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Single-crystal X-ray diffraction and neutron powder diffraction analyses were employed to study the
reversible intercalation of oxygen in the phase LaSr;Fe,04_; and in the mixed Fe/Al analogue. A
single-crystal X-ray diffraction study was done on LaSr(FeggAly 045, M, = 695.18, tetragonal,
Idmmm, @ = 3.8665(8) A, ¢ = 28.3694) A, V = 42410 A>, Z = 2, D, = 5.44 g em™%, MoKa =
0.71069 A, =272 1cm™}, F(000) = 625.6, R = 0.025 for 227 reflections with F > 5a(F). The crystal
structure consists of a triple layer of octahedra separated by La/Sr-0 layers. The oxygen stoichiometry
is variable and Rietveld refinement of neutron powder diffraction data in addition to the X-ray study
was used to determine the vacancy sites. The vacancies occur primarily in the equatorial layer of the
central octahedron. The value of the ¢-axis parameter is a linear function of the oxygen steichiometry
and increases with decreasing oxygen content. It varies from 28.04 A for the phase LaSr,Fe;Oy, to
28.52 A for the phase containing 9.2 oxygen atoms. The range of the ¢-axis variation is narrower for
the Al-containing phase than for the pure Fe compounds. It ranges from about 28.1 A for LaSr;
Fe, 4Alg g5 to 28.4 A for the phase containing about 8.9 oxygen atoms. Intercalation of oxygen occurs
reversibly as a function of temperature. A given oxygen stoichiometry can be obtained by quenching
the material from an elevated temperature into liquid nitrogen. The thermal displacement parameter
of the cation occupying the central octahedron increases in the (001) plane with increasing oxygen
deficiency in the equatorial layer of this octahedron. This displacement is interpreted as motion
of the cation into a tetrahedral coordination environment. The range of oxygen stoichiometry for
LaSr;Fe;Oyy_; 18 0.1 = 8 = 0.8; for the Al-containing phase it is 0.65 = § = 1.1. Single-phase material
can be synthesized with La, Nd, Pr, and Gd but not with Er. No substitution of Sr by Ba or Ca was
possible. The solid solution range Sr,_ La, is very narrow, 0.96 = x = 1.04, Ferromagnetic and
antiferromagnetic exchange interactions are present in LaSriFe;0 y_5; the former predominates at
smal values of § and the latter when 8 becomes large.  © 1993 Academic Press. lne.
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Introduction

Intergrowth crystal structures in inor-
ganic systems have provided a fertile field
of solid state chemical research for many
years, and the discovery of high-T, super-
conducting cuprates has focused attention
on intergrowth structures based on perov-
skite blocks. Auriviilius (/-3) described the
preparation and crystal structures of a series
of compounds in which layers formed by
two or more sequences of perovskite units
are separated by Bi,0; layers. The octahe-
dral interstices of the perovskite units are
occupied by transition metals such as Ti,
Nb, and Ta, and the dodecahedral inter-
stices by alkaline earth ions. Ruddlesden
and Popper (R-P hereafter) (4) have de-
scribed intergrowth structures with the gen-
eral formula Sr,,Ti,O,,,,, where r is the
number of perovskite layers that, in turn,
are separated by SrO halite layers. Indeed,
L.a,Cu0, corresponds to the n = 1 phase
and (La,_ Sr,)CuO,.;, which initiated the
revolutionary discovery of high-T, super-
conducting cuprates, has this structure.

Numerous structures have been derived
from the R-P parent compounds by the re-
placement of Ti**t with lower valent transi-
tion metals and charge compensation by
higher valent ions on the alkaline earth site.
Thus the series of compounds Ln,AM,0,,
Lrn*t = La, Nd, Sm, Eu, Gd, or Tb,
At = 8r or Ba, M** = Mn or Fe, has been
synthesized (5, 6). The replacement of Ti**
by Cu®*" to form La,SrCu,0; requires the
removal of an oxygen ion for overall charge
neutrality. The apical oxygen joining the
two octahedra is missing, resulting in layers
of copper pyramids whose bases face each
other (7), reminiscent of the cuprate layers
in Y Ba,Cu;0,. Thus the lowering of the va-
lence of the octahedral ion from 4+ to 3+ is
charge compensated by trivalent rare earth
ions and maintains the octahedral double
layer. However, the replacement of the 4+
ion by Cu?* introduces a modification in the

structure by the removal of the apical O°~
10n to create separate copper pyramids. The
replacement of 2Ti*' in the parent com-
pound with n = 2 by Fe?*Cu®" again causes
the removal of an oxygen ion, but now the
unshared apex of the octahedronis lost. The
structure of YBaFeCuO; contains double
layers of apex-sharing Fe/Cu pyramids sep-
arated by a single layer of Y in eightfold
coordination—a fluorite unit (8). In Y,Sr
FeCuQ, s the structure consists also of the
apex-sharing Fe/Cu pyramids but they are
separated by a double layer of defect fluorite
units consisting of Y in sevenfold coordina-
tion (9},

Compounds based on the parent structure
with n = 3, Sr,Ti;0,,, have not been investi-
gated extensively. Brisi and Rolando (/0)
studied the system Sr-Fe—QO and report an
oxygen deficient Sr,Fe;O,, .. The com-
pounds Ba,Pb;0y, (/1) and Ba,In;O ¢ (12)
have been synthesized and the latter con-
tains oxygen vacancies to charge compen-
sate for the substitution of In** for a tetrava-
lent ion. A detailed redetermination of the
structures of several Ca-Ti and Sr-Ti R-P
phases has recently been published (/3).
The syntheses and physical properties of
compounds Sr,.V,0,,,., (n = 2,3) have
been reported and the influence of oxygen
deficiencies on the electrical and magnetic
behavior investigated (/4-/7). We decided
to investigate the crystal chemistry of LaSr,
Fe,0,,_; because charge compensation can
occur by oxygen vacancy formation as well
as by the variable valence of Fe.

