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Single-phase samples of LaBa,Fe;O,,, with —0.20 <w <
0.83 were synthesized, characterized by oxygen-content ana-
lyses, powder X-ray diffraction, and magnetic susceptibility, and
investigated using ’Fe Mossbauer spectroscopy. At 296 K, anti-
ferromagnetic ordering of the Fe sites was observed for samples
having w < 0.45. When w < 0.0, the iron atoms occupy predomi-
nantly an Fe**, § =5/2 state, the rest being Fe**, S =2. For
w =~ (0, the intensities of the components in the Mdssbauer
spectra correspond to random distribution of oxygen vacancies
around Fe**. When 0 < w < 0.45, increasing amounts of iron
atoms enter the Fe**, S = 2 state. For w > 0.45, which takes the
paramagnetic state at room temperature, the amount of Fe**
increases accordingly. At 85 K, there is inconclusive evidence of
disproportionation of Fe** into Fe’* and Fe’* in the most
oxidized w = 0.83 sample. The room-temperature Mossbauer
data show that there occurs a gradual conversion from AF to
P states with increasing w up to w > 0.45, when all AF compo-
nents simultaneously disappear. This gradual frustration of the
cooperative order has three contributing factors. First, an in-
creasing proportion of the iron moments simply becomes para-
magnetic in the AF arrangement. Second, the AF interactions
become weakened upon disorder. Third, the AF interaction is
obviously weakened by replacement of S =5/2 with S = 2. The
room-temperature relationship between the average internal
magnetic field and the oxygen content parameter w resembles
the magnetic field vs temperature relationship for a cooperative
magnetic material. The common mechanism is that both temper-
ature and oxygen loading affect the ordered spin system. © 1998
Academic Press
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I. INTRODUCTION

Perovskite-type ATO;_; oxides of transition metals (T)
have acquired a prominent position in materials science
owing to properties like colossal magnetoresistance

(T = Mn), high combined electronic and ionic conductivity
(T = Mn, Fe, Co), and high-T, superconductivity (T = Cu).
Doping-induced structural changes in the coordination
sphere of the transition metal are crucial in controlling the
delicate charge balances which establish the desired proper-
ties. The superconductivity of YBa,Cu;Og¢ 4,  occurs in
coincidence with a frustration of the antiferromagnetic (AF)
arrangement by electron holes (1-3) which, in turn, may also
be localized partially on the oxygen atoms (3-6). High
electronic and ionic conductivity is observed in open (oxy-
gen-vacant) structures doped to a nearly metallic state,
which is also one of the conditions for the colossal mag-
netoresistance.

LaBa,Fe;O0g4.,, is a very good mixed conductor (7) with
a wide span in the oxygen content and an AF ordering at the
stoichiometric composition (w = 0; par = 3.8 up), it in turn
becomes frustrated on oxidation (8). The crystal structure of
the phase is cubic and is related to that of the YBa,Fe;Og .,
triple perovskite (9) by merging the two A-metal sites (in the
present case La and Ba) and disordering of the oxygen
atoms and vacancies. As a result, a homogeneity range exists
with respect to the La-for-Ba substitution (10). However, the
important magnetic and transport properties are largely
determined by the oxygen coordinations around Fe, which,
owing to the statistical nature of the disorder, are seen only
as an average by diffraction methods.In this situation, Mos-
sbauer spectroscopy is a unique tool to explore these struc-
tural details. Several Mossbauer studies (11-14) treat certain
compositions of the LaBa,Fe;Og,,, phase, but none deals
systematically with the variable oxygen content and the Fe
valence, which control the key properties.

To get an insight into structural details around the Fe
atoms and observe the interplay between them and the
magnetic properties, a series of LaBa,Fe;Oyg ., samples has
been synthesized with oxygen content in the range

—0.20 <w < 0.83. The composition data are correlated
with magnetic susceptibility and Mdssbauer spectroscopy
measurements.
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II. EXPERIMENTAL

Syntheses. The oxides were synthesized from a precursor
obtained by liquid mixing in melted citrates (15). Standard-
ized reagent-grade components were used; dry, annealed
lanthanum oxide (> 99.9%, Molycorp), dried barium car-
bonate (0.1% Sr, Merck), and iron lumps (99.95%, Koch-
Light). The latter component was converted to nitrate by
diluted HNOj; (Baker, analyzed) prior to being added to the
melted citric acid monohydrate (99%, Fluka), into which
La,0O; had already been dissolved. BaCO5 was added after-
ward. These citrate solutions contained approximately
4 mol of citric acid per mol of La atoms. The clear viscous
melt formed by the subsequent evaporation of water was
dehydrated into a solid at 180°C and incinerated at 450°C in
air. The thus obtained precursor was calcined at 1000°C,
pressed into tablets, and fired two to four times for a total of
500 h at 1000°C, with thorough intermediate rehomogeniz-
ations by milling in an agate vibration mill. The thus ob-
tained master sample was subjected to sintering (1100°C for
100 h) of tablets for the oxygen-control treatments.

