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Abshct .  The three systems LaSrAl, -xNiLO,, LaSrAl, .,Fe,O< and LaSrFe, -,Ni,04 have the 
tetragonal K2NiFI structure and a two-dimensional percolation limit xc = 0.59. A tolerance 
factor I > 1 in LaSrAlO, creates a large cia axial ratio due to relief of compressive stress in 
the rocksalt layer. LaSrNi0,contains low-spin Ni(II1) withone itinerant or:.7> electron per 
Ni atom. LaSrFeOI is an antiferromagnet with high-spin Fe'+ ions. For x < x ,  in 
LaSrAI,.,Ni,O,, the low-spin Ni(II1) wntains a localized 3d,2 electron; on crossingx = x., 
a sharp transilion from a ptype to an n-type semiconductor is accompanied by a sharp change 
in the cia axial ratio as the 3d,2 and 3 d , i 4  energies cross. In LaSrAI,.,Fe,O,. long-range 
antiferromagnetic order is only found for 1 > xr. In LaSrFel-,Ni,04. the low-spin Ni(II1) 
ions have a 3d,2.?2 orbital more stable than the 3d,: orbital for all x, and antiferromagnetic 
coupling occurs for all x < x.. 

1. Introduction 

The tetragonal A,MX, structure illustrated in figure 1 is an intergrowth of two rocksalt 
(001) planes (AX)? alternating with MX, planes having 180" M-X-M bonds. Early 
interest in this structure concentrated on oxides X = 0 having a transition-metal atom 
M because of the strongly anisotropic character of the M-0-M interactions within 
a basal plane versus M-0-0-M interactions between the basal planes. This strong 
anisotropy is manifest in the high-T, copper oxide superconductors La,_,Sr,CuO,, 
0.08<x<0.27[1,2], andLa2Cu04+6[3]. 

Thisstructure is alsoof interest because it illustrates how nature adapts to the thermal 
mismatch between intergrowth layersof different thermalexpansioncoefficients [4]. The 
significance of the thermal expansion mismatch for the properties of the La,-,Sr,CuO,l. 
system has been emphasized elsewhere [5]. This paper presents the results of a pre- 
liminary exploration not only of the influence of the bond-length mismatch but also of 
the percolation threshold on the room-temperature properties of three solid-solution 
systems having the structure in figure 1: LaSrM,-,M:0,Z6 with M, M' = AI, Fe, Ni 
(but M i  M'). The choice of A, LaSr permits stabilization of trivalent M atoms 
provided that the oxygen stoichiometry can be controlled to 6 = 0. Trivalent nickel has 
the low-spin configuration tqe' in a cubic octahedral site, which introduces a degree of 
freedom for the distribution of the single e electron between the two e orbitals, and the 
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Figure 1. Crystal structure of K,NiF,. 

spherically symmetric AI’+ and Fe’+ ions present significantly different AI-0-Ni versus 
Fe-0-Ni interactions. 

2. Experimental details 

The LaSrA1,_,Nix04 and LaSrFe, -,Ni,04 compounds were prepared as follows. Esti- 
mated solutions of LaCI,, Sr(N03),, AI(NO,),, FeCI, and NiCI, were taken in the 
required proportions and the obtained mixture was added slowly to a hot solution of 
Na,CO, with constant stirring. The precipitate was washed several times with hot water 
until the filtrate did not give any pink colour with phenolphthalein indicator. The 
resulting precipitate was dried and decomposed at 1170 K for 10 h, after which the 
powder was ground, pelletized and sintered at 1570 K for 48 h with an intermittent 
grinding and then heated in an 0, atmosphere at 1570 K. The LaSrAI,_,Fe,O, were 
prepared from a stoichiometric mixture of La(NO,),, Sr(N03)?, AI(N03), and 
Fe(NO,), solutions, precipitated as hydroxides using ammonia. The precipitate was first 
decomposed and then sintered at 1370 Kin air with intermittent grinding. 

The stoichiometries of these compounds were established by estimating the excess 
oxygen using iodometric titrations. The single phase of these samples was ascertained 
from their x-ray diffractograms using a Pbilips x-ray diffractometer PW1060/70. The 
magnetic susceptibilities of these compounds were measured by the Faraday method 
using an electromagnet with shaped pole pieces and a Cahn RG electrobalance, fitted 
with an air product closed-cycle Displex CS201 refrigeration unit. HgCo(NCS), was 
used as the calibrant for the susceptibility studies. Mossbauer spectra of the materials 
was recorded at ambient temperature (293 K) on an ECIL MBS-35 spectrometer using 
a multichannel analyser. The spectrometer was calibrated against natural iron hyperfine 
spectrum. The observed linewidth (TI,,) of natural iron was 0.19 mm s-’. The spectral 
data was processed using a standard least-square fitting program, MOSFIT. Electrical 
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resistivity measurements were made by the four-probe technique. Electron spin res- 
onance (ESR) spectra were recorded on a Varian E-109 spectrometer. The Seebeck 
coefficient was measured with a home-built apparatus. 