Experimental

X-Ray Structure Analysis

A mixture consisting of 1La,0,: 28rCOy;:
2Cu0: [Fe,0; with 1 wt% Bi»O, as a flux
was placed in an alumina boat and heated
at 1130°C for 24 hr, 1125°C for 12 hr, and
1110°C for 12 hr, and furnace cooled to
600°C before the sample was removed. Sin-
gle crystals had grown at the zone in which
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the mixture was in contact with the walls of
the boat. Several crystals were removed and
analyzed by standardless energy dispersive
X-ray fluorescence analysis (EDX). Surpris-
ingly, these crystals contained a significant
amount of Al, but only about 3% Cu; the
ratio of (La, Sr): (Fe, Al) was close to 4: 3.
Weissenberg and precession diagrams
showed that the crystals were tetragonal,
I4lmmm, a = 3.86 A, ¢ = 28.2 A, These
parameters are consistent with a structure
containing three octahedra bridged by apical
oxygens as found in Sr,Ti,0 (4).

A single crystal was selected and mounted
on a Krisel automated Picker diffractometer
cquipped with an incident-beam graphite
monochromator. The data collection, data
reduction, and least-squares refinement re-
sults are summarized in Table I.

The lattice constants were obtained from
a least-squares calculation of precisely de-
termined 26 values of the eight equivalent
reflections for 12 separate reflections in the
28 range 25°-27°, The variations in the inten-
sities of the four standard reflections mea-
sured after every 180 min decreased at a
constant rate with time and the intensities
were corrected by the use of the equation
I=1-0.002, ¢ in hr. The corrections were
less than +2%. Estimated standard devia-
tions, o (F,), were obtained from counting
statistics. Absorption corrections were cal-
culated using ORABS (/8); direct-methods
calculations and least-squares refinements
were carried out with SHELX 76 (19). The
atomic scattering factors for neutral atoms
and corrections for anomalous dispersion
were obtained from the “‘International Ta-
bles for X-ray Crystallography’ (20). An
extinction correction, g, was applied using
the expression Fl,. = F. (1 — gF%sin 6).

An E-map showed that the cation posi-
tions were consistent with the structure pro-
posed by R-P for # = 3 (4). Least-squares
refinement using Sr and Fe and isotropic
temperature factors convergedto R =0.127,
A Fourier electron density map revealed the

TABLE 1

SUMMARY OF DATA COLLECTION AND STRUCTURE
REFINEMENT FOR LaSri(FeggAlg-):0495

Formula weight 695.18

Crystal system Tetragonal

a, A 3.B665(8)

c, A 28.369(4)

v, A’ 424.1(2)

Space group 14/mmm

Z 2

D(gem™) 5.44

wlem™") 2721

A(A) 0.71069

F(000) 625.6
Dimensions (pm) 220 % 120 X 130
Mode 6 — 28

Max. 28 60°

Scan rate (deg min™") variable, a(I)/I = 0.02
Scan width 2+ 0.70 tan @
hkt min -5, -50

Akl max 5.5.39
Reflections, measured 1278
Reflections, unigue 240

R 0.021

=5 o(F) 227
Transmission factor 0.699 — 0.137
Standard reflections 217, 5!7, 114, 114
Number of variables 26

w-l
Goodness of fit, §
Function minimized

oXF,) + 0.00002 F}
2.48
Zw {|Fo| — |Fc|’

R, wR (.025, 0.025
max shift/e.s.d. 0.003

Ap, max, min (¢ A 1.76. L.11
£, extinction S(1) % 1078

oxygen positions and their inclusion in the
refinement caused it to converge to R =
0.09. The introduction of La into the two
crystallographically independent Sr sites
with variable occupancies decreased R to
0.05 and indicated a La: Sr ratio of 1:3 in
each site. Synthesis of polycrystalline sam-
ples of this phase using this ratio of La: Sr
yielded single-phase material. Thereafter
the occupancy of each site in the single-
crystal least-squares refinements was fixed
at that ratio. The weighted least-squares re-
finement with anisotropic thermal displace-
ment parameters for the cations, the vari-
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able Fe-Al occupancies in the crystallo-
.graphic sites, and the inclusion of an extinc-
tioncorrectionconvergedto R =0.0252. The
very small amount of Cu present in this crys-
tal was not separately included in the re-
finement. The use of only Fe contributions
tothe scattered intensity fromthe octahedral
site occupants yielded less than full occu-
pancy. The addition of Al in those sites con-
verged to an Fe : Al ratio consistent with the
EDX determination.