Oxygen content control. The equilibrium oxygen con-
tents were controlled by the po,,t-equilibrium with the gas
atmosphere. The samples were annealed in a quenching
apparatus consisting of a vertical tube furnace with the gas
flow from the top and a massive brass flange with a conical
hollow on the bottom, equipped with an inlet for a counter-
flow of dry, high-purity Ar (<1 ppm O,). The gas outlet
from the system was located between the quenching site and
the furnace. The duration of the annealing was 4 to 8 days
depending on temperature.

Partial pressures of oxygen above some po, = 10~ * atm
were obtained by mixing O, with Ar; lower values were
controlled by the high-temperature equilibrium occurring in
the premixed flow of argon, hydrogen (SN purity), and water
vapor. The latter was introduced from an ~42.5 wt % solu-
tion of H3PO, at room temperature, and the saturated
partial pressure of py,o ~ 0.02 atm was corrected for the
actual temperature and concentration of the H;PO, solu-
tion. The high-temperature composition of the gas was
calculated from the dilution ratios and the thermodynamic
data (16, 17) for the H,O formation.

Oxygen content analysis. The oxygen content of all sam-
ples was determined cerimetrically. The dissolutions of the
samples in 3M HCI were carried out at some 50°C in glass
ampoules sealed under Ar atmosphere. In the case of sam-
ples with Fe?*, the solution was titrated directly, with
ferroin as an indicator. When the sample did not contain
Fe?™, a specified amount of previously titrated Mohr’s salt
was added and the remaining excess of Fe*" was deter-
mined.

Powder X-ray diffraction. The phase purity and unit-cell
parameters were evaluated from powder X-ray diffraction
(PXD) data obtained with a Guinier-Hédgg camera with
CuKu, radiation and Si as an internal standard. The photo-
graphs were scanned by an LS-18 film scanner with software
for X-ray data treatment (18). The threshold sensitivity
toward impurities in comparable phases is tested to be
better than 0.5 wt %.

Magnetic susceptibility. The magnetic susceptibility
measurements were carried out in steps in the interval
5-300 K by a SQUID magnetometer (MPMS, Quantum
Design) in an applied field of 50 kOe. The samples in
~50 mg lumps were contained in celluloid sample holders
during the measurements.

Mbossbauer spectroscopy. The Mossbauer absorbers
were prepared by mixing ~80 mg of sample material with
varnish and distributing it evenly on an iron-free aluminium
foil. The absorber diameter was 19 mm. Room-temperature
measurements in transmission geometry were performed
with an Amersham *>’Co: Rh (20 mCi, January 1995) source.
The spectra were recorded between February 1995 and
April 1997. A linear velocity scale with a maximum of
15 mm/s was applied. Paramagnetic spectra were measured
using a maximum velocity of 2.5 mm/s. Selected samples
were also measured at 85 and 12 K in order to obtain
information on the magnetic ordering. The spectra were
fitted with the full Hamiltonian of combined electric and
magnetic interactions. The following hyperfine parameters
were thus obtained from the fits: the internal magnetic field
experienced by the Fe nucleus (B), the chemical isomer shift
relative to a-Fe (J), the quadrupole coupling constant
(eQV,,), the resonance line widths, and the relative inten-
sities of the components (I). The following conditions and
constraints were applied: (i) For each component a certain
variation in the parameter B was allowed in order to simu-
late the effect of local distortions of the coordination poly-
hedra. A Gaussian distribution was assumed and its width
(AB) was introduced as a fit parameter, which in the actual
fits was observed to vary between AB ~ 2 T for the most
reduced samples and ~5 T for the most oxidized samples.
The spread in the magnetic field for a particular coordina-
tion is seen as an increase in the Mossbauer line width
toward the edge of the spectrum and a leveling of the
intensities compared with the ideal 3:2:1 ratio. (ii) The
eQV,, term gives the energy scale of the interaction between
the electric field gradient (EFG) and the nuclear quadrupole
moment (Q). As for B, the value of eQV,, was allowed
a certain spread, A(eQV,,), in the paramagnetic (P) spectra,
A(eQV,,) ranging between 0.5 and 0.6 mm/s for 0.47 <w
< 0.83. In general, EFG can be expressed in terms of its
main component V,, and the asymmetry parameter (1),
which measures the relative difference of EFG in the x and
y directions. The angle 6 between V,, and B can either be in
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the plane with or perpendicular to B, depending on the
arrangement of the oxygen atoms. However, 1 and 6 cannot
be fixed in this case and these were consequently omitted as
fit parameters. In fact, the contribution to # from the next-
nearest neighbors should also have been considered, but
such a large number of parameters was certainly not justi-
fied by the present data. Owing to these omissions, the
values of eQV,, are partially averaged. (iii) The spectral line
widths of all components in a given spectrum were con-
strained to be equal. (iv) A small asymmetric quadrupole
component, originating from traces of iron in the Be de-
tector window, was kept fixed during the fit. This impurity
defect covers less than 1% of the spectral intensity obtained
in the measurements.

III. RESULTS
A. Synthesis and Characterization

After firing at 1000°C and oxygen saturation, a single-
phase master sample of the composition LaBa,Fe;Og g3
was obtained, with a cubic structure of the disordered per-
ovskite type. The oxygen contents of LaBa,Fe;Og.,, are
variable across an appreciable span of — 0.20 <w < 0.83
as a function of the temperature and partial pressure of
oxygen (po, < 1 atm) from which the samples are quenched.
No sign of ordering into the YBa,Fe;Oyg triple-perovskite
type is seen when the oxygen content is decreased to w = 0.
The unit-cell parameter of the samples used for the Mos-
sbauer measurements is plotted in Fig. 1 as a function of w.

