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The oxidation/reduction behavior of iron in the Sr[Ti; —  Fe,]O, solid-solution system, for y<[0.002; 0.05],
under various oxygen partial pressures was examined through the use of electron paramagnetic resonance
(EPR) spectroscopy. The results indicate that iron has been induced to move between di- tri- and tetravalent
oxidation states. This results with the centers functioning as either a source (oxidation) or as a sink

(reduction) for electrons. In particular it is shown that the reducibility of iron decreases with increasing iron
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1. Introduction

The strontium titanate ferrite (Sr[Ti,Fe]Oy) solid-solution system is
a mixed ionic-electronic conductor, with applications ranging from
oxygen sensors [1-3] over fuel cells [4,5] to novel materials for
resistive-switching memories based on a valency-change mechanism
[6,7]. With this respect, the elucidation of defect structure plays a
central role [8,9]. The most relevant defects are multivalent iron
centers (FeT;, Fe’; Fef, Fer), oxygen vacancies (Vo) and defect
complexes between both, such as (FeT;— V)™ or (Fel; —V5) for
instance.

A good starting point to characterize the defect structure of the
Sr[Ti,Fe]O, solid-solution system, is to study Fe>*-doped SrTiO; as
one of the pure-member phases for varying iron dopant concentra-
tions. The current understanding involves the iron functional center
being incorporated as a trivalent ion on the titanium site, Fe 15, when
the iron is doped in low concentration [10]. Furthermore, for reason
of charge compensation (FeT; —V{5)" defect complexes are formed
[11-15]. Both types of defects build a defect equilibrium

Fey + Vo=(Fer —Vg) (1
defining an equilibrium constant for defect association [16]

_ [(Fep—Vy)
Kass = TRerVe]
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that is a function of temperature and oxygen partial pressure. In a
conclusive quantitative study of (Fel; — V)" defect complexation in
Fe-doped SrTiOs single crystals heat-treated under reduced oxygen
partial pressure, K,ss has recently been determined [17]. However,
this quantitative study only concerns trivalent iron centers, Fe; and
(FeT;— Vg)'. Other oxidation states of the iron functional center that
were earlier reported to exist for single-crystalline samples, such as
(FeTi — Vo)™ [18], Fef [19] and Fe'r; [20], were not considered.

Thus, in addition to the interaction of the iron functional center
with oxygen vacancies impacting ionic conduction, we here aim to
investigate the interaction of iron with electrons (electronic conduc-
tion), necessitating reactions that involve a change in oxidation state

Fel; + e'=Fel (3)
Fer,=Fey + e’ (4)

As the method-of-choice for the study of paramagnetic functional
centers, electron paramagnetic resonance (EPR) may be applied to
characterize the defect structure [21,22].

2. Experimental
2.1. Sample synthesis

Iron doped samples of the concentration 0.2, 0.5, 1.0, 2.0 and 5.0 mol%
Iron (B-Site cation ratio) were prepared using 100 nm strontium titanate
(99.95%) powder from Inframat Advanced Materials as the starting
material. Doping was accomplished by adding the appropriate amounts
of Fe(NOs3)s (Aldrich 99.99%) and Sr(NOs), (Aldrich 99.995%) in an
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aqueous solution of the starting material and deionized water to achieve
the desired iron concentration. The resulting mixture was sonically
agitated, frozen with liquid nitrogen and subjected to freeze drying to
remove the water. The resulting powder was calcined at 1200 °C in a
muffle oven for 6 h under air atmosphere. Further heat treatment under
controlled atmosphere conditions was carried out in a tube furnace at
1000 °C for 3 h under the flowing gas of the following atmospheres:
0, (99.8%), Argon (99.999%), Ar (95%)/H, (5%), Hz (99.95%). At the end of
the heat treating time the furnace was shut off and allowed to cool to
room temperature.

In order to ensure phase purity of the obtained samples, X-ray
diffraction patterns were taken as depicted in Fig. 1. Clearly, the obtained
patterns show pure cubic SrTiO; (Pm3m), with lattice parameters of
a=390.59(3) pm (1.0% Fe) and a=390.80(5) pm (5.0% Fe) as compared
to undoped SrTiO3 with a=390.50 pm (ICDD [35-734]).

2.2. EPR spectroscopy

The X-band (9.8 GHz) EPR measurements were performed on a
Bruker EMX spectrometer with an Hp; cavity at ambient tempera-
ture. The magnetic field was read out with a NMR gaussmeter (ER
035M, Bruker) and as a standard field marker polycrystalline DPPH
with g=2.0036 was used for the exact determination of the
resonance magnetic field values. For numerical spectrum simulation
the EasySpin toolbox has been used [23].

