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Compositions of the perovskite oxide 
system Sr(Ti,Fe)O3−y are of interest as 
mixed ionic–electronic conductors in 
environmental oxygen sensing,[1] resistive 
switches for memories and computing,[2–6] 
and solid oxide fuel cell electrodes for 
energy conversion.[7,8] For many of these 
applications, processing the material in 
thin film form, and at low temperatures 
suitable for silicon integration, is desir-
able. This requires control over the thin 
film structure–property relationships such 
as fast reaction kinetics, ionic and elec-
tronic conductivities,[1,9] stoichiometry,[10] 
optical transmittance,[11] and/or mechan-
ical properties.[12,13] The small sample 
volumes, large interfacial areas, and sub-
strate confinement of the thin films often 
result in substantially altered properties 
when compared to macroscopic bulk 
Sr(Ti,Fe)O3−y specimens, processed by 
powder pressing and sintering at higher 
temperatures.[14,15] For example, when pro-
cessed as a thin film, Sr(Ti,Fe)O3−y reveals 
a higher optical transmittance[11] and lower  
conductivity,[9] e.g., in SrTi0.65Fe0.35O3−y

[1] 
the latter by one order of magnitude. Additionally, Sr(Ti,Fe)O3−y 
shows strong coupling of electrical, chemical, and mechanical 
properties, such as the connection of charge transport, oxygen 
nonstoichiometry, and volumetric expansion, namely, an 
electro-chemomechanical coupling; see refs. [14–16] for details. 
It is important to characterize these coupling effects by in situ 
measurements of oxygen nonstoichiometry (chemical changes) 
simultaneously with electrical or mechanical thin film proper-
ties as they may ultimately define the endurance and perfor-
mance of future resistive random access memory architectures 
for computing, or high volumetric density microfuel cells and 
sensing devices.

Chemical oxygen nonstoichiometry changes in oxide thin 
films can be measured with the aid of electrochemical imped-
ance spectroscopy (EIS) by evaluating the chemical capacitance, 
by optical absorption or by piezocrystal microbalance, see sum-
mary in Figure 1a. In general, one can distinguish between 
“contact” (e.g., by EIS and piezocrystal) and “contactless” (e.g., 
by optical absorption) techniques, the latter of interest when 
metal contacts and current collectors, e.g., used during imped-
ance spectroscopy measurements can influence, for example, 
the characterization of surface reaction kinetics.[11] Using a 

Effective integration of perovskite films into devices requires knowledge 
of their electro-chemomechanical properties. Raman spectroscopy is 
an excellent tool for probing such properties as the films’ vibrational 
characteristics couple to the lattice volumetric changes during chemical 
expansion. While lattice volumetric changes are typically accessed by 
analyzing Raman shifts as a function of pressure, stress, or temperature, such 
methods can be impractical for thin films and do not capture information 
on chemical expansion. An in situ Raman spectroscopy technique using an 
electrochemical titration cell to change the oxygen nonstoichiometry of a 
model perovskite film, Sr(Ti,Fe)O3−y , is reported and the lattice vibrational 
properties are correlated to the material’s chemical expansion. How to select 
an appropriate Raman vibrational mode to track the evolution in oxygen 
nonstoichiometry is discussed. Subsequently, the frequency of the oxygen 
stretching mode around Fe4+ is tracked, as it decreases during reduction as 
the material expands and increases during reoxidation as the material shrinks. 
This methodology of oxygen pumping and in situ Raman spectroscopy of 
oxide films enables future in operando measurements even for small material 
volumes, as is typical for applications of films as electrodes or electrolytes 
utilized in electrochemical energy conversion or memory devices.

Oxide Perovskites
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piezocrystal substrate, oxygen nonstoichiometry is measured by 
monitoring the mass change during an oxygen exchange exper-
iment.[17,18] In such studies, however, the initial oxygen nonstoi-
chiometry of the as-deposited thin film is ordinarily unknown. 
Turning to the contactless methods, optical absorption meas-
ures the coupling of the optical transmittance with the valence 
state of a transition metal or rare earth ion in the lattice (e.g., in 
Sr(Ti,Fe)O3−y, Fe3+/Fe4+) to access oxygen nonstoichiometry.[11] 
However the technique is indirect, requires calibration, and 
there is no direct sensitivity to changes in mechanical volume. 
It has recently been demonstrated that it is possible to rapidly 
and precisely adjust the nonstoichiometry of Sr(Ti,Fe)O3−y and 
(Pr,Ce)O2−y thin films with the aid of an electrochemical titra-
tion cell, where oxygen is pumped in and out of the oxide film 
working electrode through an oxygen ion electrolyte controlled 
by a Nernst potential.[11,19] This has been successfully adapted 
for in situ optical absorption and mechanical actuation studies, 
see refs. [11,20,21] for details