3.  Results 

3.1. LaSrAl,-JVis04 
Figure 2(a) presents the room temperature lattice parameters and the corresponding 
c/a ratios determined by powder x-ray diffraction. Of particular interest is the strong 
deviation from VCgard’s law with a marked change in the compositional dependence 
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Figure 3. log p versus IooO/Tplots of the x = 0.50 and 0.75 samples in the LaSrAI,.,Ni,O, 
series. Th defined in text. 

occurring within the interval 0.5 < x  < 0.75. This structural change is also reflected in 
the transport properties shown in figure 2(a). Especially striking is the abrupt change in 
the sign of the Seebeck coefficient a i n  the interval 0.5 C x < 0.75. 

Figure 3 shows the temperature dependence of the logarithm of the resistivity for 
samples x = 0.5 and 0.75 in the LaSrAI,_,Ni,O, series. A high room-temperature 
resistivity ( p  > lo6 8 cm) for x = 0.05 and 0.25 prevented comparable measurements 
on these samples. The low-temperature activation energies E, obtained from p = 
&,exp(E,/kT) are shown in figure 2(a)(iii) and compared in table 1 with the high- 
temperature activation energies. The temperature at which the slopes of the curves in 
figure 3 change is defined as the break temperature T,. 

Figure 4 shows the inverse magnetic susceptibility, x-’, normalized to a gram atom 
of nickel, plotted against temperature T <  300 K forx = 0.25.0.5and 0.75. All samples 
exhibit a Curie-Weiss behaviourathigh temperatureswith aCurieconstant approaching 
that for an S = 1 state on the Ni(II1) ions. The Weiss constant changes from a positive 
value, 0 = 35 K, for x = 0.25 to negative values of -50 K and -430 K forx = 0.5 and 
x = 0.75, respectively. 

Room-temperature ESR spectra for x = 0.05.0.25 and 0.5 samples are compared in 
figure 5 with that reported by Demazeau er al (see inset) for ordered La2Lio,sNio,,0,. In 
the latter compound, theg-factorsfor the trivalent nickel are strongly anisotropic: g, = 
2.278andgh= 2.040.Inthex = 0.25sampIe,gL = 2.18andgL = 2.01arefound: thex = 
0.05 spectrum exhibits a shoulder indicative of orthorhombic symmetry with g, = 2.20, 
g, = 2.16 andgl, = 2.03. A weak signal nearg = 4 appears in both x = 0.05 and x = 0.25 
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Table 1. Activation energy and Seebeck coefficient values of LaSrB,-,B:04 (B, B' = AI, 
Fe and Ni: B + B'). 

E. (ev)  
n(300 K )  

Composition x T > T ,  T C T ,  T, (pVK-') 

LaSrAI,.,Ni,O, 
0.25 - 
0.50 0.290 
0.75 0.132 
1.00 0.090 

LaSrFe,.,Ni,O< 
0.20 - 
0.50 - 
0.60 - 
0.80 - 
1.00 - 

0.146 
0.07 
0.03 

0.13 
0.09 

0.064 
0.03 

- 

- 
23s 
200 
300 

340 
357 

400 
300 

- 

+22.0 
+38.0 
-21.0 

-6.6 

+88.79 
+29.96 
+6.00 
-3.00 
-6.5 

T (K) 

Figure 4. ,y-' versus temperature plots of LaSrAl, .,Ni,O, compounds 
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Figure 5. X-band ESR spectra of Some members of the LaSrAI,.,Ni,O, iamily at 9.04 CHI 
frequency. The features of the spectra are not seen clearly lor the region near g = 4.0. 
Receiver gains are shown against each curve. I n  the inset the ESR spectrum obtained by 
Demazeauetal[6] from La,Li",Ni..O,isgiven. 

spectra: a similar observation has been reported by Reinen er a/ [7]  and by Dcmazeau et 
01 [8]. The ESR spectrum for the x = 0.5 sample is weaker and quite complex. No ESR 
signal was obtained from the x = 0.75 and x = 1 .O samples. 

3.2. LaSrFe, -,Ni,O, 
As shown in figures 2(6)(i) and 2(6)(iij, the room-temperature lattice parameters and 
c/a ratio for the system LaSrFe,-,Ni,O, are well behaved~in the interval 0 G x s 0.8, 
but the parameters for x = 1.0 do not correspond to an extrapolation of Vkgard's law 
obtained for 0 5 x 0.8. . 

In this system also the temperature dependence of the logarithm of the resistivity 
(figure 6) yields a change in activation energy E, at a break temperature Tb; the low- 
temperature values of &, which are compared in table 1 with the high-temperature 
values, are seen in figure 2(b)(iii) to  decrease linearly with increasingx throughout the 
range 0 s x s 1, and the Seebeck coefficient 01 changes continuously from a positive to 
a negative value at an x > x,. 