The cubic disordered LaBa,Fe;Og.,, phase equilibrates
very easily in atmospheres containing oxygen. This rapid
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FIG. 1. Perovskite-type unit-cell parameter a as a function of average

Fe valence (vg.) and oxygen content (8 + w) for LaBa,Fe;Og . Estimated
errors do not exceed the size of symbol.

exchange of O, proved to be a problem when quenching
from temperatures above some 1000°C was attempted for
the most oxidized and most reduced compositions. The
problem compositions were those with the highest mixed
electronic and oxygen-ionic conductivity, which could be
oxidized from the halo of gas taken up by the sample under
the free fall into the quenching area (viz., within seconds
before the sample is cooled to a “safe” temperature). On the
reduced samples (vg. < 3), this procedure creates a thin
brown layer (viz., trivalent iron) which slows down further
oxidation. On the oxidized samples (vg. > 3), a relatively
thick (1-2 mm) layer of an even more oxidized product is
formed which hence becomes a better mixed conductor than
the core itself. This black layer cannot be distinguished by
eye, but has an abrupt interface with the core according to
PXD; two cubic phases are seen in a mechanically hom-
ogenized sample. The oxygen contents in both the core and
the surface layer are proportional to the partial pressure of
oxygen and the temperature in the equilibration atmo-
sphere. However, the mean equilibrium temperature experi-
enced by the core and the surface layer is different. In order
to avoid the reoxidation problem, the surface layer was
removed, and quenching from below 900°C was adopted for
the oxidized samples. With these simple precautions, no
admixture of the more oxidized composition was observed
by PXD in the homogenized samples used for the property
measurements.

Another chemically related experimental problem was
encountered in that the samples containing Fe?* oxidized
slowly at room temperature, even by the traces of O, left
after flushing the storage containers by Ar. As a result, the
oxygen content increased by some 0.02-0.05 in the period
(less than a month) between the synthesis and the collection
of the Mdssbauer spectra.

The temperature and partial pressure of oxygen from
which the samples used for the Mdssbauer spectroscopic
measurements were quenched are shown in Fig. 2. In order
to provide a phenomenological description, isotherms are
drawn based on a least-squares fitting according to a simpli-
fied model with chemical point-defect equilibria. For this
purpose, LaBa,Fe;Og 4, is considered an acceptor-doped
LaFeO; compensated by oxygen vacancies (oxygen inter-
stitials are neglected). The oxygen exchange proceeds ac-
cording to:

0, + 2V =4h* + 204 [1]

and

205 =4 +2V5° + O, [2]
for iron oxidation states above and below + 3, respectively.
The concentration of the oxygen vacancies as a function of

the partial pressure of oxygen is expressed by combination
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FIG. 2. Quenching conditions (t, pO,) for LaBa,Fe;Og;, samples
used for Mossbauer measurements (O: ¢ =900°C, O: t =600°C, A:
t =450°C, and <: as specified on the illustration). Curves indicate fitted
isotherms for 900, 600, and 450°C, the latter dotted.

of the equilibrium constants for Egs. [1] and [2] and the
electroneutrality condition [e] + [Bar,] = [h*] + 2[V3*].
The temperature dependences of the equilibrium constants
are introduced via van’t Hoff expressions. The solution of
the resulting polynomial, in the form of log[ V'] as a func-
tion of log po, and temperature, is fitted to the experimental
data, and the result is replotted in terms of the composi-
tional parameter w in Fig. 2. It can be seen that the w values
obtained under quenching are reasonably consistent in that
no major violations of the expected trends in po, and tem-
perature occur.

B. Magnetic Susceptibility

According to powder neutron diffraction (PND), the
magnetic moments in LaBa,Fe;Og ., order antiferromag-
netically, with Neéel temperatures (Ty) around 650 K when
vre ~ 3.0, decreasing to around 185 K for highly oxidized
samples (8). The (reciprocal) magnetic susceptibilities of
several such high-oxygen single-phase samples are plotted
in Fig. 3, and it is seen that Ty is practically independent of
the oxygen content. This indicates that there is a constant
structural component governing the magnetic properties of
highly oxidized LaBa,Fe;Oyg . ,,, possibly corresponding to
one of the orderings seen by HREM in Ref. (19) for
NdBa,Fe;Og,. The P moments pp evaluated from the
data in Fig. 3 and the spin quantum numbers Sp calculated
on the assumption of quenched orbital contribution (spin-
only approximation) are listed in Table 1. Somewhat sur-
prisingly, the P moment appears to diminish in the direction
toward the trivalent Fe state.
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FIG.3. Reciprocal magnetic susceptibilities for oxidized LaBa,Fe;-
Og 4. From top (quenching temperatures in “°C): w = 0.60 (900), 0.65 (450),
0.76 (900), 0.83 (450). Lines and curves as fitted to evaluate Ty and
U, (Table 1).

