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The defect chemistry of solid solutions formed by the two orthorhombic perovskite-
type compounds CaMnQOz and PrMnOs is strongly determined by mixed valence states
emerging from the presence of trivalent or tetravalent Mn-cations, Mn3* and Mn**.
Both, thermogravimetric analysis as well as measurements of DC-conductivity at
elevated temperatures in dependence of the partial pressure of oxygen quantitatively
reveal the extent of oxygen vacancy formation in highly densified ceramic pellets
originally consolidated by sintering in pure oxygen Oz. lodometry additionally serves
to analyse the average valence state of Mn-cations and thus of the deficiency in oxygen
after targeted thermal treatments under specific redox conditions. The determination of
electrical transport properties including also the careful inspection of the Seebeck-effect
for such specimens demonstrates that the mobility of electrons is drastically reduced
when the number of oxygen vacancies increases. For the specific composition
Pro.7Can.3sMnQgz, an oxide potentially relevant for resistively switching memory device
applications, this is the case when the deficiency in oxygen exceeds a concentration of
1000 ppm. Detailed crystallographic studies based on refined neutron-diffraction
experiments for reduced ceramic material suggest, that the reduction in electron transfer
rates between tri- and tetravalent cations of manganese originates from an anisotropy
effect: In the case of comparatively large oxygen deficiency, vacancies preferentially
form on lattice sites in the equatorial plane of MnOs-octahedra rather than on their

apices.

1. Introduction

Many manganite-based compounds formed by rare- in
combination with alkaline-earth metals — such as for
instance praseodymium and calcium — crystalize in one of
the perovskite-type family of lattice symmetries and reveal
a versatility remarkably rich regarding crystal chemistry
and physics [1-5]. They offer an extensive but also quite
complex variety of possible structural and crystallographic
arrangements partially originating from the possible
realization of charge-, spin- or orbital-ordered states, the
eventual occurrence of Jahn-Teller coupling and, of course,
from mixed valence states of the cations of the transition
metal manganese Mn. In consequence, this group of oxides
manifests a considerable number of highly interesting and
in part also technologically relevant electrical, magnetic or
optical properties [1-6] that have been attracting extensive
scientific attention for more than half a century since their
initial reference by some early reports from Philips
Research Laboratories [7-10].

A likewise widespread field of potential materials
applications has also been reported and discussed in the
past, including solid electrolyte cathodes, e.g. based on
LaixSrxMnOs for fuel cells [11], just to mention one
prominent illustrative example of current relevance here.
But, more generally, some compounds also seem to be
attractive for the use as heterogeneous gas catalysts [12-15].

Moreover, perovskite-type manganite compounds with
mixed valence states may exhibit an extraordinarily
pronounced magnetoresistive effect [16-21]: Upon the
application of an external magnetic field they drastically
change their electrical conductivity and have therefore been
projected for the use in magnetic sensors or in data storage
devices [22] too.

Another, related and recently emerging area of research
representing growing scientific interest constitute materials
that might find applications in a future generation of fast,
miniaturized, non-volatile and energy-efficient memory
devices with large storage capacity, where resistivity is
rather controlled through an external electric and not
through a magnetic stimulus (ReRAM: Resistive Random-
Access Memory) [23]. Phenomenologically, such
promising resistively switching materials show a reversible
and reproducible, hysteretic change of conductivity
between two (bistable) — or sometimes even more — distinct
states in response to an external electric inducement, often
driven through a pulsed electric field, in practice. It is
essential to emphasize, that the corresponding resistance
states are non-volatile and remain preserved even if the
external field is removed: Their retention still persists
without external power connection.



The physical effect of resistive switching has been
known for a long time [24] and observed since then to occur
in many different insulating, non-metallic, mainly
inorganic compounds such as initially for Al20O3 [24],
several years later for NiO [25, 26], Nb2Os [27, 28],
TiO2 [29] and for numerous further materials, including
other oxides, chalcogenides, nitrides or fluorides [30].
Equally, oxides of higher order than binary ones such as
perovskite-type compounds represent well established
examples of resistively switching materials for quite a long
period of time [31-41].

It is remarkable, that the phenomenon of resistive
switching is apparently not directly related to any specific
crystallographic order, symmetry or stoichiometric ratio of
a particular lattice structure: it exists for sub-oxides, e.g.
NbxOy [42] or for amorphous materials [43, 44] as well.

The original discovery of the effect in single crystals of
Pro7CaosMnOs (PCMO), a material that was formerly
mainly known to have exceptional magnetoresistive
properties, was reported in 1997 by Asamitsu et al. [31].
Quite similar, chemically related compounds have also
been found to exhibit electric field driven resistive
switching: ~ SmosSrosMnOs  [32],  NdosSrosMnOs,
NdosCaosMnOs or YosCaosMnOs [33], as well as
Lao.7Ca0sMnOs [38-40]. Solid solutions of Pr-Ca—
manganites with various compositions, however, constitute
the ceramic system that is explored in the present study.