Figure 7 shows the inverse molar magnetic susceptibility, x i t ,  versus temperature 
for compositions in the system LaSrFel_,Nix04. A Curie-Weiss law with a negative 
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Figurr6. log p versus 1M)IT plots of LaSrFe,-,Ni,O,. 

Weiss constant of large magnitude is found above room temperature; the values of p c ~  
and 101 obtained from the straight-line portions of the graph are given in table 2. The 
observed pcrf is, in every case, a little higher than that calculated pSpin for low-spin Ni(II1) 
and high-spin Fe3+ ions. Of particular interest is the lack of any clear evidence for long- 
range magnetic order in LaSrFeo.,Nio.204 above 20 K: there is only a small dip in the 
xk' versus T plot in the interval 80 K < T <  140 K. There were problems with dis- 
proportionation of intermediate compositions in the system LaSrFe, _,Ni,04; a magnetic 
second phase would then be detected even though no second phase was evident in the x- 
ray diffraction pattern. 

3.3. LaSrAl,-,Fex04 
Substitution of the spherically symmetric high-spin Fe3+ ion for AI3+ isnormally straight- 
forward, and indeed the lattice parameters of the system LaSrAI,-,Fe,O, increase 
systematically with the Fe concentration x (figure 8). However, a small deviation from 
Vkgards law is apparent; it is opposite to that expected from non-stoichiometry due to 
partial reduction of Fe3+ to Fe2+. Moreover, the c /a  ratio decreases with increasingx. 

The reciprocal molar susceptibility versus temperature (figure 9) exhibits a Curie 
law above 77 K for x = 0.2 with pefi = 5.1 pg per iron atom, which is somewhat smaller 
than the theoretical value of 5.9 pB for the L = 0, S = $ground state of high-spin Fe'+. 
The data for x = 0.5 suggests a Curie-Weiss law above 300 K extrapolating to a large 
negative Weiss constant (- 100 K) due to antiferromagnetic Fe-0-Fe interactions, but 
with no clear evidence of long-range magnetic order at lower temperatures. Thex = 0.8 
sample exhibits an anomaly indicative of long-range magnetic order below 300 K. It is 
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Figure 7. x i ’  versus Tplots of LaSrFe, .,Ni,O, ai T < 30 K.  The inset shows the ,ybl versus 
Tplotsin the temperaturerange 12-30KofLaSrFe,-.Ni,O,(x =0.5and0.8).  

Table 2. Magnetic susceptibility parameters of LaSrFe, .,Ni,Ol compounds. 

Temperature range 161 pen observed p,. calculated 
x (K) (K) ( P S )  @a) 

0 2  >300 1350 5.89 5.50 
06 >300 low 4.82 L71 
0.8 >300 600 3.71 3 10 

like that found by Aso and Mihihara [9] for LaSrFeO,, but unlike that found by 
Soubeyroux et a1 [lo] for the same nominal composition (see insets of figure 9). 

The room-temperature ESR (figure 10) show a broad line with g = 2.0 for all com- 
positions studied; it is asymmetric in the spectrum for x = 0.02. which also reveals a 
complexity that is not observed in the other spectra. 



Percolation effect in an intergrowth structure 2487 

Table 3. Mossbauer parameters for Fe(II1) Cations in LaSrFe,,Ni,, and SrlFeo.sTao.sO, 
compounds. 