3. Theory

For a theoretical description of the obtained EPR spectra, the spin-
Hamiltonian concept is used [24]. The free trivalent iron ion possesses

5.0 mol% Fe:SrTiO3

1.0 mol% Fe:SrTiO3
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Fig. 1. Diffraction profiles for 1.0 mol% Fe>* (bottom) and 5.0 mol% Fe*>*-doped SrTiO3
(top) SrTiO3 using Cu,-radiation (A =154.0598 pm) at ambient temperature.

five unpaired electrons in the 3d-shell (3d°). As the orbital angular
momentum is zero, the ground state of the ion is 655,2 with S = % Ina
crystal field, the Fe>-spin degeneracy is lifted into three Kramer's
doublets due to internal electric field gradients. The remaining
degeneracy may be lifted by an external magnetic field resulting in
six Zeeman levels. The 3”Fe-hyperfine interaction has been neglected,
as the only isotope with non-vanishing nuclear spin, >’Fe (I = b, is
present in only 2.1% natural abundance and was not observed in the
recorded spectra. An effective spin-Hamiltonian may thus be written
as

—k<q<k

H=PegByS+ L BOIS.SS.) (5)

in which the g-matrix is taken as isotropic with g.=2.0023 the free
electron g-value, 3. denotes the Bohr magneton, By is the external
magnetic field, Bf are the fine-structure Hamiltonian coefficients, and
Of are the extended Stevens spin operators [24]. The first term
represents the electronic Zeeman interaction and the second term is
the fine-structure Hamiltonian, describing the interaction of the
crystal field with the paramagnetic Fe*>*-ion. The order k in the spin
operators allows terms up to k=4 for S = 3.

4. Results and discussion

The corresponding EPR spectra of Fe>':SrTiOs as function of iron
dopant concentration are shown in Fig. 2 (a). Obviously, the spectra
are dominated by a strong resonance at g =2.001. The small satellites
are owing to 4th-order fine-structure interaction (B3=4.8 MHz,
B3 =19.8 MHz), for which reason the observed resonance is owing to
high-spin Fe>". Because the 2nd-order fine-structure interaction
parameters vanish (B3 =B3=0), the corresponding site-symmetry
is cubic and the observed spectrum is due to acceptor-type Fer;.

The region at which typically the resonance for the (Fet; —Vg)®
defect complex occurs is displayed with enlarged magnification
(factor 10). It may be described with g=2.001 and B9=13.7 GHz,
thus being at an axial site symmetry. Clearly this signal, and thus the
corresponding concentration [(Fel; — V)], is rather small as com-
pared to the one for ‘free’ Fe’;. The spin-Hamiltonian parameters for
both centers were refined by numerical spectrum simulation [23] and
the corresponding parameters are summarized in Table 1. Exploiting
values from literature, an obvious trend in g-values as function of iron
oxidation state may be observed. Fe*" with half-filled 3d-shell has a g-
value close to that of free electrons (g, = 2.0023), whereas Fe? * and
Fe™ with more than half filled 3d-shell have g-values smaller than g,
and Fe**, Fe® * g-values larger than g, [20].

A further experimental observation concerns the paramagnetic
susceptibility, ypara, Of the different compounds that is analyzed by
double integration of the c.w.-EPR spectra and comparison with a spin
standard of known )(,S,E,‘{Aa. With that respect, the obtained area is linear
to the amount of Fe**. Because under the here applied experimental
conditions the oxidation states Fe? ™ and Fe* ™ do not contribute the
EPR susceptibility, the presence of Fe?™ and Fe*™ only indirectly
manifests in terms of a line-broadening mechanism. Because the EPR
spectrum of the (Fe}; — V§)™ defect complex extends over a compar-
atively broad range a rather broad spectrum has to be integrated and
baseline corrected. Owing to this procedure, the main error is due to
the baseline correction. Furthermore, when comparing with a spin
standard an additional error occurs owing to differences in sample
position in the resonator. Therefore absolute susceptibilities can only
be obtained by a rather large uncertainty but relative susceptibilities
are quite exact with an error in the range of + 5%.