C. Mossbauer Spectroscopy

Room-temperature spectra and fitted curves for selected
LaBa,Fe;Og.,, compositions w are shown in Fig. 4. The
general feature is that the distinct AF components present at
low values of w broaden and decrease appreciably shortly
before they vanish close to w = 0.45 on a gradual increase of
P components. For w = 0.47, a pure P spectrum appears at
room temperature, whereas AF order is still present at 85 K
(Fig. 5). The simultaneous disappearance of all the magnetic
components as a function of w also confirms that the meas-
ured samples are compositionally homogeneous.

Altogether, five AF components have been identified in
the spectra. Three of them dominate for low values of |w]|
and were assigned to trivalent iron with spin state S = 5/2
situated in structural environments specified by the coord-
ination numbers (CN): Octahedral, designated with the
composite notation Sy°Feds),; square-pyramidal, with nota-

tion ¥ Feds,; and tetrahedral, with notation §r*Feds),

TABLE 1
Néel Temperatures (K), P Moments up (#3), and Spin Quan-
tum Numbers S, of Fe, Extracted for the Highly Oxidized
LaBa,Fe;0g,,, Samples from Fig. 3

w Tx Up Sp

0.60 170 4.11(2) 1.61
0.65 178 4.11(2) 1.62
0.76 174 439(2) 175
0.83 184 4.75(2) 1.93
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FIG.4. Mossbauer spectra of LaBa,Fe;Og.,, at 296 K. Labeling of
the components is shown at the bottom of the illustration.

(listed in decreasing order of spectral intensity.) The two
remaining components were assigned to ApFed, and
ArFed, . and their intensities vary with w.

In all AF spectra, a general paramagnetic component
designated pFe is present, with intensity increasing from
some 1-2% for w < 0 to around 40% just before the disap-
pearance of the AF state at room temperature (Fig. 4,
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FIG.5. Mossbauer spectra of LaBa,Fe;Og 4, recorded at 296 and
85K. For labeling of the AF components, see Fig. 4.

w = 0.45, and vide infra). This pFe component then changes
smoothly into the characteristic double-peak feature of the
paramagnetic spectra for higher values of the oxygen con-
tent parameter w. Only for the most oxidized sample with
predominantly CN6 could this general pFe component be
unambiguously separated into two subcomponents with
specific valence states pFe®* and pFe*™.

1. AF Component Assignments

The hyperfine parameters (with calculated standard devi-
ations) of the AF components, derived from the 296 K M&s-
sbauer spectra are presented in Table 2, and low-
temperature values are given in Table 3.

Internal fields. The internal magnetic field depends on
three factors: the spin density at the Mossbauer nucleus (the
Fermi contact term), the orbital term, and the dipolar term
(20). The last term is small for an antiferromagnetic sub-
stance, but the two former can be of equal magnitude and
opposite sign. The internal magnetic fields may also contain
supertransferred hyperfine fields from the nearest-neighbor
spins, which can result in multiple hyperfine fields from
different coordinates. The largest components, designated
SF°Feds, and §¥°Fegs),, have internal fields close to 50 T at
room temperature. This is conceivable only for the high-
spin, trivalent iron state, for which the orbital term of the
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TABLE 2

Internal Magnetic Fields (B), Chemical Isomer Shifts (6), Quadrupole Coupling Constants (eQV,,), and Spectral Intensities (7)
for AF components of Mossbauer Spectra of LaBa,Fe;Og.,, at 296 K

B (T) 0 (mmy/s)

w SFe Fegstz & Fes3572 & Feé");/z arFeds’ arFeds 21%161733572 & Feé;jz & Fegsﬁz arFeds arFeds’

—0.20 52.74(3) 49.56(5) 41.58(7) 27.02(6) 0.353(2) 0.291(3) 0.182(6) 0.729(8)

—0.19 52.45(6) 49.3(1) 42.4(3) 26.6(2) 0.345(4) 0.292(6) 0.19(2) 0.72(2)

—0.17 52.85(5) 49.67(7) 41.68(9) 26.99(9) 0.355(3) 0.286(4) 0.19(1) 0.74(1)

—0.12 51.91(4) 48.85(6) 41.0(1) 26.5(1) 0.344(3) 0.284(5) 0.11(2) 0.73(3)

—0.10 52.85(5) 49.87(7) 41.93(5) 24.94(8) 0.352(2) 0.275(4) 0.073(6) 0.90(1)

—0.05 53.16(7) 50.4(1) 42.04(7) 25.23(1) 0.365(5) 0.271(5) 0.052(7) 0.90(1)