All of the above-mentioned methods are limited in that addi-
tional techniques are needed to probe the mechanics, such as 
nanoindentation,[22] while measuring oxygen nonstoichiometry, 
in order to access the chemomechanical interactions of oxide 
thin films. Vibrational spectroscopy, on the other hand, would 
appear to be an ideal candidate for accessing chemomechan-
ical interactions in thin films, given its sensitivity to materials 

expansion via the coupling between bond lengths and their 
vibrations.[23] We demonstrate the use of in situ Raman spec-
troscopy to capture chemomechanical coupling in Sr(Ti,Fe)O3−y 
thin films by monitoring their lattice vibrational properties 
while changing their oxygen nonstoichiometry. In the following, 
we review the defect chemical models of Sr(Ti,Fe)O3−y solid 
solutions and their coupling to chemical expansion.

Sr(Ti,Fe)O3−y solid solutions provide a convenient model 
system to study changes in oxygen nonstoichiometry given 
the stability of their cubic phase over large temperature and 
oxygen nonstoichiometry ranges. Reduction-induced chemical 
expansion in oxides refers to lattice dilation that accompanies 
a decrease in oxygen content. Analogous to the coefficient of 
thermal expansion (CTE), the coefficient of chemical expansion 
(CCE) is defined as[15]

C
Cα ε
δ

= ±
∆

 (1)

where αC is the chemical expansion coefficient, εC is the 
induced isothermal chemical strain, and Δδ is the change in 
oxygen stoichiometry (per formula unit), with the sign positive 
for cases where δ represents oxygen deficiency (substoichiom-
etry) and negative for cases where δ represents oxygen excess 
(superstoichiometry) relative to the reference compound (as 
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Figure 1. a) Summary of several methods used to measure oxygen nonstoichiometry in thin films. b) Experimental Raman spectroscopy methods for 
measuring materials’ lattice volumetric changes. c) Current experiment that combines measurement of materials expansion and contraction due to 
oxygen release and uptake.
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in the present work). Chemical expansion in Sr(Ti,Fe)O3−y is 
driven by the reduction of iron from Fe4+ to Fe3+ and further to 
Fe2+.[15] The increase in the iron ionic radius is the driver for lat-
tice expansion since the radius of the oxygen vacancy remains 
similar to the occupied oxygen anion site.[15] We refer here to the 
defect chemical model developed by Rothshild et al. who used 
SrTi1−x

4+Fex
3+O3−x/2+δ (y = x/2 + δ) as the reference state where 

δ is the oxygen nonstoichiometry.[14] The reference state takes 
into account, that Fe3+ is the prevailing oxidation state and δ 
increases as oxygen is introduced into the lattice and iron adopts 
the 4+ valence. We can express the oxygen nonstoichiometry in 
Kröger–Vink notation as ([ ] [ ])/[SrTi Fe O ]1 3O Vi O x x yδ = −′′ ⋅⋅

− − . Here 
[SrTi1−xFexO3−y] is the volumetric concentration of Sr(Ti,Fe)O3−y 
formula units and [ ]Oi

′′  and [ ]VO
⋅⋅  refer to the concentrations of 

oxygen on “interstitial” sites (relative to the oxygen-deficient ref-
erence state) and oxygen vacancies.[15] In this case δ = x/2 for 
oxidized conditions where all the iron adopts the 4+ state and 
δ = 0 in the completely reduced reference state.

Perry et al. determined the chemical expansion coefficients 
as a function of temperature of macroscopic ceramic pellets of 
Sr(Ti,Fe)O3−y with 5 and 35 mol% Fe by coupled thermogravi-
metric and dilatometric analysis.[15] The relationship between 
chemical expansion and nonstoichiometry in thin films has 
not yet been quantified since thermogravimetric analysis and 
dilatometry are not suitable characterization methods given the 
small sample volumes and supporting substrate in thin films. 
In situ X-ray diffraction can also be potentially used to quan-
tify film chemical expansion from lattice constant measure-
ments,[24] however, the small sample volumes combined with 
the long-range averaging nature of X-ray diffraction can limit 
the pattern intensity.

One way to overcome these challenges is by examining the 
in situ Raman spectroscopy of a film integrated onto an electro-
chemical oxygen pump. This has the potential to uncover the 
yet unknown coupling of the material’s chemical expansion to 
the vibrational properties of the material.