(1%) I AI r ,  ( 9 2  A2 r2 
Sample (mm s-') (mm 5.') (mm s-I) (mm 5-l) (mm s'l) (mm s-I) 

~~~~ ~~ ~~~~~~~ ~ ~~~~~~ ~ ~~~~ 

LaSrF%,Nia204 0.523 C 0.02 1.175 C 0.05 0.418 ? 0.02 0.682 C 0.02 0.877 C 0.05 0.271 C 0.M 
Sr,Feo,5Ta,.s0, 0.293 C 0.02 0.559 C 0.05 0.212 ? 0.02 0.575 C 0.02 0.429 C 0.05 0.212 2 0.02 

3.4. Other comparisons 
The room-temperature 57Fe Mossbauer spectra of the compounds LaSrFq,,Ni,,,O,, 
Sr,Fe,,,Ta,,,O, and LaSrAlo,204 are compared in figure 11. All the spectra exhibit 
asymmetric quadrupole splitting with a broader higher-energy transition. No attempt 
was made to fit the spectrum of the nominal LaSrAl,,,Fe,,,,O, sample, which was of a 
poorer quality even though the number of counts was the same as that for the other 
samples. 

In the compound Sr,Fq,5Ta,,504, an ordering of Fe3.' and TaSL ions with a basal 
plane was expected. However, this ordering does not appear to be complete; it proved 
necessary to fit the asymmetric spectrum with two iron species, each with a different 
isomer shift (IS) and quadrupole splitting A (table 3). 

Extrinsic conduction in a disordered transition-metal oxide is generally best 
described by a variable-range hopping; in this regime, logp varies at for three- 
dimensional conduction and at T-'I3 for two-dimensional conduction. Figure 12 shows 
the low-temperature plots of log p versus T-'l4 and T-'i3 Ibr several samples. 

4. Interpretation 

4.1. End members 
A measure of the A-0 and M-0 bond-length mismatch across the interfaces between 
(AO), and MO, intergrowths in an A,M04 oxide with the tetragonal structure in figure 
1 is given by the tolerance factor 

t = (A-o)/~\/~(M-o) (1) 
where A-0 and M - O  are the mean equilibrium bond lengths in a normal oxide for 
ninefold-coordinated A cations and octahedrally coordinated M cations. A 
t = 1 corresponds to a perfect bond matching. A f < 1 places the M-0 bonds under 
compression, and the A-0 bonds under tension. Such a mismatch may be relieved by 
a cooperative rotation of the MO6 octahedra about a Ill01 direction so as to bend the 
M-0-M bond angles; the rotation lowers the symmetry to orthorhombic as found for 
room-temperatureLa,NiO,and La,Cu0,[5, 111. Af > 1 places the M-0 bondsunder 
tension, and the A-0 bonds under compression. In this case, the M-0-M bonds 
must remain unbent; relief of the intemal stresses therefore requires an adjustment of 
theatomic positionsin the (AO)*layer. Ashiftingof thecationsandanionsof the (AO), 
rocksalt layers along the c axis in opposite directions from any one A 0  plane would 
provide the required adjustment. Such a shift would manifest itself as an increase in the 
axial ratio c/a of the tetragonal structure. 

At room temperature, the tolerance factor for an oxide is traditionally obtained by 
setting A-0 and M--O bond lengths equal to the sum of the empirical ionic radii for 
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Figure 8. Variation in structural parameters (U, c and c/a) as a function of x in [he series 
LaSrAI,-,FeFe,Oe 

the ions. Such a procedure is useful in any consideration of the room-temperature 
properties; however, it masks the fact that f is temperature dependent because of the 
different thermal expansion coefficients for the A-0 and M-0 bond lengths [4,5]. 
The structural data for this study were confined to room temperature; it may prove 
necessary to consider the temperature dependence of f in any quantitative 
interpretation of the temperature dependence of the physical properties. 

The end member LaSrAlO, is an insulator, transparent to visible light. A room- 
temperature tolerance factor f = 1.02 > 1 is consistent with the obsenration of a rela- 
tively large c/a axial ratio of 3.36 compared with that in the end member LaSrFe04 
where c/a = 3.28 reflects a smaller room-temperature tolerance factor t = 0.97. Both 
AI3+ and high-spin Fe3+ are spherically symmetric ions, but only the Fe” ion carries a 
magnetic moment and exhibitsastrongantiferromagnetic F e G F e  interaction like that 
found in the antiferromagnetic perovskite LaFeO, [12]. 

Demazeauetal[13] haveshown. from magneticandelectricalstudies, that LaSrNi04 
contains low-spin Ni(II1) ions with Ni-O-Ni interactions in the basal planes that are 
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Figure 9. x;’ vxsus T‘plorr 01 LaSrAI..,Fe,O,. The inset rhou [he xG‘ \enus Tplors of 
LaSrFe0,obtainedlrom thsliteraturc: (U) b) Soube)roi.xeral[ IO]:(b) by Asoand Mihihara 
[91. 

strong enough to transform the unpaired dxz+ electron on the nickel from a localized 
to anarrow-band character. Such a situation is analogous to that in the ‘cubic‘ perovskite 
LaNiO, [12]; however, it implies that the e-orbital degeneracy has been lifted so as to 
stabilize the narrow-band electrons in u;z+ bands of Ni 3dX2+ parentage, where L is 