The synthesis of LaSr;Fe 0, from a start-
ing composition 0.51.a2,0,:35r0: 1.5F¢,0,
yielded single phase material showing that
neither Cu nor Al are necessary for the for-
mation of this phase. The final parameters
resulting from the X-ray datarefinement are
shown in Table I and a table of Fy, F,, and
o(F,) has been deposited.'

Neutron Powder Diffraction Analysis

Structures of four samples, (1) LaSr,
Fe;(y,_; annealed in 200 atm O, at 400°C,
(2) LaSr;Fe;0,,_s quenched from 800°C
into liquid N, (3) LaSry(Fegg, Aly2):Ohos
furnace cooled in air, and (4) LaSr,
(Fey 5.Aly2)30,0_5 quenched from 600°C into
liquid N,, were studied by neutron powder
diffraction. The time-of-flight data were col-
lected using the General Purpose Powder
Diffractometer (GPPD) at Argonne’s In-
tense Pulsed Neutron Source (21). Although
the data were collected simultaneously at
several angles, only the high-resolution
back-scattering data (26 = 148°) were used

! See NAPS document No. 04961 for 3 pages of sup-
plementary materials. Order from ASIS/NAPS, Micro-
fiche Publications, P.O. Box 3513, Grand Central Sta-
tion, New York, NY 10163-3513. Remit in advance
$4.00 for microfiche copy or for photocopy, $7.75 up
to 20 pages plus $.30 for each additional page. All orders
must be prepaid. Institutions and Organizations may
order by purchase order. However, there is a billing
and handling charge for this service of $15. Foreign
orders add $4.50 for postage and handling, for the first
20 pages, and $1.00 for additional 10-pages of material,
$1.50 for postage of any micrefiche orders.

for full structural analyses by Rietveld re-
finement (22). The initial refinements were
done using a single fd/mmm model, with
starting structural parameters taken from
Ba,In 0 s (12). A total of 598 reflections
covering a d-spacing range from 0.5t0 2.8 A
was included in each refinement. This model
yields satisfactory fits for the data taken
from samples 1, 3, and 4. Figure 1 shows
the Rietveld refinement profile for Sample
1. We note that Bragg peaks with strong /
character were fit relatively poorly com-
pared with other peaks. Such discrepancies
could result from the occurrence of some
stacking faults in this layered structure due
to a long c-axis periodicity. On the other
hand, the single-phase model yields a poor
fit for the data obtained from sample 2. In
plots of refined data for sample 2, we ob-
served systematic appearances of distinct
shoulders on Bragg peaks with strong / char-
acter. Since the c-axis parameter in this
crystal structure changes substantially with
oxygen content, we suspect that the shoul-
ders are caused by oxygen inhomogeneity
inthe sample, Thus, the Rietveld refinement
for sample 2 was repeated using two tetrago-
nal /4/mmm phases with different lattice pa-
rameters, a, = 3.868 A, ¢ = 28.255 A (75.4%
by volume) and a, = 3.870 A, ¢, = 28.409
A (24.6% by volume) for an overall oxygen
content of 9,50 (see Fig. 5). This two-phase
model provided a satisfactory fit. The re-
fined structural parameters for the four ma-
terials are listed in Table III. The bond
lengths and angles are listed in Table IV.

Thermogravimetric Analysis, Méssbauer
Spectroscopy, Magnetic Susceptibility

Thermogravimetric analysis was carried
out with a Perkin—-Elmer TGA-7 system.
Moassbauer spectra were obtained on a con-
ventional constant acceleration spectrome-
ter operated in conjunction with a Canberra
Series 35 multichannel analyzer, by using a
100-mCi *’Co in rhodium metal matrix y-ray
source. Temperature control was achieved
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TABLE 1
PosiTioNal AND THERMAL DISPLACEMENT PARAMETERS (A2 FOR LaSry(Feg gAly 30105 05 FROM X-Ray
DIFFRACTION DaTa

Atom Occupancy Site x ¥ z Uy =Us, Uss Bt
Fel 0.72(2) 2a 0 0 0 0.0165(9) 0.0078(3) 1.O07(4)
All 0.27
Fe2 0.83(1) 4e 0 0 0.14018(5) 0.0039(3) 0.0146(9) 0.59(3)
Al2 0.17
({La, 1Sl 1 de 0 0 0.57247(3) 0.0151(3) 0.0142(5) 1.17(2)
(:La.35r)2 | de 0 0 0.70133(3) 0.0083(3) 0.0081(4) 0.66(2)
O1 | Ba 0 3 0.1377(2) 0.0130(15) 1.03(12)
02 0.88(3) de 0 0 0.0663(4) 0.033(3) 2.61(24)
03 1 de 0 0 0.2128(3) 0.022(2) 1.74(16)
04 0.71(4) 4c 0 H 0 0.060(8) 4.7(6)

% The form of the anisotropic displacement parameter is exp{ =27 (U ax2i? + . .
U;, and Uy are the nonzero coefficients.
{trace) of the diagonalized tensor. B,, = Rml.

by using an uncalibrated silicon diode cou-
pled to a Lake Shore Cryotronics model DT-
500 C set point controlier. Temperature
measurements were made with a digital volt-
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meter by using a calibrated silicon diode
driven by a 10-uA constant current source,
Spectra below room temperature were ob-
tained by using either a flow-lype or an ex-