Conventionally, lattice volumetric changes can be probed 
with Raman spectroscopy by performing in situ thermal 
expansion[25] or high pressure contraction,[26–29] experiments, 
Figure 1b. Additionally in films, stress measurements using 
either the substrate curvature method[30] or film relaxation 
through substrate removal,[31,32] Figure 1b, can reveal changes 
in bond lengths as a function of stress.

Raman spectra of Sr(Ti,Fe)O3−y solid solutions were meas-
ured and compared on completely oxidized (δ =  x/2) and 
reduced (δ = 0) powders.[33] In this study Vračar et al. showed 
that a new Raman mode around 690 cm−1 appears when Fe4+  
is introduced into SrTiO3 due to structural Jahn–Teller distor-
tions around the Fe4+ ion. Their study motivated us to consider 
this Fe4+-associated localized Raman band as a potential means 
for tracking the level of oxidation and coupled volumetric 
change in the ions’ local environment. One would expect this to 
hold for both macroscopic pellets and thin films.

Through this work, we provide a methodology for measuring 
the chemical expansion of thin oxide films, and demonstrate 
that certain Raman active bands related to oxygen sublattice 
vibrations in perovskites can be used to quantify an oxide’s 
oxygen nonstoichiometry. To date, as far as we are aware, no 
in situ Raman experiments, measuring vibrational frequencies 

as a function of the degree of chemical expansion of oxide 
perovskite thin films, have previously been performed. In this 
study, we fill this gap by combining solid state electrochemical 
oxygen titration with Raman spectroscopy (Figure 1c). This ena-
bles precise control of the oxygen nonstoichiometry level over 
wide limits by electrochemically pumping oxygen in and out 
of the thin film while simultaneously measuring the Raman 
spectral characteristics. As a model perovskite system with a 
Jahn–Teller distortion upon oxidation, we select Sr(Ti,Fe)O3−y 
solid solutions and investigate, in situ, the correlation of oxygen 
nonstoichiometry versus the Raman oxygen stretching mode 
frequency around Fe4+.

Ultimately, it is shown that the oxygen nonstoichiometry, often 
difficult to determine in thin films with standard instrumenta-
tion, can be accessed via electrochemical pumping while simul-
taneously monitoring frequency shifts in the oxygen stretching 
peak of iron in the 4+ valence state via Raman spectroscopy. 
The quantitative relationship between the oxygen nonstoichiom-
etry and Raman vibrational frequency enables us to determine 
a Raman chemical shift constant, analogous to the Grüneisen 
parameter describing the effects of chemical expansion on the 
Raman shift. Such studies have been predominantly accessed 
by pressure dependent Raman experiments on bulk materials 
in diamond anvil cells. This ability to probe small material vol-
umes of perovskite films in a contactless manner opens new ave-
nues to directly probe oxide films integrated within devices for 
various applications including photo- or electrochemical energy 
conversion cells or memristive devices for computer memories.

Figure 2a depicts the fabricated electrochemical cell inte-
grating a Sr(Ti,Fe)O3−y film. The stack consists of 40 nm of 
porous platinum counter electrode, 500 µm single crystal yttria-
stabilized zirconia (YSZ) electrolyte, 40 nm of porous platinum 
digitated electrodes as current collector, 100 nm of Sr(Ti,Fe)O3−y 
(deposited by PLD) working electrode and 20 nm of MgO 
oxygen blocking layer. The voltages to pump oxygen in and out 
of the Sr(Ti,Fe)O3−y thin film were applied between the bottom 
porous Pt counter electrode and the porous Pt current collector. 
The reference electrode used to monitor the Nernst voltage 
being applied was placed on the side of the YSZ substrate with 
silver paste. The Raman laser was focused on the Sr(Ti,Fe)O3−y 
film above the porous Pt current collector. Two compositions 
of Sr(Ti,Fe)O3−y with 50 and 30 mol% Fe were considered to 
evaluate the effect of iron content on the chemical expansion.

The X-ray diffraction patterns in Figure S1 in the Supporting 
Information reveal a (110) growth orientation of the films. 
The scanning electron microscope image in Figure 2c shows 
the cross-section of the device with the SrTi0.7Fe0.3O3−y film  
in the role of the working electrode after electrochemical 
cycling. We can distinguish the individual layers of platinum, 
the Sr(Ti,Fe)O3−y film and the MgO capping layer. The 100 nm 
thick Sr(Ti,Fe)O3−y film is dense with a polycrystalline columnar 
microstructure characteristic of the pulsed laser deposition.

Before performing in situ electrochemical cycling, we meas-
ured the Raman spectra at room temperature to identify and 
assign the oxygen vibrational modes to be monitored during 
oxygen nonstoichiometry changes. Figure 3a summarizes the 
room temperature Raman spectra of an undoped SrTiO3 thin 
film and the as-deposited thin films of SrTi0.5Fe0.5O3−y and 
SrTi0.7Fe0.3O3−y measured in air.