—0.01 52.29(4) 49.10(6) 41.5(1) 24.7(2) 0.350(3) 0.290(5) 0.07(1) 0.92(3)
0.04 51.63(4) 48.53(7) 41.37(6) 24.9(1) 0.342(2) 0.275(3) 0.042(6) —0.03(1)
0.13 49.7(1) 45.9(4) 40.0(2) 22.4(3) 0.330(3) 0.276(8) 0.14(2) —0.28(3)
0.24 47.4(1) 42.9(3) 37.9(3) 21.6(2) 0.330(3) 0.311(7) 0.20(2) —0.25(2)
0.25 46.2(1) 41.3(5) 36.2(4) 20.4(1) 0.322(3) 0.290(8) 0.25(2) —0.25(2)
0.33 43.48(9) 36.0(2) 19.1(2) 0.308(4) 0.26(1) —0.26(2)
0.35 41.2(1) 33.003) 17.7(3) 0.290(5) 0.27(2) —0.27(1)
0.41 37.8(1) 28.8(3) 16.9(2) 0.32(1) 0.41(2) —0.03(2)
0.45 35.1(2) 25.4(6) 15.9(4) 0.33(1) 0.39(2) 0.11(3)

eQV,, (mm/s) I (%)

w 211\«161:653572 §§5F653572 §¥4Fes3572 arFeds arFess 21;61:33572 glljsFes3572 ?1\]«‘41:63572 arFess arFes;

—0.20 — 0.005(6) —0.128(9) —0.20(3) — 1.70(3) 48(1) 31(1) 16(1) 5.1(2)

—0.19 0.04(2) —0.19(2) —0.35(8) — 1.69(9) 45(1) 33(1) 16(1) 4.2(4)

—0.17 —0.028(9) —0.11(1) —0.13(4) — 1.73(5) 47(1) 31(1) 15(1) 4.9(3)

—0.12 — 0.016(7) —0.07(1) —0.13(4) — 1.76(4) 46(1) 34(1) 14(1) 4.5(2)

—0.10 — 0.054(7) —0.12(1) 0.19(2) —0.97(4) 48(1) 31(1) 15(1) 4.5(2)

—0.05 —0.030(9) —0.06(1) 0.29(3) — 1.13(6) 46(2) 35(2) 14(1) 3.8(2)

—0.01 —0.06(1) —0.11(2) 0.26(5) —1.1(1) 48(1) 31(1) 15(1) 3.7(4)
0.04 — 0.047(6) — 0.10(6) 0.37(2) 2.09(5) 48(1) 27(1) 17(1) 5.1(2)
0.13 —0.022(9) —0.09(3) 0.05(6) 0.8(1) S1(1) 21(2) 14(1) 8.7(3)
0.24 —0.03(1) — 0.06(3) — 0.11(6) 0.64(7) 48(2) 22(1) 11(1) 13(1)
0.25 —0.01(1) —0.08(3) —0.37(9) 0.31(4) 47(2) 22(1) 9(2) 15(1)
0.33 0.01(1) —0.37(6) 0.14(4) 55(2) 20(1) 17(1)
0.35 0.00(2) —0.67(7) 0.05(6) 55(1) 17(1) 18(1)
0.41 —0.01(4) — 0.50(5) —0.11(5) 45(2) 19(2) 19(1)
0.45 — 0.05(5) —0.14(7) 0.02(6) 30(1) 16(1) 14(1)

“Rounded-off intensities, the rest to 100% is pFe.

internal magnetic field is zero. The {¥*Fess), component has

a maximum field around 42 T, which may still correspond
to the high-spin state, whereas spFe?,” and ,pFeg, have
maximum fields of some 25 T. This lends some support to
the assigned spin state S = 2, which, however, cannot be
based solely on the internal field value since both the con-
tact and orbital terms are nonzero. When the AF state is
about to disappear as a function of w, B decreases rapidly
and this causes broadening which in the fits was taken care
of by the distribution parameter AB.

Isomer shifts. The isomer-shift parameter 0 measures
mainly the s electron density at the nucleus, and can be used
to determine the valence and spin state of the Fe atoms.

A list of possible isomer shift values for iron in various
valence and spin states is presented in Table 4. The compo-
nents Sr Feds, and §F°Feds), have d between 0.26 and
0.36 mm/s, which fits all the spin states of trivalent, but none
of tetravalent iron (it is the high value of the internal
magnetic field which speaks for the high-spin assignment).
The isomer shift of the component §F*Feds), is lower
(0.04-0.25mm/s), and this means that it could also corres-
pond to Fegys, if it were not for the relatively high value of
the internal field. Another candidate, Feg,', is excluded for
chemical reasons, since this component occurs across the
entire composition span in w. The discrepancy in the actual
value of J can be attributed to the fact that the resonance
lines of the {¥*Feds), component are overlapping with the