In the traditional experimental realization resistive
switching phenomena appearing in an originally insulating
material become evident from the current-voltage
characteristics recorded for a simple, vertical and planar
two terminal capacitor-like MIM (metal-insulator-metal)
stacked configuration: In an electric field of increasing
strength a sudden, anomalous drop of insulation resistivity
(“negative resistivity”) is generally observed at a particular
threshold limit of the external stimulus. A corresponding
drastic increase of the leakage current consequently occurs,
when this more conductive state is established. In contrast,
however, to a dielectric breakdown that is usually provoked
at much larger external electric stresses and where the
insulation resistance is permanently and incurably
damaged, the collapse to the low resistance state (LRS) can
be switched back to a distinct, more insulating high
resistivity state (HRS). Depending on whether the
switching characteristics depend on both, direction and
amplitude of the field, or just on the amplitude only, bipolar
or unipolar behaviour are distinguished. The switching
event itself can take place locally along filamentary
pathways or more uniformly in a spatially “delocalized”
planar manner distributed over the entire lateral interface
between the electrode and the insulating material [45].

The exact microscopic mechanism generating this
rather complicated behaviour is not fully understood in all
details: Particulars are still under controversial scientific
debate, but it is well accepted [46-48], essentially, that
redox-type processes [48] in a transition layer just beneath
the anode play a central role.

Soon after the initial report published on PCMO-single
crystals by Asamitsu et al. [31], Liu et al. [49] initially
examined bipolar resistive switching PCMO thin films
grown by physical laser deposition (PLD) epitaxy and tried
to answer questions regarding the origin of the large
resistivity ratio between the HRS and LRS, exceeding a
factor of 17, they observed. Their speculative interpretation
explaining the LRS as a volume-effect of PCMO grounds
on the assumption of highly conductive percolating
ferromagnetic clusters of low electric resistivity. According
to their view conductive filaments are formed within an
insulating  paramagnetic  matrix upon directional

reorganization of individual clusters under the action of an
electric field. Baikalov et al. [50] investigated sputtered
PCMO thin films prepared at relatively high partial
pressures of oxygen in argon and used Ag-electrodes as
contacts. Their study demonstrates that the large increase in
resistance upon switching — appearing to be inconsistent
with “bulk-values” [51, 52] — must preferentially occur as
an interface effect close to the metallic contact and suggests
field induced electrochemical migration as a driving
mechanism. Later reports confirm the dominating role of
uniform insulating active layers of only several nm
thickness that form a non-ohmic contact resistance at the
oxide-electrode interface: In consequence, electrical
biasing does not only modulate resistance but also
capacitance [53]. Voltage dependent measurements of
capacitance [54, 55] support the existence of such transition
layers and give an estimate about their thickness. Large
capacitance values indicate a layer narrow enough for
charge carriers to tunnel from the oxide into the metallic
electrode (LRS). On the other hand, a wider layer resulting
in a small capacitive contribution may act as a barrier for
electric transport (HRS). Chen et al. [55] visualized the
spatial distribution of resistance changes in PCMO thin
films by scanning Kelvin probe microscopy: jumps of the
electric potential evidence major variations localized at the
interface of PCMO to the electrode associated with the pile
up of mobile charge species. The switching effect seems to
rely on a tuneable tunnelling barrier assumed to be
modulated in thickness [56] — between a thicker HRS and a
thinner LRS — by shuffling oxygen vacancies forth and
backwards. That indeed motion and pileup of oxygen
anions via vacancies represent major active processes was
shown by Nian and colleagues [57] who compared
resistance relaxation in thin films sputtered in either
oxygen-rich or oxygen-deficient ambient. In their study the
authors found, that relaxation times and activation energies
of resistance change quantitatively correspond to oxygen
transport by diffusion under electric pulsing.

In this context the electrode metal deposited, its choice,
work-function [58] and affinity to oxidation [59] crucially
influence the hysteretic behaviour of resistive switching
[58-61]. Less noble metals than Pt or Au such as Ag, Ti or
Ta act as getter and extract oxygen out of PCMO generating
an oxygen deficient zone beneath a thin passivation layer
formed [62, 63]. In summary, PCMO located just below this
actively switching anodized layer seems to serve as a
reservoir for oxygen anions that diffuse towards the
metallic electrode upon the application of an electric bias.

Because oxygen vacancies take a central part in the
elementary switching mechanisms of PCMO obviously, the
conditions of their formation, their concentration and
mobility, as well as their relation to conductivity are
essential to know. Beyond this fundamental aspect, a
profound understanding for the driving mechanisms of
resistive switching in PCMO is desirable. Questions about
how ionic rearrangement or migration of oxygen exactly
modulate the resistance of a local, interfacial region in a
resistively switching medium and converts an original
insulator to a conductor have to answered in order to further
optimize ReRAM devices based on this material from a
more practical perspective too. In particular, issues related
to device reliability, reproducibility and stable retention
behaviour upon electric cycling are believed to be closely
dependent on the crystal chemistry of PCMO [47].