Adv. Mater. 2019, 1902493
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We first turn to undoped SrTiO3 to understand the nature 
of the Raman active modes, and subsequently the role of iron 
doping. SrTiO3 has at the Γ point of the Brillouin zone four T1u 
modes and one silent T2u mode. Three of the T1u modes are 
infrared active, one is acoustic and none are Raman active.[34] 
Modes at 483, 539, and 784 cm−1 were measured, Figure 3a, 
in SrTiO3. We assign these modes according to the literature 
to first order modes, namely the transverse and longitudinal 
optical modes of the T1u symmetry.[35,36] These first order 
Raman modes of SrTiO3 have been shown to appear in both 
polycrystalline and epitaxial thin films[35,37,38] without being 
Raman active. This can be due to the lowering of the lattice 
symmetry by strain, microstress or the presence of defects such 
as oxygen vacancies[39] or polar grain boundaries.[40] In addition, 
broad features in the ranges 200–450 cm−1 and 600–800 cm−1 
are assigned to second-order scattering in SrTiO3.[39,40] Second-
order Raman scattering is a process involving two phonons with 
relaxed lattice symmetry selection rules. Next, we analyze the 
effect of adding iron into SrTiO3 through the Raman spectra of 
the Sr(Ti,Fe)O3−y solid solutions, Figure 3a. Consistent with the 
SrTiO3 cubic reference, we also observe the first order modes 
of the cubic lattice around 484 and 550 cm−1 and assign them 
according to the SrTiO3 cubic reference to the transverse and 
longitudinal first order T1u Raman modes. Importantly, another 
strong mode appears around 695 cm−1 in SrTi0.7Fe0.3O3−y and 
675 cm−1 in SrTi0.5Fe0.5O3−y. We attribute it to a local oxygen 
vibration around the Fe4+ ion, based on the analysis of the 
Raman spectra of Sr(Ti,Fe)O3 powders by Vračar et al.[33] Com-
parison of these spectra with those of the structurally related 
compounds (La(Fe,Cr)O3 and (La,Sr)(Mn,Fe)O3)[41,42] and ab 
initio calculations of Sr(Ti,Fe)O3−y

[43,44] suggest that this high 
frequency mode is a local A1g oxygen stretching mode around 
the Fe cation, Figure 3b. This enhanced A1g mode disappears in 
completely reduced SrTi1−xFexO3−x/2,[33] the reason being that a 
Fe3+-oxygen vacancy complex exhibits a zero phonon density of 
states in the range of 620–760 cm−1.[45]

Adv. Mater. 2019, 1902493

Figure 2. a) A schematic representation of the electrochemical cell con-
sisting of a 40 nm porous Pt counter electrode, 500 µm YSZ electrolyte, 
40 nm porous Pt layer, 100 nm of Sr(Ti,Fe)O3−y working electrode covered 
with 20 nm of MgO. The reference electrode was attached to the side  
of the YSZ substrate with silver paste. hυ0 is the incoming Raman excita-
tion light energy and hυ0–hυs is the scattered light energy. b) A zoom into 
the electrolyte–electrode interface exemplifying the pumping mechanism. 
The bold solid line represents the effective chemical potential of oxygen 
as induced by an applied bias while the dashed line represents the refer-
ence gas phase chemical potential. c) An example high-resolution scan-
ning electron microscope image of the device cross-section after cycling.

Figure 3. a) Raman spectra of the as-deposited Sr(Ti,Fe)O3−y thin films with 30 and 50 mol% Fe and a spectrum of a pure SrTiO3−δ thin film taken at 
room temperature. All the spectra are normalized and shifted for clarity. b) Schematic of the oxygen vibrational mode around 690 cm−1 associated to 
Fe4+. c) This oxygen stretching mode is missing in the Raman spectrum in the case of Fe3+.
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Summarizing, we have characterized and assigned Raman 
modes to the spectra of Sr(Ti,Fe)O3−y thin films. As discussed 
above, a key challenge for perovskite thin films is to be able to 
monitor changes in oxygen stoichiometry or equivalently the 
valence state of redox active cations. Here, we propose, motivated 
by these findings, that the oxygen breathing mode connected to 
Fe4+ can serve as a convenient marker to probe the local environ-
ment around Fe4+ and thereby the Fe redox state in Sr(Ti,Fe)O3−y 
solid solutions. To test this hypothesis, we turn to the electro-
chemical cells to pump oxygen in and out of the Sr(Ti,Fe)O3−y 
thin films while measuring their Raman spectra in situ.