taken parallel to the c axis. Such an ordering of the electrons into in-plane orbitals would 
increase the Ni-0-Ni equilibrium separation, thereby decreasing f and hence the cia 
ratio; c/a = 3.28 for LaSrNiO, like that for LaSrFeO, despite the larger ionic size of 
high-spin Fe3+ is therefore consistent with such an ordering. 

4.2. LaSrAll_,Ni,04 versus LaSrAIl-,Fe,O, 

The Al” ion is a main-group element havingno energetically accessible 3dorbitals. The 
large band gap in LaSrAlO, is a measure of the separation between the AI 3s conduction 
bandandthe 0’- 2p6valence band. With the initial introduction ofan isolated transition- 
metal atom Ni(II1) or Fe3+, only Ni-O-A1 or Fe-O-Alinteractions are present. In this 
situation the 3d electrons at the transitionmetal atoms remain localized in crystal-field 
orbitals (atomic orbitals hybridized with appropriately symmetrized oxygen orbitals). 
The situation is analogous to that found in the ordered compound La2Lio.sNio.s04, where 
there are ideally only Li-CLNi interactions in an Mo.,MA,502 plane; in this compound 
the low-spin Ni(II1) configuration is localized and the nickel atoms carry a moment of 
lpB in a paramagnetic insulator [6] .  
On the other hand, where the charges on the two M cations are similar, such an 

ordering is not anticipated; M-0-M interactions between the transition-metal M atoms 
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Figurelo. X-band ~snspectrum ofLaSrAI,.,Fe,O,(x = 0.02.0.2,0.5and0.8). 

increase in number with increasingconcentrationx of the M atom, For a two-dimensional 
squarc net, classical percolation theory with only nearest-neighbour interactions gives 
apercolation thresholdx, = 0.59[14]compared withx, = 0.31 for thesimple-cubicarray 
1151 applicable to a cubic perovskite. The fact that the physical properties of the system 
LaSrAI,_,Ni,04 (shown in figure 2(a)) changes rapidly with x in the interval 
0.5 < x < 0.75 is therefore taken asa manifestation ofchanges occurringon crossing the 
percolation threshold x = x, = 0.59. A similar anomaly is not found in the system 
LaSrAI,_,Fe,04; so we conclude that the changes occurring in the nickel system are 
associated with rearrangements of the ordering of the e electron among the possible e 
orbitals and that these rearrangements are induced by Ni-0-Ni interactions; the stable 
e-orbital configuration varies with the number of Ni-0-Ni interactions available to a Ni 
atom. 

If a Ni  atom has only A1 nearest neighbours, the oxygen of an AI-0-Ni band is 
polarized towards the Ni and away from the AI to yield a relatively strong covalent 
mixing between Ni 3dx+ and 0 2pu,, 2puy orbitals. A similar polarization of the c- 
axisoxygenawayfrom the Laor Sr c-axisneighbour towards theNi atomsisweakened at 
low concentrations by a tolerance factor t > 1 that increases the c-axis Ni-0 separation. 
Therefore, for smaller x .  we may assume that the Ni 3 d , ~ ~ z  orbitals are raised above 
the Ni 3d,2 orbitals; so the unpaired electron at a Ni(II1) ion occupies the 3d,: orbital 
parallel to the c axis, Since it is an antibonding electron, the local octahedral site is 
distorted to tetragonal (C/U > 1) symmetry. A similar ordering of the 3d electrons is not 
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Figure 11. Mossbauer spectrum of (U) 
2.0 1.0 0 - 1 . 0  -2.0 LaSrFeoxNi,120,, (b )  Sr2FeoiTa,,,,04 and (c)  

LaSrAl, iFeo.xOl. Velocity mm I sec 

possible on high-spin Fe3+, which has every 3d orbital occupied by one electron. These 
differencesmanifest themselves in thevariationsin c/a ratio withxin figures2(a) and 8. 

In figure 8 the axial ratio decreases nearly linearly with increasingx; the decrease is 
consistent with a decreasing I ,  and the deviation from a straight line reflects, at least in 
part, an increasing net Fe-0-Fe attractive magnetic interaction (an exchange striction) 
within the basal planes. In  figure 2(a), the axial ratio decreases with increasingx much 
more slowly at small x ,  accelerating sharply on passing through a transition on crossing 
the percolation threshold. In the region 0.75 < x < 1.0, the Ni 3 d , ~ ~ t  orbitals clearly 
lie lower than the Ni 3d,z orbitals as in the end member LaSrNiO,. The crossover in the 
relative energies of the 3dxz+ and3d,z orbitalsis apparently induced by the introduction 
of Ni-0-Ni interactions, which weaken an individual Ni-O covalent mixing because an 
0 2p,orbital becomes shared by two Ni atoms. As the number of Ni-O-Ni interactions 
increases and of the Ni-0-AI interactions decreases, the stable 3d orbital need not 
change abruptly from 3d,~-~z to 3d,z; it may occur via some intermediate such as 
3 d , ~ ~ , z , 3 d , 2 _ ~ ~  ,or anorthorhombicorbital; it istherefore interestingthat the transition 