MOSSBAUER STUDY OF LaBa,Fe;Og. ,,

93

TABLE 3
Mossbauer Hyperfine Parameters for LaBa,Fe;Os,,, at 85K
B (T) 0 (mm/s)
w CNbFeSS/Z CNSFeSS/Z CN4F355/2 AFFe§2+ AFFeg2+ CNGFeSS/Z CNSFeSS/Z CN4F‘355/2 AFFe§2+ AFFegz+
—0.01 54.99(6) 54.1(1) 46.0(2) 27.2(3) 0.53(1) 0.25(2) 0.17(2) 0.96(5)
0.33 52.6(1) 49.1(4) 43.4(4) 24.9(4) 0.424(4) 0.39(2) 0.56(3) 0.03(3)
0.45 50.79(7) 46.3(2) 24.3(2) 0.412(4) 0.43(1) —0.03(3)
0.47 48.27(6) 41.3(6) 23.0(2) 0.419(5) 0.58(4) —0.01(2)
0.65 45.5(1) 36.9(7) 21.4(2) 0.41(1) 0.79(7) —0.06(2)
0.83 46.3(1) 41.6(4) 24.70(8) 0.397(7) 0.48(3) 0.03(1)
0.83¢ 49.1(2) 44.2(7) 27.5(3) 0.38(3) 0.3(1) 0.01(4)
eQV,, (mm/s) (%)
w CNbFeSS/Z CNSFeSS/Z CN4F355/2 AFFe§2+ AFFeg2+ CNGFessu CNSFeSS/Z CN4F‘355/2 AFFe§2+ AFFegz+
—0.01 0.02(2) —0.21(3) 0.13(6) - 1.1(2) 46(3) 33(3) 17(2) 3(1)
0.33 —0.04(1) —0.17(5) —1.2(1) —0.17(2) 53(4) 18(3) 9(1) 15(1)
0.45 0.00(2) —0.19(6) 0.25(6) 52(2) 16(2) 26(1)
0.47 0.05(2) —0.7(1) 0.07(5) 53(4) 9(1) 31(1)
0.65 0.13(5) —0.9(2) 0.12(7) 40(3) 10(2) 40(1)
0.83 0.00(3) —0.3(1) —0.02(4) 41(3) 11(2) 41(1)
0.83¢ 0.0(1) 0.4(4) —0.1(2) 51(4) 8(3) 41(3)
“ Measured at 12K.
» Rounded-off intensities, the rest to 100% is pFe.
dominating components SRCFeds, and §F°Feds),. The ingful for w < 0.4 owing to the large line broadening close to

& values for ,pFe,” are between 0.72 and 0.92 mm/s, clearly
supporting the assignment. The assigned ,pFes, compon-
ent has ¢ between — 0.28 and — 0.03mmy/s, and the only
candidates in this range of 6 which exhibit magnetic split-
ting are Feg’fb and Fed, . The former is a less likely alterna-
tive based on the value of the internal field and the relative
intensity.

Note that reasonably reliable comparisons of experi-
mental isomer shifts with literature values are only mean-

TABLE 4
Possible Isomer Shift Values for Various Valence and
Spin States of Fe According to Ref. (21)

State Min ¢ (mm/s) Max o (mm/s)
Fegs)n” —0.13 0.10
Fed; —0.14 0.14
Fedi" 0.11 0.24
Fedsh, 0.19 0.54
Fe3s)n 0.23 0.36
Fed) —0.17 0.40
Feds —0.27 0.40
Fed 0.27 0.50
Fed,' 0.77 1.50
“Ref. (12).

crossover between AF and P state at room temperature.

Quadrupole coupling constants. The quadrupole coup-
ling has two sources: the surrounding lattice ions and the
valence electrons of the Mdssbauer probe. If, however, the
valence shell is exactly half full, the latter contribution
amounts to zero, since the valence electron density is spheri-
cally distributed (22) (making the orbital term of the mag-
netic field zero as well). This is precisely the case for the
Feis), state. Therefore its eQV,, should depend only on the
lattice contribution, which has its origin mainly in the oxy-
gen coordination.

A symmetrical octahedral oxygen surrounding gives zero
contribution to eQV,,, and this is consistent with the assign-
ment of the $RFeds) 2 component. A square-pyramidal oxy-
gen coordination gives a small contrlbutlon to eQV,,, a
seen for the component §y°Fess),. The (¥ Feds), component
has a substantial eQV,,, and this is consistent with four-
coordinated iron in square-planar and deformed tetrahedral
coordinations.

Intensities. Generally for an oxygen-vacant, disordered
cubic perovskite-type structure, an assumption of a random
oxygen distribution over all available oxygen sites can be
adopted. According to this assumption, approximately 98 %
of the intensity in the Mossbauer spectra of stoichiometric
LaBa,Fe;0;4 oo should refer to components originating at



94 LINDEN ET AL

sites with CN6, CN5, and CN4 of Fe. By assuming a ran-
dom (binomial) distribution of the oxygen atoms, the prob-
ability for a specific oxygen position (of the 3¢ site in Pm3m)
being occupied is 8/9 (for w = 0). Thus the probability for
having a six-coordinated Fe atom is (§)® ~ 0.49. The coord-
ination number five has the probability ($)@)°@) ~ 0.37,
while four-coordinated Fe is obtained with a probability of
$)3)*$)* ~ 0.12 (12). Other coordinations should occur
with a total probability of less than 0.02. These predictions
agree very well with the distribution of these coordinations
according to the experimental intensities for w ~ 0, which in
corresponding figures give 0.48, 0.31, and 0.16 for also six-,
five- and four-coordinated trivalent iron, respectively. When
w increases, the random oxygen model also predicts the
observed disappearance of the four-coordinated site and the
decrease of the five-coordinated site.

The intensity of the component 4rFe3, (assigned for the
samples with w < 0) increases less than expected with de-
creasing w, and this may in part be caused by the tendency
of the most heavily reduced samples to oxidize (see note
added in proof). However, due to overlap, the ,pFed,
intensities strongly correlate with intensities of the other,
dominating components. The assignment of this component
is hence based mainly on the value of the isomer shift.