In an in situ experiment, the oxygen nonstoichiometry of the 
Sr(Ti,Fe)O3−y solid solutions was adjusted with the application 
of a DC bias in pure oxygen atmosphere while simultaneously 
measuring the Raman spectra. Measurements were performed 
at 347 °C to assure sufficient oxygen mobility in the electrolyte. 
The effective partial pressure of oxygen in the Sr(Ti,Fe)O3−y thin 
film is governed by the Nernst equation (Figure 2b)

= ∆





p p
e E

k T
exp

4
O ,eff O ,gas

B
2 2

 (2)

Here ΔE is the applied bias, e is the elementary charge, T is 
the temperature, kB is the Boltzmann constant, and O ,gas2p  is the 

oxygen partial pressure in the surrounding atmosphere. With 
a positive applied bias, oxygen is pumped through the electro-
lyte into the working electrode thin film, which is oxidized. The 
opposite occurs upon application of a negative bias, leading to 
reduction of the film.

First, the reduced state of SrTi1−x
4+Fex

3+O3−x/2+δ (y = x/2 + δ) 
with δ ≈ 0 was accessed by applying a negative voltage until the 
enhanced oxygen stretching mode associated with Fe4+ disap-
peared. The required voltages were −0.45 V for SrTi0.7Fe0.3O3−y 
and −0.35 V for SrTi0.5Fe0.5O3−y and they were applied for  
40 min. The respective Raman spectra are shown in Figure S2 
in the Supporting Information. Subsequently more positive 
voltages were applied to pump oxygen into the film to partially 
oxidize it and thereby access intermediate oxygen nonstoichi-
ometry levels, see Figure 4a and Figure S3 in the Supporting 
Information.

The quantification of oxygen entering the perovskite film is 
achieved by measuring the integrated current (charge) passing 
through the electrochemical cell during the application of the 
Nernst voltage.[46] The current versus time curve upon accessing 
the reference stoichiometric state with −0.35 V is plotted in 
Figure 4b for the as-deposited SrTi0.5Fe0.5O3−y thin film. We 
observe a large initial (negative) current increase that decays 
with time as the material reaches its equilibrium state at this 

Adv. Mater. 2019, 1902493

Figure 4. Example of experimental procedure for the oxygen nonstoichiometry determination. a) Application of the pumping voltage over time. 
b) Reduction of the virgin SrTi0.5Fe0.5O3−y film at −0.35 V (vs reference). Below is the Raman spectrum of the reduced SrTi0.5Fe0.5O2.75 film. The 
enhanced peak belongs to the YSZ substrate. c) Subsequent oxidation at −0.15 V. The current due to pumping of oxygen into the SrTi0.5Fe0.5O3−y thin 
films is depicted in grey and the leakage current due to the exchange with the atmosphere is in blue. Below is the Raman spectrum taken after 40 min 
of applying −0.15 V. The oxygen stretching mode is highlighted.
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voltage level. The negative current signifies that oxygen is being  
pumped out of the thin film, leading to a change in iron valence 
from 4+ to 3+. For the calculation of the oxygen nonstoichi-
ometry, we assume here that all the iron is at this point in the 
3+ valence state, but there can be residues of Fe4+ and even pro-
gressive reduction to Fe2+. The subsequent partial oxidation with 
respect to the reduced reference at −0.15 V is shown in Figure 4c, 
where a similar current decay over time is observed. Positive cur-
rents are observed here since oxygen is being pumped into the 
reduced SrTi0.5Fe0.5O3−y film. The current evolution for all the 
applied voltages is summarized in Figure S4 in the Supporting 
Information. In the next step, the oxygen nonstoichiometry of 
the oxide was estimated by integrating the current–time curve, 
which is schematically indicated by the gray region in Figure 4c. 
The oxygen nonstoichiometry then becomes

2
d

3

film

a

eV
I t t∫δ ( )=  (3)

Here e is the elementary charge, Vfilm is the volume of the 
SrTi1−xFexO3−y thin film, I(t) is the current as a function of 
time, and a3 is the volume of the Sr(Ti,Fe)O3−y unit cell. In 
general, the contributions to the current are the leakage of 
oxygen ions from the top interface into the surrounding gas (in 
blue) and the oxygen ions pumped through the YSZ electrolyte 
into the film (gray region), see Figure 4c. We confirm that the 
electrochemical cell at 347 °C is suitable for pumping oxygen 
in and out of the Sr(Ti,Fe)O3−y thin film, as leakage currents 

stay relatively low below 0.15 µA for all conditions, compared 
to the initial pumping current above 8 µA. This ensures that 
oxygen surface exchange with the atmosphere can be effectively 
ignored and that the film stoichiometry can be fixed by meas-
uring total Faradaic charge passed.