FiG. 1. Portion of the Rietveld refinement profile for LaSr;Fe;0q g5 at room temperature. Plus marks
(+) are the raw data; the solid line is the calculated profile. Tick marks below the profile mark the

positions of allowed reflections. A difference curve (observed-calculated) is plotted beneath.
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TABLE i1

PosITIONAL AND THERMAL DISPLACEMENT PARAMETERS FROM RIETVELD REFINEMENT OF POWDER
NEUTRON DIFFRACTION DaTA For LaSrFe;0;_s AND LaSr(Fe,_ Al );O -5

Atom Occupancy Site x y z By (AY)
LaSr; FEJO\;_gg
Fel ] 2a 0 0 0 0.55(4)
Fe2 I 4o 0 0 0.1392(1) 0.71(3)
(LSO 1 4e 0 o 0.5690(1) 0.80(3)
(1La/3Sr)2 i 4e 0 0 0.7013(1) 0.70(4)
01 1.000(7) Be 0 H 0.1382(1) 1.02(5)
02 0.97(1) 4e 0 0 0.0690(1) 0.96(6)
03 1.01¢1) 4¢ 0 0 0.2110(1) 1.35(8)
04 0.97(1) 4¢ 0 3 0 0.92(8)
LaSriFe;0q 45
Fel | 2a 0 0 0 0.81(4)
Fe2 1 4e 0 0 0.1411(1) 0.67(3)
(4LafSn)! | de 0 0 0.5708(1) 0.72(3)
{;La/3Sr)2 1 4e 0 0 0.7011(1) 0.87(4)
01 0.995(8) 8g 0 3 0.1380(1) 0.90¢4)
02 0.95(1) 4e 0 \] 0.0658(1) 1.7(1)
03 1.03(2) 4e ] 0 0.211441) 1.8(1)
04 0.79(2) 4c 0 H 0 3.1(2)
LaSr;(Feq g Alg.12)3052
Fel 0.72(1) 2a 0 0 0 0.65(6)
All 0.28 2a 0 0 (] (.65
Fe2 0.93(1) de 0 0 0.1403(1) 0.61(3)
Al2 0.07 4e 0 0 0.1403 0.61
($La’ASr)1 1 de 0 0 0.5703(1) 0.93(4)
(dLassSr2 1 4e 0 0 0.7013(1) 0.84(4)
o1 0,984(9) 82 0 H 0.1377(1) 0.80t3)
02 0.88(1) 4e 0 0 0.0671(1) 1.41(8)
03 0.98(1) 4e 0 0 0.2113(1) 1.36(7)
04 0.81(2) 4c¢ 0 3 0 2.4¢1)
LaSr{Feg gs.Alg 153304 05

Fel 0.70(1} 2a 0 0 0 0.92(6)
All 0.30 2a 0 0 0 0.92
Fe2 0.92(1) 4e 0 0 0.14122(5) 0.61(3)
Al2 0.08 4e 0 0 0.14122 0.61
{ALafiS)1 l 4¢ 0 4] 0.57186(R) 0.94(4)
(sLa/3Sr)2 l de 0 0 0.70158(6) 0.85(4)
[0]] 0.99(1) Be 0 ) 0.13768(7) 0.82(3)
02 0.85(1) 4e 0 0 0.0655(1) 1.BI(9)
03 0.98(1) ¢ Q [¢] 0.21185(9) 1.4X7)
04 0.72(2) 4c 0 3 0 3.9(2)

change-type Janis cryostat in either a hori- with a Quantum Design Co. 5000 DC
zontal or a vertical mode. Isomer shifts are SQUID magnetometer between room tem-
relative to metallic Fe at room temperature.  perature and 10 K. The applied magnetic
Magnetic susceptibilities were measured field was 1000 G. About 400-500 mg of sam-
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TABLE 1V

BoND LENGTHS (A) AND ANGLES (deg) RESULTING FROM RIETVELD REFINEMENT OF POWDER NEUTRON
DIFFRACTION DATA AND FROM A SINGLE CRYSTAL X-Ray DIFFRACTION LEAST-SQUARES REFINEMENT

Meutron X-ray
LaSr;Fes0s g LaSryFe;0q 45 LaSry(Feg g, Aly 14309.28 LaSryFeg g5 Aly, 151309 05 LaSry(Feg 3Aly 2010y g5
Bond iength
{FefADI-02 %2 1.935(3) 1.85H5) LBRHI) 1. B345¢1) 1.8754(3)
-04d x4 1.9331¢1} 1.9343(1) 1.9297(1) 1.9321(1; 1.9333(H)
(Fe/Al2-01] x4 1.933%1} 1.9360(1) L.9311(1) 1.9347(1} 1.9345(4)
-02 1.968(3) 2.129(6) 2.063(3) 2.1438(1) 2.0973i3)
-03 2.015(3) 1.991(3) 1.99%3) 1.9997(1) 2.0596(3)
(La/Sr)1-01 x4 2.739(2) 2.718(3) 27002} 2.6843(1) 2.676013)
-0 =4 2.7339(1) 2.7389(3) 2.7305(0) 273831 2.7397{6)
04 x4 2.734() 2.773(2) 2.765(2) 28051 2.8221¢4)
{LasSn2-01 x4 262200 2.630(3) 2.632(2) 2.6465(1) 2.6452(3)
-03 x4 2.747403) 2.7510¢5) 2.743603) 2.747%D 2.7533(6)
-03 2.458(3) 2.472(5) 2.461(3) 24511 2.4366{3)
0i-01 =4 2.7339(1) 2.73551) 2.729001) 2.7323(1) 2.734(X6}
=02 x2 2.739(2) 281604 2.772(3) 281210 2.8005(3)
-03 x2 2.813(2} 2.830(4) 2.831(2) 283351 2.8767(4)
G2-04 =4 T3 2.081(4) 2.70042) 2.678D(1) 2656
04-04 x4 2.7339(1) 2.7335(1) 2.7290¢1) 2.7323(1) 2.734006)
Bond angle