Applying the above described procedure, the concentration of Fe3*
centers as function of [Fe];orai-dopant concentration may be obtained,
as depicted in Fig. 3. Obviously, for the sample calcined under air
atmosphere to a dopant concentration of 1.0 mol% the majority of iron
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Fig. 2. X-band (9.8 GHz) EPR of Fe>"-doped SrTiO; at ambient temperature. (a) variation of iron dopant concentration, [Fe]ior, calcined under air atmosphere. (b) effect of heat
treatment under varying oxygen partial pressure, po,, for 2.0 mol% Fe-doped SrTiOs. The spectral region displaying the formation of (Fet; — V') defect complexes is plotted with
enlarged magnification (factor 10). All spectra are normalized to identical maximum amplitude.

is incorporated as trivalent oxidation state. In this region, the
electroneutrality condition has the form [17]

[Feti] = 2[Vg] (6)

such that one V5 compensates two Fer; centers.

For higher dopant concentrations, the observed Fe** amount
remains constant at about 1.0 mol%. Consequently, the additionally
doped amount of iron has to be incorporated with an integer spin
state, which is spectroscopically not observable with the here used
low microwave frequencies (9.8 GHz). Such so-termed ‘EPR-silent’
paramagnetic high-spin states would be Fe? ™ (3d® S=2) or Fe*™

Table 1
Spin-Hamiltonian parameters for different Fe-centers in SrTiO3; as obtained after
numerical spectrum simulation and compared to values from literature.

Center g BY [GHz] B3 [MHz] B4 [MHz] Reference

(Fei—Vg) 199 - - - [18]

(Feli—Vg)* 2.0 95.95 - - [18]

Fer; 2.001(5) - 4.8(5) 19.8(5) This work
2.0 - - 166 [10]

(Fer; —V3)” 2.001(5) 13.7(5) - - This work
20 1351 - - [10]
2.008 14.27 - - [11]
- 135 5 60 [11]
2,010 1352 - - [13]
- 13.52 - - (14]

Fei; 2,007 - - 188 [19]

Fely 2013 - - - [20]

(3d* S=2) for instance. The corresponding condition for electro-
neutrality then changes into

[Fe;] + 2[Fe]~2[V(] (7)

which involves an increase in relative amount of V5 per dopant iron,
because in the divalent oxidation state one V5 compensates one Fe';-
center.

[Fe®*][mol%]

0 1 2 3 4 5
[Feliota [Mmol%]

Fig. 3. Determined integral [Few;] and [(Fer— V() ]-concentration, as function of
[Fe]totai-dopant concentration for samples calcined under air-atmosphere. The dashed
line indicates complete Fe*>* oxidation state, [Fe>*]=[Fe]iotar.
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The thus determined upper limit for the Fe>"-oxidation state in
SrTiOs is in the order of 1.0 mol% for the samples calcined under air,
which is similar to other perovskite compounds, such as Fe,0s-doped
Pb[Zro6Tip4]03 [25] and Fe,03-doped [BigsNag5|TiO3 [26]. However,
different to the aforementioned systems, iron dopant concentrations
above 1.0 mol% do not result in the formation of secondary phases, but
rather involve changes in oxidation state according to Egs. (3) and (4).

Moreover, a pronounced variation in EPR line width ABgwpy for
the Feri-center as function of [Fe]yoa-dopant concentration has been
experimentally observed, as depicted in Fig. 4. This dependence may
nicely be least-square fitted by a square-root dependence of the form

ABrywim ([Felioral) = ABine + Baip \/ [Felioral (8)
where ABiy is the natural intrinsic Fe>* line width and Bgip a constant
accounting for the Fe*>' spin-spin interaction [27,28]. Accordingly,
ABpwh is mainly determined by electron spin-spin interaction and
there is no observable impact of an exchange narrowing mechanism
in the here studied dopant interval. Such mechanisms would have
been expected if magnetic secondary phases exist for instance.
Furthermore, the obtained line-width behavior is representative for
homogeneously distributed Fe’-centers over the sample volume
because any accumulation of the Fe';, for example at grain boundaries,
would cause considerable deviation from the observed line-width
dependence. Exploiting the inverse proportionality between ABrwum
and the electron spin-spin relaxation time T,, these may be
determined spanning a range T, €[1; 10]ns.

Finally, the oxygen partical pressure, po,, has been varied during
high-temperature processing for a 0.5 and a 2.0 mol% Fe-doped SrTiO3
sample (cf. Fig. 5). In none of the spectra heat-treated under reducing
atmosphere the formation of trivalent titanium TiT; [29] or (Tif; — V§)”
defect complexes [30] has been observed.