In the insets of Figure 4b,c we plot the respective Raman 
spectra obtained for the reduction condition at −0.35 V and 
the subsequent partial oxidation at −0.15 V. We see that the 
enhanced oxygen stretching mode disappears during oxidation 
as expected from previous reports[33,45] (on a side note, the sub-
strate peak of YSZ appears around 600 cm−1).

In this section we demonstrated that the electrochemical cell 
setup enables the quantification of the oxygen nonstoichiom-
etry during cell operation from the current versus time curves 
analyzing the charge entering or leaving the Sr(Ti,Fe)O3−y thin 
film. Next, we correlate the results of the in situ Raman spec-
troscopy with the calculated oxygen nonstoichiomtery.

The resulting oxygen nonstoichiometry and the oxygen 
breathing Raman mode positions as a function of applied bias 
are shown in Figure 5a,b for 30 and 50 mol% Fe, respectively. We 
first discuss the trend in the oxygen nonstoichiometry as a func-
tion of applied bias. The oxygen nonstoichiometry δ, indicating 
larger oxygen contents, increases with applied bias. We report 
the final nonstoichiometries of 0.147 ± 0.021 and 0.187 ± 0.020 
for 30 and 50 mol% Fe respectively for an applied voltage of 
0.15 V, indicating close to full oxidation with 30 and partial and 
progressive oxidation with 50 mol% Fe. For a comparison with 
literature results on bulk SrTi0.65Fe0.35O3−y and a discussion on 

Adv. Mater. 2019, 1902493

Figure 5. a,b) Raman mode shift and oxygen nonstoichiometry as a function of the applied bias for 30 a) and 50 mol% Fe b). c) The Raman mode 
position as a function of the oxygen nonstoichiometry for both compositions.
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the experimental errors see also Figure S5 in the Supporting 
Information and Section S5 in the Supporting Information.

The Raman spectra at each applied bias, Figure S6 in the 
Supporting Information, were fitted with a Lorentzian function, 
and the oxygen stretching mode frequency, Figure 5a,b, and 
amplitude (Figure S7, Supporting Information) were followed. 
The fitted curves are shown in Figure S8 in the Supporting 
Information. In both compositions the frequency of the oxygen 
stretching mode increases with applied voltage, meaning the 
mode hardens with oxidation of the Sr(Ti,Fe)O3−y thin film. 
This is consistent with an expected contraction of the lattice and 
shortening of the FeO bonds upon oxidation and increasing 
Fe4+ content. The overall change in the frequency between 
the lowest and highest applied bias is 17.1 ± 4.2 cm−1 and 
29.9 ± 8.5 cm−1 for 30 and 50 mol% Fe. The higher frequency 
change with higher levels of iron is expected as iron is the mixed 
valence cation responsible for the oxygen nonstoichiometry 
changes and the accompanied lattice expansion or contraction. 
At the highest oxygen nonstoichiometry values, the Raman 
mode reaches 697.3 ± 0.6 cm−1 for 30 and 693.6 ± 8.3 cm−1 
for 50 mol% Fe. This is in agreement with a previous Raman 
study on completely oxidized Sr(Ti,Fe)O3 powders,[33] where 
the frequency of the enhanced mode ascribed to a local oxygen 
stretching around Fe4+ activated by the Jahn–Teller distortion 
was between 690 and 695 cm−1 for all considered compositions.

Next we can directly compare the two different iron com-
positions with respect to their Raman mode shifts as a func-
tion of oxygen nonstoichiometry (Figure 5c). We analyze the 
slopes (∂v/∂δ)T,P from linear fits (Figure 5c) giving 123 ± 24 and 
180 ± 25 cm−1 for 30 and 50 mol% Fe respectively. Here ν is the 
Raman mode frequency, δ is the oxygen nonstoichiometry, and the 
T, P indexes signify the constant pressure and temperature during 
the experiment. We would like to point out, that the relationship 
between the Raman frequency and oxygen nonstoichiometry in 
Figure 5c can be a higher order than linearity. However, the repro-
ducibility and volume measurement errors (see Section S5 in the 
Supporting Information) do not allow a more precise analysis.