O1-Fe2-01 178.3(2) 175.102) 175.7¢1) 174.0601) 175 8(3)
0Ol1-Fe2-01 89.16(8) 87.56(10) B87.84(7) 87.03(1) 87.91(15}
O1-Fe2-01 90.84(8) 92.44010) 92.16(7) 92.97(1) 92.09(15)

ple were used in the measurements. Dia-
magnetic corrections were not applied be-
cause they were too small,

Results

The crystal structure of this compound is
illustrated in Fig. 2. It consists of layers of
FeOy octahedra perpendicular to the c-axis.
The apical oxygen atoms of the central octa-
hedron are shared by an octahedron above
and below and form a slab 12.1 A high paral-
lel to the c-axis. The octahedra articulate
laterally by corner sharing of oxygen atoms.
The triple perovskite layers are separated
by La/Sr—O rock-salt units in agreement
with the structure proposed by R-P {4).

The bond lengths and angles from the neu-
tron and X-ray refinements are shown in
Table IV. The equatorial M 1-04 (M = Fe,

Fe/Al) bond lengths for the central octahe-
dra are nearly equal, with an average value
for the five phases of 1.933(2) A. The apical
M1-02 bond lengths are significantly
shorter than the equatorial values and
strongly depend on oxygen stoichiometry.
The M2-02 bond lengths are significantly
longer than M 1-02 and also depend on the
oxygen stoichiometry. The average equato-
rial bond length M2-01 is 1.934(2) A, the
same as for the central octahedron, and the
average M2-03 bond length to the unshared
apex is 2.01(3) A. One La/Sr is in a dodeca-
hedral site with an average oxygen bond
length of 2.74(4) A and the other crystallo-
graphically independent La/Sr is in ninefold
coordination, a monocapped square anti-
prism, with oxygen bond distances varying
from 2.4366(3) to 2.7510(5) A.

The oxygen content of these phases is
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F1G. 2. The crystal structure of LaSr;Fe 0. Open
circles connected by bonds are oxygen; solid circles
within the octahedra are Fe; nonbonded open circles
are La/Sr. The oxygen levels are labeled,

variable. The Ol and O3 sites are fully occu-
pied; they are, respectively, the equatorial
and unshared apical oxygen atoms of the M2
octahedron. The oxygen vacancies occur in
the O2 and O4 sites that form the octahedron
around the central unit occupied by M1.
Results of neutron powder diffraction re-
" finements show that the LaSr;Fe;0,_; ma-
terial annealed at 200 atm O, is essentially
stoichiometric in oxygen content, 9.88(6).

However, small amounts of oxygen vacan-
cies on the O2 and O4 sites are present, see
Table 111. Due to similar scattering lengths
for La (0.827 x 107" ¢m) and Sr (0.702 x
107" ¢m), the composition ratio of La to Sr
was not refined and was fixed at the known
composition. Refinements for sample 2 us-
ing two tetragonal phases show that the ma-
jority of the sample, about 809, has an oxy-
gen content of 9.45(8). The rest of the
sample has a slightly lower oxygen content,
causing the c-axis to expand slightly and
resulting in shoulders on some Bragg reflec-
tions. The difference of the refined oxygen
contents between samples 1 and 2 is about
0.43, which is consistent with the thermo-
gravimetric analysis (TGA) result of 0.4,
The Al-doped material, sample 4, has an
oxygen deficiency close to that of the single
crystal on which X-ray data were collected.
Agreement among the parameters is good
with the notable exception of the Al content
in position M2.

The TGA of LaSr;Fe,0,, ; and LaSr;
(Fe;_ AlL)YO,,_; shows that oxygen is revers-
ibly lost and reintercalated, Figs. 3a and 3b.
The oxygen-deficient starting material is
prepared by quenching the fully oxidized
phase from a given temperature into liquid
N,. Initial oxygen sorption begins at 200°C,
reaches its maximum at about 350°C, and
thereafter oxygen 1s lost continuously to
900°C. Cooling in air reversibly intercalates
oxygen with the final composition reaching
Qy4. The variations of oxygen stoichiometry
in air with temperature for the Fe and Fe/
Al phases are shown in Fig. 4. Samples of
the fully oxygenated Fe phase were
quenched into liguid N, from 500 to 1000°C
in intervals of 100°C after the samples were
held at the respective temperatures for at
least 4 hr. X-ray diffraction patterns were
immediately obtained from the quenched
samples. The powder patterns showed a
strong c-axis parameter dependence on the
oxygen content, increasing in value with de-
creasing oxygen content. When the
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FiG. 3. Thermogravimetric curves in air for (a) LaSryFe;0,_; and (b) LaSryFes Al 60010

quenched material is exposed to the ambient
laboratory atmosphere for 1 day or longer
the powder X-ray diffraction pattern con-
tains a significant amount of a cubic second
phase. The kinetics of the decomposition
depends on the oxygen content of the
quenched phase. The greater the oxygen de-
ficiency of the sample, the faster its decom-
position.