from predominantly 3drz+ to predominantly 3d,z character appears to be sharp. A 
sharp transition at the percolation threshold may well reflect a transition from a localized 
to an itinerant character of the u-bonding electrons. 

The other physical properties vary with x in a manner consistent with this inter- 
pretation. In the LaSrA1,-,Ni,O4 system, the slope of the inverse susceptibility versus 
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Figure 12. (a) log p versus T"O and (b)  log p versus T-'I' plots for LaSrNiO, (lines A), 
LaSrFco~Nin,RO~(linesB). LaSrALENioi5O4 (IinesC) and LaSrFe,,,Ni,,,O,(linesD), 

temperature and the ESR data c o n h  the presence of the localized S = 1 state at low- 
spin Ni(II1) ions for all .r < 0.75. A positive Weiss constant for x = 0.25 indicates 
that ferromagnetic Ni-O-Ni interactions are dominant where the nickel e electrons 
predominantly occupy 3d ,z~~z .  or orbitals. For a Ni-0-Ni interaction along the 
x axis, it is possible to envisage a dynamic fluctuation of di:-xz-O 2pox-d$_,2 and 
d:2-y2-0 2 p ~ ~ - d : 2 ~ ~ 2  configurations associated with x-axis optical-mode vibrations; 
such fluctuations would give a ferromagnetic superexchange interaction via the dynamic 
coupling of a half-filled with an empty orbital [16]. However, as the concentration of 
Ni-0-Ni interactions increases, more and more static d:z_,? configurations become 
stabilized; by x = 0.5, a negative Weiss constant signals that the antiferromagnetic 
Ni-0-Ni superexchange interactions dominate the dynamic ferromagnetic interactions. 
A crossover to predominantly d:2+ configurations for x 3 0.75 introduces strongly 
antiferromagnetic Ni-0-Ni interactions that are two dimensional in character; so the 
magneticorder isshort range. Thesusceptibility forx = O.S(inset of figure7) isdifficult to 
interpret unambiguously; the magnitudeof thenickel moment appears to besuppressed. 
but there may be long-range antiferromagnetic order below 50 K. 

In the LaSrAl,-Fe,O., systems, the ESR and magnetic susceptibility data indicate 
that some loss of oxygen has occurred, which would create Fezt ions trapped at oxygen 
vacancies. Since small-polaron formation would introduce an activation energy into 
any ferromagnetic double-exchange interaction, thereby suppressing it, any magnetic 
interactions should be dominated by strong antiferromagnetic Fe-0-Fe superexchange 
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Figure 13. Semi-empirical energy band diagram of LaSrAI,.,Ni,O,: ( Q )  x < 0.6: (b)  x > 0.6. 

interactions. Nevertheless, an x = 0.2 sample shows a zero Weiss constant, and there 
is no evidence of long-range antiferromagnetic order at x = 0.5, which is below the 
percolation thresholdx, = 0.59; however, thereislong-range magneticorderforx 2 0.8. 
These data suggest at least some preference for A13+ as near neighbours of FeZ+ for 
x = 0.2. 

Discussion of the transport data for the system LaSrA1,-,Ni,04 begins with the 
qualitative energy diagram in figure 13, which depicts in figure 13(a) the localized Ni 3d 
crystal-field energies associated with dilute concentrations x .  Strong hybridization of 
the Ni 3d and 0 2p orbitals is present in the crystal-field orbitals, which reduces the 
correlation energy U splitting the filled Ni(II1) configuration and the empty NiZ+ con- 
figuration, but not the non-cubic part of the crystal-field splitting A,, that stabilizes a 
Ni(II1) 3d:23d$4 configuration relative to a Ni(II1) 3 d : ? ~ ~ d d $  configuration. In this 
limit the NiZ* energies act as acceptor states, and the mobile charge carriers are holes in 
the strongly hybridized valence band of 0 2p and Ni 3d states. The result is a positive 
Seebeck coefficient, The charge is activation energy E, at T = Tb implies a small excess 
concentration of oxygen in the structure, which would lower EF to the top of the valence 
band at the lowest temperatures. Anderson localization at the top of the band due 
to the Ni-AI mix results in variable-range hopping. Ea = 0.3 eV for T > T, would 
correspond to a Niz+ energy located about 0.6 eV above the top of the valence band. 

The shape of the variation in CY with x in figure 2(a) indicates that the oxygen 
stoichiometry changes with decreasing tolerance factor I from a slight excess to a 
small deficiency as the percolation threshold x, = 0.59 is crossed; at the same time the 
crossover of 3d,2 and 3 d , ~ _ ~ z  energiessignalled by the structuralchangesallows electron 
mobility within theM02sheetsvia anarrowNi-C-Nj band U > - ~ Z .  The U>+ band had 
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classical Anderson localization at the band edges because of perturbations introduced 
by the AI atoms. Variable-range hopping dominates for T < Tb. Broadening of the 