The vibrational frequency dependence on pure, isotropic, 
volumetric lattice changes in a material is usually described by 
the Grüneinsen parameter γi = − ∂lnνi/∂lnV, where the index 
i specifies the vibrational mode, V is the sample volume, and 
vi the vibrational mode frequency. Volumetric changes during 
chemical expansion are often accompanied by a local symmetry 
change when the redox state of the metal cation changes. In the 
case of Sr(Ti,Fe)O3−y, we are tracking frequency changes of a 
single mode around Fe4+ that does not change symmetry. How-
ever, locally, around the Fe4+ the Jahn–Teller distortion relaxes, 
when iron acquires the 3+ oxidation state and the enhanced 
oxygen stretching mode disappears. This signifies both a sym-
metry break and local anisotropic expansion. By thermodynamic 
definition, this violates the existing constraint of a pure volume 
change (quasiharmonic reversible conditions) that defines  
the Grüneinsen parameter. Consequently, one cannot directly 
use the Grüneinsen parameter definition in the case of chemical 
expansion. As a consequence, we aim in the following to calcu-
late an analogue to the Grüneisen parameter describing contri-
butions of chemical expansion to the Raman shift, which can 
help to estimate volumetric changes in materials from Raman 
frequency data being aware of the local structural asymmetries 

created (see also Section S9 in the Supporting Information). We 
define the parameter as the Raman chemical shift constant

γ
ν β

ν
δ

= ∂
∂





Ci

C

i

T P

1

0 ,

 (4)

where δ is the oxygen nonstoichiometry, ν0 the vibrational 
frequency at standard conditions, i represents the vibrational 
mode, and βC is the chemical expansivity[47–49] defined as

β
δ

= ∂
∂





V

V

T P

1/C

,

 (5)

We take ν0 to be the frequency close to the stoichio-
metric reduced SrTi1−xFexO3−x/2 and (∂v/∂δ)T,P the slope 
from Figure 5c. We estimate the chemical expansivity from 
experimentally measured chemical expansion coefficients of 
SrTi0.65Fe0.35O2.825+δ by Perry et al.[15] as βC ≈ 3ΔεC/Δδ = 3αC,[48] 
where εC is the chemical strain measured from dilatometry 
and αC is the chemical expansion coefficient, giving at 347 °C 
βC ≈ 0.088. Using these values, the Raman chemical shift con-
stant is then calculated to be γC = 2.05 ± 0.38 for SrTi0.7Fe0.3O3−y.

In the following we discuss the applicability of the above cal-
culation to the specific case of electrochemical oxygen pumping 
into Sr(Ti,Fe)O3−y thin films. First, the chemical expansivity 
used in Equation (4) relies on measurements of bulk sam-
ples with a slightly larger iron content (x = 0.35 vs x = 0.30) 
and therefore can be an imprecise estimate for the current 
experiment. Second, the chemical strain in the thin film may 
be nonuniform depending on the distance from the substrate. 
Lastly, thin films are constrained by their substrates and cannot 
expand isotropically in all three directions. This leads to an over-
estimation of the expansivity, since βC ≈ 3αC holds only in cases 
of isotropic expansion. The films can, however, be partially or 
fully compensated in the out of plane expansion[13] (Figure 6b).

Next, we use the calculated Raman chemical shift constant 
to estimate the expected volumetric changes during chemical 
expansion as a validation of our calculation. The expected 
Raman shift due to volumetric changes in the lattice follows[50]

3 0
0

a

a
Cν γ ν∆ = − ∆

 (6)

where ν0 is the reference vibrational frequency, Δa is the change 
in the lattice constant and a0 is the reference lattice constant. 
Using the experimental results of Vračar et al.,[33] Equation (6) 
gives a frequency shift of 18.3 ± 3.4 for the 30 mol% Fe com-
position. This is in excellent agreement to the Raman shift 
measured with the electrochemical pumping method, which is 
18.4 ± 4.2 cm−1 when extrapolating to the full oxygen nonstoichi-
ometry window (0 < δ < 0.15). This finding suggests that, in the 
SrTi0.7Fe0.3O3−y thin films, the Raman mode shift is primarily 
driven by chemical expansion, and the corresponding change 
in the lattice parameter. The Raman chemical shift constant 
therefore enables us to estimate volumetric lattice changes upon 
chemical expansion by measuring the Raman frequency shifts.

In SrTi0.5Fe0.5O3−y the application of Equation (6) predicts 
a 20.3 ± 10.0 cm−1 smaller Raman shift than measured in the 
in situ experiment. The possible reasons for the discrepancy 
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between the measured Raman shifts and the experimental 
lattice constants are further discussed in Section S10 in the 
Supporting Information.

The in situ Raman experiment is schematically summarized 
in Figure 6. The volumetric changes in the thin film are driven by  
the reduction and oxidation of the transition metal iron cation 
highlighted on the lattice level in Figure 6a. This drives the thin 
film expansion during reduction, Figure 6b, that is coupled to 
the oxygen nonstoichiometry, bond length, and finally vibra-
tional frequency of the oxygen stretching mode accessible by 
Raman spectroscopy. The Raman spectra as a function of oxygen 
nonstoichiometry are plotted for SrTi0.7Fe0.3O3−y in Figure 6c.