The intensity of the ,pFed, component follows the
amount of Fe** balanced from the compositions according
to 3w- 100 (%; Tables 2 and 3). Figure 6 shows the average
valence of Fe, derived from the identified AF and P compo-
nents in the Mdssbauer spectra (the consequences of pos-
sible differences in the valence of the nonresolved pFe
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FIG. 6. Average valence of iron in LaBa,Fe;Og,. Mossbauer data
are shown by points (identified in the legend); the solid line gives the
theoretical prediction according to the composition parameter w.

components being neglected). In the literature, a dispropor-
tionation of Fe** into Fe®* and Fe”* has been reported for
related highly oxygenated phases (23-26). The LaBa,Fe;-
Og +,, samples which could exhibit this feature are paramag-
netic at room temperature, but become AF-ordered at low
temperatures, and this improves the resolution of the Mos-
sbauer components. The intensity of the ,rFes,” component
at 85 K (Table 3) follows very closely the expected percent-
age of Fe*" up to w = 0.65. Only for the most oxidized
sample (w = 0.83) measured at 12 K could a partial dispro-
portionation of Fe*™ into Fe®** and Fe’* be considered
feasible in order to match the intensity of this component
with w. This is in line with Mossbauer studies (25,27) on
similar oxides with formally tetravalent iron which suggest
that the charge disproportionation of Fe** occurs gradual-
ly with composition and is hence not necessarily complete.
Additional evidence may come from the increase in the
internal field for w = 0.83 (at 85 K) compared with w = 0.65
(Table 3).

2. P Component Assignments

The general pFe component identified in the spectra of the
AF samples could not be further separated into individual
iron states. Neither is the resolution unique in the pure
P spectra with quadrupolar interaction only. Good fits
could be obtained with components having either large
eQV,, and fairly equal values for d, or small eQV,, and
differing values for . In order to maintain comparable
eQV,, for both AF and P states, the latter alternative was
chosen. A further reason for this choice was that an increase
w necessarily increases the proportion of CN6 in the cubic
perovskite-type structure, and this coordination is not con-
ceivable with large quadrupole coupling constants.

Of the samples which are paramagnetic at room temper-
ature, only the most oxidized, w = 0.83, sample could be
well fitted with two components (see also Refs. (12,27)).
Based on the isomer shift values, these components have
been assigned as pFe®* and pFe**. This assignment also fits
well into the overall picture of the average, Mossbauer-
based valence of Fe in Fig. 6. According to structural con-
siderations, these two states occupy mostly CN6. The re-
fined parameters for the w = 0.83 sample are listed in
Table 5.

TABLE 5
Mossbauer Hyperfine Parameters for P Components in
LaBa,Fe;Og5; at 296 K

Component o (mm/s) eQV,, (mm/s) I (%)
pFe3* 0.369(5) 0.29(2) 46(1)
pFe* ™ 0.023(4) 0.29(2) 54(1)
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In the spectra of the samples with oxygen content lower
than w = 0.83, at least one additional P component appears.
The peak which originates from the Fe** peak for w = 0.83
is broadened and can be fitted with two or perhaps even
more components. Unfortunately, these heavily overlapped
components cannot be separated sufficiently (Fig. 7), even
when only two such contributions are considered. Since
these additional P components occur on oxygen depletion
of a perovskite-type structure, a reasonable inference may
be that they represent Fe®* in less than six coordination.

IV. DISCUSSION

The wide homogeneity region of the LaBa,Fe;Og.,,
phase makes it an excellent example of a system with high
concentrations of electron (w < 0) and hole (w > 0) charge
carriers in interaction with a long-range magnetic order.
Although as an electron carrier the phase is rather uninter-
esting, the increasingly high hole concentrations which
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FIG.7. Mossbauer spectra at 296 K of oxidized LaBa,Fe;Og,,, sam-

ples. Identified components are labeled. Examples of fits for the poorly
resolved unidentified components in the samples with w = 0.47 and 0.65
are shown by thin large-spaced dashed lines.

occur on oxygen loading (w > 0) seem to be associated with
a gradual frustration of the magnetic order. The frustration
has two (or really three) aspects: (i) An increasing portion of
the iron moments becomes paramagnetic next to the still-
prevailing AF order. This is manifested in the Mossbauer
intensities of the P and AF components. (ii) The AF interac-
tions become weakened, the moments increasingly “oscil-
late” around their ideal ordered directions, and this is
manifested in a gradual decrease in the internal magnetic
field of the AF components. This process hence leads to an
increase in the reduced temperature T/Ty on increasing
w for data collected at a fixed temperature. (Note that the
AF interaction obviously is also weakened by the replace-
ment of S = 5/2 with S =2 as w increases.)

Both these processes have a common cause, the oxygen
loading. This is of a local nature, as is the formation of the
associated P centers. On the other hand, the weakening of
the AF state is apparently more homogeneous, resembling
the effect of increasing temperature. Since the oxygen load-
ing increases the bond valence locally, it is expected that the
P centers should contain more of the oxidized Fe state, viz.,
Fe*". This indeed seems to be the case, judging from the
apparent depletion of the spFed, state just before the AF
order disappears as a function of w at 296 K (see, e.g., the
data for w = 0.45 in Table 2).