Specimens with the composition LaSr,
Fe, (Alp 4Oy0-; were quenched from 600 and
800°C. The c-axis parameter as a function
of temperature, Fig. 4, also increases with
loss of oxygen, although the c-axis is smaller
than for the Al-free phase for a given oxygen
stoichiometry. The presence of Al in the Fe
site stabilizes an oxygen deficient phase and
causes the oxXygen content to vary over a
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Fi1G. 4. The variation of oxygen stoichiometry with
temperature for the Fe (filled squares} and Fe/Al (open
squares) phases.

much narrower range than for the pure Fe
phase.

Discussion

The oxygen vacancies occur primarily in
the O4 and O2 sites that constitute the octa-
hedral coordination around the ¢entral cat-
ion, M1, The vacancies in the structure of
Ba,In;Og 5 (BagIn,0,;) occur in the same
sites (/2). [n LaSr;Fe 0y 44 the two Fel-02
apical bond lengths are 1.935(3) A, compara-
ble with the four equatorial bond lengths
of Fel-04, 1.9331(1) A, so that for a fully
oxygenated compound the octahedron is
regular. In the oxygen deficient 9.45 phase
the apical Fel-02 bond lengths shorten to
1.875(5) A while the four equatorial Fel-04
bond lengths remain essentailly unchanged
at 1.9343(1) A. The distal octahedron is dis-
torted. In the 9.88 phase the four equatorial
Fe2-01 bonds are 1.9333(1) A, the same as
for the eentral octahedron, but the bridging
Fe2-02 bond is 1.968(3) A and the bond
to the nonbridging O3 is 2.015(3) A. In the
oxygen 9.45 phase the equatorial bonds re-
main unchanged, but the bridging Fe2-02
bond lengthens considerably to 2.129(6) A
while the nonbridging Fe2-03 contracts
slightly to 1.991(5) A; an overall expansion
parallel to the c-axis of about 1%. The

8.8 9.0 9.2 9.4 9.6 9.8
Oxygen Content

10.0

Fic. 5. The variation of the c-axis with oxygen stoi-
chiometry for the Fe (filled squares) and Fe/Al (open
squares) phases.

X-ray diffraction patterns of polycrystalline
samples of LaSrFe,0_; heated and
quenched into liquid N, provide a linear re-
lationship between the ¢-axis dimension and
oxygencontent, Fig. 5. In Table V the lattice
parameters for all phases that were refined
by Rietveld and least-squares analyses are
summarized.

Similar behavior is seen for the LaSr,
{(FegsAly5);044-5 phases. The highest va-
cancy concentrations occur in the O4 posi-
tion; the O2 bridging position has a slight -
and constant vacancy concentration. The
variation of (Fe/Al)1-02 apical bonds is not
as pronounced as for the pure Fe compound,
and lengthening of. the {(Fe/Al)2—-02 bond
occurs with decreasing oxygen content. The

TABLE V

LATTICE PARAMETERS OF PHASES WHOSE OXYGEN
STOICHIOMETRY Is BASED oN NEUTRON aAND X-Rav
DIFFRACTION DATA REFINEMENTS

a, A ¢, A
LaSr,Fe 04 3.8663(1) 28.0407(3)
LaSt;Fe,0, 4 3.8677(1) 28.2553(5)
LaSry(FegsAly 12300 3.8594(1) 28.1579(3)
LaSry(Fey gsAly 15130005 3.8641(1) 28.3124(3)
LaSry(Fe; 3Aly )05 g5 3.8665(8) 28.369(4)
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agreement between the single-crystal X-ray
diffraction results and the neutron powder
diffraction results is generally good with one
notable exception. The Al substitution in
the Fel (central octahedron site) is 0.28 ac-
cording to the X-ray data and 0.30 according
to the neutron data. The Al content in the
Fe? site is 0.17 (X-ray) and 0.08 (neutron).
The c-axis variation as a function of oxygen
content is also linear with the same slope
as for the pure Fe phase but the c-axis pa-
rameters are shightly lower,

The thermal displacement parameters of
the two crystallographically distinct octahe-
dral cation positions are noteworthy. The
neutron diffraction refinement for the pure
Fe compound shows that the isotropic B
parameter of Fel for the fully oxygenated
phase is 0.55(4) AZ, and it becomes 0.81(4)
A*forthe9.45 phase. The Fe2 values remain
constant at about 0.7 A2, The neutron data
for the Fe/Al compound yields an isotropic
value of 0.65(6) A? for the 9.3 phase (maxi-
mum oxygen content) and 0.92(6) A for the
9.05 phase. The parameter for (Fe/Al)2 re-
mains constant at 0.61(3) A2.The X-ray data
yielded anisotropic displacement parame-
ters for the 8.95 phase of 8, = B,, = 1.30(7)
AZ, By, = 0.61(10) A2 for the central octahe-
dron cation, (Fe, 5,Aly9)1, and B, = By, =
0.31(4) A%, By, = 1.16(6) ‘A’ for the distal
octahedron site, (Feg 43Aly 7)2. We interpret
these observations in terms of positional dis-
placements rather than thermal displace-
ments. As the O4 sites become depleted,
the central octahedral cation moves off the
000 position to assume a tetrahedral coordi-
nation. The bridging bond length shrinks to-
ward the now “‘tetrahedral” site and the
distal octahedral site~bridging oxygen,
Fe2-02, lengthens. The Al substitution oc-
curs primarily in the ¢entral octahedron and
increases the tendency toward a tetrahedral
site environment. The hypothetical com-
pound LaSr,Fe,AlO, presumably might
have an articulation in which the two outside
octahedral layers are connected by a tetra-