Raman spectroscopy is an excellent technique for deter-
mining subtle lattice volumetric changes in materials. This 
advantage has been widely utilized in temperature, pressure or 
strain dependent in situ Raman experiments. However, in situ 
experiments studying the volumetric changes related to chem-
ical expansion using Raman spectroscopy are still missing, in 
particular, for oxides in thin film form.

In this study of Sr(Ti,Fe)O3−y films, we present an in situ 
Raman spectroscopy method utilizing an electrochemical titra-
tion cell to reversibly change oxygen nonstoichiometry and 
quantify the lattice vibrational properties coupled to the mate-
rial’s chemical expansion capturing the chemomechanical 
coupling of the lattice. In the electrochemical titration cell 
various compositions of the Sr(Ti,Fe)O3−y solid solutions act as 
the working electrode and their Raman spectra are recorded in 
situ under an applied voltage. The position of the Raman oxygen 
stretching mode around the perovskite’s transition metal ion 
Fe4+ was followed as a signature of the material’s extent of oxi-
dation. We extend previous ex situ reports on Raman spectros-
copy of Sr(Ti,Fe)O3−y, that revealed the existence of a Jahn–Teller 
activated Fe4+ oxygen stretching band, but did not access the 
full oxygen nonstoichiomtery window in situ. We envision this 
method being applied to wider class of perovskites and other 
metal oxide materials to investigate their chemomechanical prop-
erties of potential importance as they are employed, for example, 
as thin film electrodes or electrolytes in chip-sized devices such 
as microenergy convertors or memristive computation.

Experimental Section
Cell Fabrication: Platinum oxide was reactively sputtered (Kurt J. Lesker, 

Clairton, PA) on both sides of a single crystalline YSZ substrates 
(CrysTec, Germany) at a DC power of 50 W from a 99.99% pure Pt target 
(ACI Alloys) under 10 mTorr of 70% oxygen and 30% argon.[51] The 
resulting film thickness was 40 nm. The platinum oxide was subsequently 
reduced to porous platinum in the pulsed laser deposition (PLD) 
chamber at 650 °C under 0.027 mbar oxygen.[51] A reference electrode 
was applied on the side of the YSZ substrate with silver paste.

The SrTi1−xFexO3−y PLD targets were prepared by a solid state synthesis 
including ball milling, uniaxial and isostatic pressing, and sintering 
powders at 1350 °C for 5 h. The SrTi1−xFexO3−y thin films (x = 0.3, 0.5) 
were deposited by pulsed laser deposition (Surface, Germany) using 
a KrF excimer laser with a 248 nm wavelength (Coherent, USA). The 
deposition parameters were 0.027 mbar of O2, 650 °C, 3000 shots at 
1.9 Jcm−1, and 8 cm distance between the target and substrate A blocking 
layer of 20 nm of MgO was sputtered (AJA International ATC-1800) on 
top of the Sr(Ti,Fe)O3−y thin film to reduce the surface exchange between 
the oxide thin film and the atmosphere. The sputtered MgO film was 
prepared in an atmosphere of 10 mTorr of 10% oxygen and 90% of argon 
at a power level of 150 W from a MgO target.

Cell Characterization and Measurements: The X-ray diffraction patterns 
of the thin films were measured with the Rigaku SmartLab with a Cu Kα 
rotating anode source in a coupled scan and a rocking curve. Images of 
the cross-sections of the devices were acquired on a Zeiss Merlin high 
resolution scanning electron microscope.

Chronoamperometry measurements (Gamry Instruments, Reference 
600TM) of the electrochemical cells were performed in a Linkam HS600 
stage under an oxygen atmosphere at 347 °C.

Raman spectra were taken with a confocal WITec alpha300 R Raman 
microscope (WITec, Germany) with the 457 nm (2.71 eV) excitation 
wavelength, laser power of 1.5 mW and grating of 1800 grooves mm−1 
giving a spectral resolution of 0.53 cm−1. A 50× long distance objective 
(Zeiss, Germany) with a numerical aperture (NA) of 0.7 was used for the 
laser focusing, giving an approximate laser spot size of 1 µm.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 6. Summary of the mechanism of chemical expansion in the 
Sr(Ti,Fe)O3−y thin films integrated into the electrochemical cell with a 
YSZ electrolyte. a) Oxidation and reduction steps on the lattice level.  
b) Experimental setup of the electrochemical cell with the chemical expan-
sion of Sr(Ti,Fe)O3−y thin film in the reduced state highlighted. c) Inten-
sity plot of the Raman spectra at various oxygen nonstoichiometry levels.
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