u;+z band with increasing x reduces the correlation splitting and hence the intrinsic 
energy gap between filled and empty u;z+ bands; an effective gap of 0.25 eV appears 
reasonable as the narrow-band limit is approached. The semi-empirical energy band 
diagramforx > 0.6isshown in figure 13(b). Thecorrelationsplittingof the u$-yz band, 
and hence the intrinsic energy gap, decreases with increasing x .  

Finally, the ESR spectra of the LaSrAI,_,Fe,O, system are consistent with the pres- 
ence of oxygen vacancies; the broad line with g = 2.0 (figure 10) is typical for oxygen 
vacancies containing a single trapped electron. The complexity of the spectrum for 
x = 0.02 and that forx = 0.05 in LaSrAlt-,Ni,O, may reflect local changes in the c-axis 
positions of the rocksalt layer atoms, which appear to be displaced at room temperature 
by f > 1 LaSrA104 as judged by the relatively large c/u axial ratio, 

K K Singh et a1 

4.3. LaSrFe,-,Ni,O, 
In the LaSrFe,-,Ni,O,system, the Fe-O-Niinteractionsappear to bestrongenough to 
stabilize the unpaired electron at a Ni(1II) ion in orbitals that are primarily 3d,z_p for 
all x .  Consequently the lattice parameters change smoothly with x acrossx, = 0.59 for 
0 =s x < 0.8. The small anomalous contraction of the c/o axial ratio for x = 1.0 appears 
to be a real effect that is associated w-ith the elimination of magnetic Ni” ions. 

This latter assertion is supported not only by the magnetic data in figure 7 but also 
by the observation that the lattice parameters for 0.2 S x  S 0.8 varied sensitively with 
the method of preparation. A prolonged (several days) anneal in oxygen at 1170 K after 
an initial firing at 1470 K proved necessary to obtain a proper (within 0.5%) oxygen 
stoichiometry and a systematic lattice parameter variation with x .  The lattice parameters 
in figure 2(b) were obtained after this thermal treatment. A sensitivity of the lattice 
parameters to the oxygen stoichiometry follows from the fact that the equilibrium 
reaction 

Fe2+ + Ni(II1) cf Fe3+ + Nizt 

is shifted strongly to the right. A magnetic Ni?+ ion in an octahedral site has no orbital 
degeneracy and therefore cannot adapt the spatial distribution of its o-antibonding 
electron density to optimize its potential energy. On the other hand, crossover to a low- 
spin configuration at a Ni(I1) ion as a result of strong Ni-0-Ni interactions that reduce 
U for the U$-~Z  band, leaving an empty 3d,: orbital above the Fermi energy EF as 
illustrated in figure 14(b). 

Support for stabilization of the unpaired electron per low-spin Ni(II1) ion in an 
orbital that isprimarily 3d,2+ alsocomes from themagneticdatainfigure7. According 
to the rules for the superexchange interactions [16], the evidence for strong anti- 
ferromagneticFe-@Fe,Fe-0-NiandNi-O-Ni interactionsforall0 < x < 0.8canonly 
be reconciled with half-filled dr+z orbitals at both Fe3’ and Ni(II1) ions. The lack of 
long-range antiferromagnetic order above 20 K is attributable to the two-dimensional 
character of the magnetic coupling. 

Interpretation of the transport properties begins with the semi-empirical energy 
diagram in figure 14. The Fe3+ 3dS and Ni(II1) 3d7 configurations lie close to the top of 
the 02‘ 2p6 band: the Fe2’ 3d6 level lies nearly 3.0eV above it  because of the strong 
electron correlation energy associated with the addition of a sixth electron to a high-spin 
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Figure 14. Semi-empirical energy band diagram of LaSrFel.,Ni,04: ( a ) x  < 0.5; ( b ) x  > 0.5. 

3dS configuration. The NiZt 3d8 level, on the other hand, lies only about 0.5 eV above 
Fe3+ 3dS level [17], which makes energetically accessible the charge transfer reactions 

Fe3' + Ni(III)+ Fe4+ + NiZ+ 

Ni(II1) + Ni(II1) + Ni(IV) + Ni2+ 

A strong 0 2p admixture into the states associated with holes in the Fe3+ and Ni(II1) 
energies makes hole transport mobile relative to electron transport, which is restricted 
to the nickel atom array where it is inhibited for nickel concentrations x below the 
percolation limit x, = 0.59. It follows that evenslightly reduced samples withx <&may 
have room-temperatureSeebeckcoefficients a > Oasobserved (figure2(6)). Forx > x,, 
electron conduction may dominate to yield < 0, as is also observed. The transition 
from a > 0 to a < 0 in figure 2(b) contrasts markedly with that in figure 2(a); this 
difference iscompatible with slightly reduced samples and an ordering of the unpaired 
electron at Ni(II1) into orbitals of predominantly 3dxz~yZ parentage for all values o f x  in 
LaSrFe,_JVi,O,. 

According to figure 14, all the iron should be present as Fe3t ions in the system 
LaSrFe,-,Ni,O,. Therefore we interpret the large anisotropic quadrupole splitting in 