hedral layer. Such an O-T-0 triple layer
exists in the brownmillerite structure (23).

The anisotropically refined values of the
thermal displacement parameters for the
two ¢rystallograhpically independent LaSr
scatterers indicate that the displacement is
isotropic. It is slightly larger for the dodeca-
hedrally coordinated La/Sr1 than for La/Sr2
in ninefold coordination. The oxygen vacan-
cies probably increase the effective hole ra-
dius of the dodecahedral interstice, permit-
ting the cation occupant a larger vibrational
amplitude than for the cation that is bonded
only to the fully occupied oxygen ion sites,
03 and O1.

Bond-valence calculations (24) for the
O, 4 phase using the expression V = 2,
expl(r, — r)/0.37), ryFe**) = 1.759, r,
(ILa** + 4Sr*) = 2.132, vyield +3.92 for
Fel, +3.33 for Fe2, +2.28 for La/Srl, and
+2.20 for La/Sr2. The valence sums for La/
Sr are equal to the weighted value for the
site occupant in the structure, The valence
sums for Fe may signify that both crystallo-
graphic sites become oxidized as oxygen
content increases. .

Magnetic susceptibilities as a function of
temperature are shown in Fig. 6, yielding
the effective moments and Weiss constants
summarized in Table V1. The behavior is
typical for that of a 21} antiferromagnet, dis-
playing broad maxima that become less pro-
nounced as the oxygen vacancies increase.
The ordering temperature of about 200 K
for the oxygen 9.88 phase drops to about
150 K for the 9.5 phase and is difficult to
observe for the 9.1 phase. The onset temper-
ature of 3D ordering as observed in Mdss-
bauer spectra hyperfine splitting similarly
decreases with oxygen content, The varia-
tion of oxygen content from 9, i.e., all triva-
lent iron, requires the appropriate changes
in the oxidation state of iron for charge com-
pensation. For formal charge balance the
two crystallographically equivalent outer
Fe2 atoms are expected to be tetravalent in
LaSr;Fe;04, but valence—-bond sum calcu-
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F1G. 6. The inverse magnetic susceptibility vs T for
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lations indicate that both crystallographic
sites are oxidized. No clear-cut evidence
for Fe'* is seen in the effective magnetic
moment and, more importantly, in Mdss-
bauerdata. The observed isomer shifts rang-
ing from +0.15 to +0.20 mm/sec relative
to iron metal are reasonable for high-spin
Fe(I1I) in a highly delocalized, covalent, six-
coordinated, oxygen environment. Simi-
larly coordinated actual Fe IV ions in
SrFeQ; have isomer shifts of about —0.15
mm/sec {25).

The room-temperature Mdssbauer spec-
trum for LaSr;Fe;0g ¢ exhibits a broad, un-
resolved absorption band. The more re-
solved spectrum observed at 181.8 K, Fig.

TABLE V1
MAGNETIC PARAMETERS FOR LaSr;Fe;0,

X uleff), B.M. #, K
9.88 5.76 —185
9.5 4.66 —248
9.1 4.30 —464

7, can be decomposed into three lines, a
quadrupole split pair originating from the
Fe2 crystallographic site and a singlet from
the central octahedral Fel site. The forego-
ing decomposition ¢orresponds to a best fit
for three independent Lorentzians. The as-
sociation of a quadrupole doublet with the
outer pair of peaks is logical in terms of the
known structure and realistic isomer shift
assignments. The spectrum obtained at 77
K from LaSry(Fe, 3Aly 5,0, 5, Fig. 8, at ap-
proximately twice the velocity sweep of Fig.
7, can similarly be decomposed into a three-
line spectrum. At 4.8 K hyperfine splitting
is observed. A small unresolved or zero
quadrupole splitting effect is consistent with
the more symmetric coordination of the
Fe(l) crystallographic site. For both sys-
tems, the ratio of the intensity of site (2) : site
(1) is about 1.1-1.2; i.e., less than the ex-
pected value of 2:1. This is explicable if
the recoil free fraction of the Fe(2) sites is -
less than that of the Fe(1) sites. This will,
in turn, result from weaker bonding at Fe(2)
sites as suggested by the measurably longer
F{2)~0O axial bond lengths. In Table IV
the differences in the Fe(1)-0O(2) and
O2)-Fe(2)-0O(3) bond lengths vary from
about 0.06t0 0.2 A. At 4.2 K two six-transi-
tion Zeeman patterns are observed, but
again with an intensity ratio of about 1 rather
than 2. Complete details of the Mdssbauer
spectra for a number of these phases will be
published elsewhere (26).