In the following, the variation in the observed Mdssbauer
intensities and internal fields with w will be considered in
more detail with respect to the two aspects of the frustration
of the AF order. In Fig. 8, two average fractional Mossbauer
parameters associated with the two mechanisms are plotted
as a function of w. The parameter x,r expresses the (mole)
fraction of the AF-ordered iron sites (xp = 1 — x5y 1s the
fraction of the P sites), based on the MGssbauer intensities of
the individual AF components i

Iiw
xAFZZWb [3]

i

The parameter £3" is designed to reflect the relative value of
the average B at the AF sites:

Bi,w Iiw

QF: . : X 4
z;‘:<Bi,w=0 Zih,w) [ ]

Only room-temperature data are used in Fig. 8 for consist-
ency reasons. The product of x,p and &3,

Biw Ii,w
XAF'5§F=Z<B. ’_0'100>, [5]

in turn reflects the relative value of the average B across the
sample as a whole. The inset to Fig. 8 shows the relative
contributions of these two factors (Egs. [3] and [4]) to the



96 LINDEN ET AL

1.0 —
=
o
|_
)
<
o
L
0.5 ]
0.0 T T
8.2 8.4
O
| | ] |
7.8 8.0 8.2 8.4
8+w

FIG.8. Fractional average Mossbauer parameters at 296 K (defined in
the text): xAx(<), €8F (0), and x,r- ERY (O) as functions of the oxygen
content. Inset: Fraction of the overall decrease in B across a sample caused
by the weakening of the AF-order (shaded) and by the P centers (un-
shaded).

overall decrease in the internal field across a sample. The
three parameters as functions of w were fitted by a Brillouin-
type function, suggesting a resemblance to the well-estab-
lished magnetic moment vs temperature relationship for
cooperative magnetic materials. The common mechanism is
that both thermal energy and oxygen loading affect the
ordered spin system.

Various kinds of frustration of the coupling forces have
been suggested in the literature, often assuming the forma-
tion of local ferromagnetic clusters. The disproportionation
of Fe** into Fe** and Fe® ™ is suggested in Ref. (28) to align
the moments in such clusters. Based on the present room-
temperature results, which correspond reasonably to Fe**
as the oxidized state, it seems that the holes in the highly
oxidized material have a similar disrupting effect on the
moments. In line with Refs. (3-6), it could be argued that
these holes are partially present also on the oxygen atoms.
An indication in favor of this picture is the single crystal
neutron diffraction study (29) of SrFeO; which locates small
(~0.3 ug) moments on the oxygen atoms.

In order to test the assignments for the observed magnetic
components, the value of the ordered magnetic moment for
each composition (w > 0) was estimated as

B;., I
- bw  Zhw g
:uAF Z(Bi,sm 100 Sl, w>, [6]

13

where the intensity of the AF component i is multiplied by
the associated spin-only magnetic moment 2S; ,, (as custom-
ary when dealing with Fe). The relative weakening of the
internal field at the AF-ordered Fe sites is gauged by the
saturation fields B; ,, estimated from the low-temperature
data for the practically stoichiometric w = — 0.01 sample
(Table 3). The result is compared in Fig. 9 with the corres-
ponding psr = 28 values obtained by PND in Ref. (8), both
curves referring to room-temperature experiments. The out-
come can be considered as a match in curve shape between
the PND and Mossbauer data. However, the PND mag-
netic moment falls significantly below the semitheoretical
Mossbauer moment, and this may imply that a certain
portion of this “theoretical moment” simply does not order
on the time and space scales of the PND experiments.

The inset to Fig. 9 illustrates how the individual valence
states Fe?*, Fe3*, and Fe*™" in LaBa,Fe;O4_,, contribute
to the overall ordered moment as a function of w. When
w = 0, a small proportion of both Fe?*, and Fe** could be
present simultancously, as also suggested by electrical con-
ductivity data in Ref. (7). Note that the valence state of Fe>*
in Fig. 9 could be further broken down according to CN,
corresponding to the model of the random distribution of
oxygen vacancies in the disordered cubic perovskite-type
structure (Sect. IIT C1).

The random nature of the distribution of the oxygen
vacancies in LaBa,Fe;Og.,, confirms that there are no
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FIG.9. Ordered magnetic moment psp = 2S5 at 296 K according to
PND (thin line, Ref. (8)) and Mossbauer data (according to Eq. [6]) as
a function of the oxygen content. Inset: contributions to u,r according to
Massbauer data for Feds, (light shading), Fed;" (intermediate shading) and
Feg," (heavy shading).
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residuals of the triple-perovskite-type ordering, which is
otherwise stable when La is replaced by the rare-earth
atoms of the group Er—Dy and Y. As these structures con-
tain CN5 and CN6 in the ratio 2:1 (w = 0), the random
distribution would have been somewhat skewed.

Note added in proof. In REBa,Fe;Oyg ., phases with RE = Nd, Sm, and
Gd, the authors have been able to distinguish two components originating
from divalent iron, assigned (}*Fe3,” and ¥3Fe?, . With this new know-
ledge, it has been possible to obtain agreement between analytical and
Mossbauer iron valence states. The origin of these two components will be
discussed in a forthcoming paper.
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