Starting from a normalized amount of Fe>* for both samples
calcined under air atmosphere, a pronounced increase in [Fe] is
observed for the 2.0 mol% Fe-doped SrTiO; sample for decreasing po,
(cf. Fig. 5). Correspondingly a change in iron oxidation-state occurs
according to

Fej, + e'—Fely (9)

such that part of the ‘EPR-silent’ Fe** is converted into observable Fe>*.
Contrary, the amount of Fe>* remains almost unchanged for the 0.5 mol%
Fe-doped compound.
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Fig. 4. Determined variation in EPR line width ABgwy for the Fe 1-center as function of
[Fe]totai-dopant concentration. The experimental values are least-square fitted using
Eq. (8).
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Fig. 5. Determined integral [Fet;] and [(Fet; — V) ]-concentration for 0.5 (bottom) and
2.0 mol% (top) Fe>*-doped SrTiOs, as function of heat-treatment under varying oxygen
partial pressures. For reason of comparability, the [Fe>']-concentrations were
normalized to the corresponding concentrations under air.

When further reducing po,, a decrease in [Fer;] occurs for both
samples. This observation may be explained by an iron oxidation-state
change owing to

Fep; + e'—Fe’y (10)

where part of the Fe*" is converted into ‘EPR-silent’ Fe? .

On the other hand, when increasing po, the samples with 0.5 and
2.0 mol% Fe-doping behave differently. Whereas the amount of Fe*™
in the 0.5 mol% Fe-doped SrTiO3 compound marginally decreases, the
Fe?*-concentration increases for the 2.0 mol% Fe-doped sample.
Accordingly, in the latter case the following oxidation reaction is
expected to take place

Fep,—Fery + e’ (11)

Consequently, part of the ‘EPR-silent’ Fe? * are transferred to Fe>*-
centers, reversing the reduction reaction (10).

The observed difference in the reduction/oxidation behavior as
function of Fe-doping level can be explained as follows: because for
the 0.5 mol% Fe-doped SrTiO; sample calcined under air almost all
iron is in the trivalent Fe** oxidation state, there is only vanishing
amount of Fe*™ and Fe?™ present for change in oxidation state
according to Eqs. (9) and (11). This situation is clearly different for the
2.0 mol% Fe-doped compound, where prominent concentrations of
Fe* " and Fe?™ are present (cf. Fig. 3), such that the initial Fe**-
concentration may be enhanced by reduction and oxidation reac-
tions (9) and (11).

The e’ occurring in Egs. (9)-(11) are generated or annihilated by
the following oxygen non-stoichiometry equilibrium that is shifted as
a function of po,

Xy ;1
Op=Vg5 + 2e'+ joz(g) (12)

Exploiting the oxidation-reduction reactions (9)-(11), above
1.0 mol% of iron doping, the following equilibrium has to be present
2Fef;=aFe’; + bFef; + ce’ (13)

with equilibrium constant

. _ [Feq]"[Feq[e"

redox — [Fefl'i]z (14)
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The here described situation is consistent with the proposed defect
chemistry after which the reducibility of iron in Sr[Ti,Fe]O, increases
with [Fe]total [3]

In addition to the valence-change reactions (9)-(11) of the iron
functional centers, they also interact with ionic charge carriers (V{)
when reducing po, (cf. Fig. 2 (b)) by forming defect complexes according
to Eq. (1) [17]. Owing to the fact that in some specimen [FeT;] may also
be present, which is spectroscopically not observable under the here
used conditions (‘low-frequency regime’), we also expect the formation
of electrically neutral (FeT; — V)™ defect complexes, as it has been
shown that it is a characteristic property of acceptor-type centers in
perovskite oxides to form defect complexes with oxygen vacancies [31].
Examples include electrically neutral (Cut; — V3)™ in PbTiOs [32,33],
(Mn7; — V5)* in SrTiOs [14,34] and in BaTiOs [35], as well as mutually
compensating charged (Cuy,— Vo)’ and (Vg — Cugp,— Vo)™ defect
complexes in [K,Na; — ,[NbOs5 [36].

5. Conclusion and outlook

In summary, it has been seen by EPR that in the oxygen partial
pressure range used in this experiment the iron can be induced to move
between the oxidation states of + 2, +3 and + 4. In doing so, it either
behaves as a source (oxidation) or a sink (reduction) for electrons.

Further experiments will be aimed at the determination of the
reduction enthalpy under different doping concentrations and oxygen
partial pressures. Moreover, high-frequency EPR shall be applied in
order to unambiguously prove the existence of Fe?* and Fe*™
oxidation states.
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