The magnetic values in Table VI are
strongly dependent on the number of data
measured in the paramagnetic region. Usu-
ally the Curie—Weiss parameters are most
reliably obtained from data measured at
temperatures exceeding two or three times
T .ax- These compounds lose oxygen above
room temperature and measurements were
therefore restricted to 300 K and below.
Therefore, the derived values of w4 and 6
should be considered as indicative of a trend
rather than as precise values. An inspection
of Fig. 6 shows that the best straight line
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FiG. 7. Mdssbauer spectrum of LaSr;Fe; 0y at 181.8 K. The abscissa is in mm/sec relative to Fe.

can be fit to data obtained from the x = 9.1
phase. The slope of the best straight line to
the x = 9.5 data set is essentially the same,
although 8 becomes less negative. A line
with nearly the same slope can be drawn
through the three highest temperature data
points for the x = 9.88 phase, but # now is
even less negative. We interpret the change

in the Weiss constant as due to competing
antiferromagnetic and ferromagnetic ex-
change processes. The bond-valence calcu-
lations for the Qg4 phase show that both
crystallographic iron sites are oxidized be-
vond Fe't. Thus in the oxygenated phase
the presence of Fe*'-0-Fe’* permits dou-
ble exchange by fast hopping of an electron
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FiG. 8. Mdssbauer spectrum of LaSr;Fe, ,Al, (O 5 at 77 K. The abscissa is in mm/sec relative to Fe.
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among iron sites within the equatorial
planes, causing parallel spin alignments;
i.e., aferromagnetic contribution to the sus-
ceptibility. The presence of a delocalized

electron in such a covalently bonded system

has been mentioned previously in the dis-
cussion of the Méssbauer results. The effec-
tive moment is also closest to the value for
high-spin Fe?*. In addition the presence of
superexchange via the apical oxygen ions
gives rise to an antiferromagnetic compo-
nent. The assignment of the exchange paths
is governed by the Fe-0 bond lengths. They
are shorter in the equatorial plane of the
octahedron than to the apical oxygen ions.
Oxygen is depleted primarily from the equa-
torial site of the central octahedron, O4; this
cation site, Fel, also contains the highest
“Fe**** concentration. Thus as the oxygen
content is depleted the ferromagnetic influ-
ence decreases, and this manifests itself by
the increasingly negative value of the Weiss
constant. The p.values, Table VI, increase
with increasing oxidation of iron in apparent
contradiction to expectation for values
based on noninteracting iron ions. As
pointed out previously, no clear-cut evi-
dence for localized Fe*" is seen and since we
postulate that the ferromagnetic exchange
occurs laterally in the plane and is highest
for the most oxidized phase the effective
moment has the largest value. As the antifer-
romagnetic exchange becomes more im-
portant as oxygen is lost, the effective mo-
ment decreases. The behavior of Fe in a
formal oxidation state greater than 3+ is a
puzzling and vexing problem because of so
many other influences that are present; e.g.,
electron delocalization and unequal cat-
ion—anion bond distances. The experimen-
tal observations reported here can be ade-
quately explained by mechanisms that are
at best only qualitative.

Attempts to synthesize Sr,Fe 0, 5 (10)
from mixtures of SrCO; and Fe,0; were un-
successful. Reaction temperatures of 1000
to 1450°C yielded cubic SrFeQ;_;, tetrago-

nal Sr;Fe,Os, and a small amount of an addi-
tional, unidentified component. Experi-
ments using solutions of stoichiometric
amounts of Sr(NO,), and Fe(NO,), - 9H,0,
evaporated to dryness and fired at 750°C,
yielded Sr,Fe,0,,_; admixed with SrFeQ,_;
and a minor phase Sr;Fe,0,_;. The product
was poorly crystalline material. These re-
sults agree with those reported by Brisi and
Rolando (I0). Reaction temperatures below
750°C do not give rise to product formation;
temperatures at or above 800°C do not pro-
duce Sr,Fe;0,, s but form SrFeO, and
SryFe,0,_;.

The thermodynamic stability of Sr,
Fe;0,y_5 is greatly enhanced by rare earth
substitution for Sr. Mixtures of the respec-
tive oxides to yield the phase LaSr,
Fe;0,, when reacted at 1450°C, furnace
cooled to 400°C in air, held at that tempera-
ture for 24 hr, and quenched, yielded a sin-
gle-phase product. The oxygen content of
the product depends on the quenching tem-
perature. Single-phase material was ob-
served for LaSr,Fe,0,y_; for 0.1 = 8 = 0.8
and for the Al-containing phase of 0.65 =
5 = 1.1. Single-phase material can be syn-
thesized with La, Nd, Pr, and Gd by reacting
the appropriate mixtures of oxides at 1450°C
in air. It was not possible to form this com-
pound with Er. The solid solution range
Sr,_ . La, was investigated and was, within
the limits of second-phase detectability for
the powder X-ray diffraction technique,
0.96 < x < 1.04. No substitution of Sr by
Ca or Ba was possible.

The accidental incorporation of Al in the
Fe site in the single crystal led to the explo-
ration of Al substitution in compositions
LaSry(Fe Al ),Oy_s- When x = 0.25, sin-
gle-phase material is prepared by reacting
the starting oxides at [400°C. When x >
0.25, a second phase begins to appear.
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