of the calculated and observed distances between
(200) and (220) planes.Thus, the effective magnetic moment of only Fe ions at
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FIG. 5. Plots of x21
M as a function of temperature for the Sr11x Nd12x FeO42y system.

3.36 p 3.47) which are sufficient to stabilize a high spin roles in the electrical conductivity of Sr11x Nd12x FeO42y

system. The oxygen vacancy and the weak overlap betweenstate for the Fe ion, it may be suggested that the high and
low spins of the Fe ions in this system should be mixed Fe 3d orbitals and O 2p orbitals weaken the transfer of

conduction carrier to neighboring Fe ions. The Jahn–Tellertogether with the appropriate ratio.
distortion generally shown in compounds with K2NiF4

structure is relatively small in the Sr11x Nd12x FeO42y sys-CONCLUSION
tem, which cannot specify only the high spin state of the

The Sr11x Nd12x FeO42y system with tetragonally symmet- Fe41 ion. The large oxygen vacancies and two-dimensional
ric structure has two-dimensional characteristics in physical magnetic coupling give rise to decreasing the magnetic
properties which depend on atomic arrangements in the ordering temperature. As shown in the effective magnetic
ab plane rather than along the c axis. The substitution of moments, the Fe ions have low and high spin states in the
the Sr21 ion in place of the Nd31 ion results in the more system together.
predominant formation of the oxygen vacancy rather than
that of Fe41 ions and the distribution of oxygen vacancies
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