the Mossbauer spectrum in figure 11 to be a manifestation of the highly anisotropic 
character of the interatomic exchange interactions at the Fe3' ions. Strong Fe-0-Fe 
and Fe-0-Ni interactions within the basal planes contrast with weak Fe-0-0-Fe, 
Ni interactions between planes; this two-dimensional exchange produces the strong 
quadrupole splittingthat isobserved. An asymmetricquadrupole splitting may becaused 
by an axial exchange field within the basal plane. An axial field can give rise to a 
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Goldanski-Karyagin effect 1181 due to anisotropic recoilless fractions and, more impor- 
tant, to the slowing down of the spin-spin relaxation rate via population at higher 
temperatures of the higher-energy doublets ?#and 28 of the axial-field split S = 5 state 
at an Fe3+ ion. Blume [I91 has argued that this latter effect causes the higher-energy line 
of a quadrupole doublet, which corresponds to ?$+ -C$ transitions, to become more 
broadened than the line corresponding to %6+ i t  and ?&-+ 76 transitions. 

In the compoundSr2FeasT~.,0,0n the other hand, incomplete ordering of the Fe3* 
and TaS+ ions gives rise to two distinguishable isomer shifts and quadrupole splitting 
(see table 3). Interchange of an Fe with a Ta near neighbour in a basal plane creates an 
isolated Fe-0-Fe-@Fe triple. Reduction introduces, in this case, an Fe2* ion within a 
triple, and a charge transfer within such a triple that is fast relative to 10-8s creates an 
isomer shift with respect to elemental Fe that is given by the empirical formula [20] 

K K Singh et al 

IS, = (2.85 - 0.85 ? 0.1) mms-' 

for a mean iron valence Fem+. According to this formula, the isomer shift for an isolated 
Fe3+ ion ( m  = 3) would normally be 0.30 k 0.1 mm s-l and that for a triple that had been 
reduced by a single, rapidly hopping electron (m = 2.67) would be 0.58 k 0.1 mm s-'. 
Comparison with table 3 indicates the presence of Fe3+ ions and of Fe-0-Fe-0-Fe 
triples reduced by a single, rapidly hopping electron. Although quadrupole splitting is 
to be expected from the tetragonal site symmetry, a smaller cia axial ratio and in- 
plane Fe-0-Ta-0-Fe interactions reduce its magnitude relative to that found in 
LaSrFe,-,Ni,O,. Moreover, only the triples contain an axial field to introduce an 
anisotropy, and theseconfigurations tend tocontain a trapped, rapidly hopping electron. 

5. Conclusions 

From the preliminary data reported here on LaSrMI-,M:O, with M, M' = AI, Fe, Ni 
(but M f M') the following deductions have been made. 

(1) LaSrAlO, has a room-temperature tolerance factor f > 1 and an anomalously 
large axial ratio c/a.  Atomicdisplacements parallel to the caxis within the rocksalt layers 
to relieve the compressive stress on these layers would increase c. Neutron diffraction 
data are needed to confirm whether such displacements are present. 

(2) The trivalent ions of AI, Fe and Ni remain distorted within the MOlplanes of the 
A2MO4 structure in figure 1, but there may be short-range ordering of Fe and AI for 
smaller x in LaSrAli-,Fe,04. 

(3) Ni is present predominantly as low-spin Ni(II1). In LaSrAll-,O, the dz2 orbital 
ismorestablethanthe d+"z orbital forx = Oandlessstableforx = 1;asharpcrossover 
and transition from p-type to n-type conductivity occurs near the percolation limit 
x, = 0.59. In LaSrFe,-Ji,O, the dxi+ orbital is more stable for all x, and a smooth 
transition from p-type to n-type conduction occurs near x,. The system LaSrAI,_,Fe,O, 
exhibits long-range antiferromagnetic order only for x Z x,. 

(4) A small correlation splitting of the narrow u::-vz band of Ni dii+: parentage 
appearstooccurinLaSrNi0,. Substitutionof25 mol% Alor Fefor Niinducesanatomic 
moment on the Ni atoms; some high-spin Ni2+ ions are present as a result of oxygen 
deficiency. Band tailing introduces localized states in the correlation energy gap. 

(5 )  A break temperature Tb in the log p versus l/Tplots appears to mark a transition 
from variable-range hopping to intrinsic conduction with increasing T, but a change in 



Percolation effect in an intergrowth smxture 2497 

electron coupling to the crystallographic vibrational modes cannot be ruled out on the 
basis of present evidence. 

In addition, incomplete ordering of Fe3+ and TaS+ in SrzFeo.sTa,,s04 leads to the 
formation of Fe-0-F+O-Fe triples that, on reduction, capture electrons in preference 
to isolated Fe3+ ions. Electron hopping within a triple reduced by one electron is 
t h  e 10-8 s. 
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Nore added inproofi A paper by Benloucif el al[21]  has recently appeared. This deals with the relationships 
between oxygen content and electronicstructure in La,.,Sr,Ni,.,Fe,O,.~,.,,~l+.s. 
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