Some previous studies describe defect chemical aspects
of chemically or structurally related compounds like
CaMnOs [64], LaMnOs [65-77] or LaxCai-«xMnQOs [70],
LaxSr1xMnOs [66-71, 73-77], and LaxBaixMnOs [70],
focussing mainly on oxygen nonstoichiometry.



They primarily report the thermodynamic treatment of
metal vacancy formation, electric conduction and thermo-
electric power in the case of oxygen-deficiency or -excess.

However, no detailed and systematic study for the
system PrxCai1xMnOs has been presented so far describing
quantitatively under which thermodynamic circumstances
vacancies of oxygen form and how the crystal chemistry is
related to electric conduction through small polaron hoping
in these materials. The current study addresses the
methodical examination of these open questions for solid
solutions in the system PriCaixMnOs focussing in
particular on the influence arising from oxygen deficiency.
The results are not only discussed from the perspective of
general interest but notably also in view on their eventual
relevance for resistively switching thin film devices of
PCMO. In this context the present work aims to contribute
more specifically to a still ongoing controversial discussion
[78-86] about the exact influence of oxygen vacancies on
resistive contributions during switching in PCMO-related
devices. Several individual model concepts ranging from
polaronic electric transport [79-82], the suggestion of
localized Mott-transitions [83] induced by oxygen
deficiency, indications on the role of strongly correlated
electrons [85-86], up to the proposition of a modulated
insulating tunnel barrier at the electrode interface of PCMO
are so far projected in literature. Regarding electric
transport, the question whether the charge carrier
concentration or mobility in oxygen deficient PCMO
prevails is still open, however. With respect to subtle
chemical changes occurring at the electrode interface upon
motion of oxygen vacancies, the reported details on their
concentration and redistribution seem to be yet insufficient
for a really cohesive understanding.

2. Experimental
2.1. Powder synthesis and ceramic processing

Powders with six different Pr:Ca-ratios covering the
entire compositional range of solid solutions PrxCaixMnQOs3
that are formed by the orthorhombic endmembers CaMnOz
(space group P m n a [87]) and PrMnOs (space group
P b n m [88]) were prepared by conventional solid-state
reaction: x=0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0. Commercial
grade powders of PreO11 (Pr203-4PrO2), CaCO3z and MnO2
(Chempur. 99.9% purity) served as raw materials and were
weighed in appropriate proportions. Intensively blended
powder mixtures were homogenised and ball-milled in 2-
Propanol for 6 h using beads (& 2 mm & 3 mm) of partially
stabilized zirconia (YTZ, Tosoh Corporation).

After milling the resulting slurries were dried using a
rotary evaporator (Rotavapor R-134, Biichi Labortechnik)
and calcined in air for 2 h in a muffle furnace (Nabertherm
GmbH) at 950°C in the case of phase pure PrMnOs (x = 1)
and at 1200°C for all other, Ca-containing compositions (x
=010 0.9). The as-calcined powders were fine-milled again,
for 6 h in 2-Propanol by ball-milling using YTZ-beads and
finally dried. Particle size distributions were verified with a
laser diffraction particle analyser (Mastersizer, Malvern
Instruments GmbH), and averaged out at approximately
1 um, always.

Finally, the as synthesised powders were firmly brought
together with 3 wt.-% of binder (Optapix PAF 35,
Zschirmer & Schwarz GmbH Co. KG) in an agate mortar,
uniaxially pelletized in a steel die (J 12 mm) with a
pressure of 200 MPa and further compacted by cold
isostatic pressing at 750 MPa for several minutes.

Before sintering these green bodies were decarbonised
for 12 h at 600°C in air in order to completely remove all
eventual residues originating from binder addition. All
pellets pre-consolidated in this way were sintered for 6 h at
1350°C in a gas tight Al2Os tube furnace under flowing pure
oxygen Oz and cooled down to room temperature at a rate
of or below 1 K/min in order to prevent crack-formation.

2.2. Microstructural and crystallographic characterization

The Archimedes method was used to measure densities
of sintered ceramic pellets. Microstructural examinations
were carried out on polished and thermally etched cross
sectional specimens using scanning electron microscopy
(SU-8000, Hitachi) and the average grain-size was
evaluated according to the line intercept method [89].
Powder X-ray diffraction patterns were recorded (RINT-
2500, CuK-radiation, A = 154.05 pm, Rigaku Corporation)
on crushed, finely ground sintered ceramic samples to study
phase compositions, crystal structures and lattice para-
meter. Pawley’s method [90] was used to compute the
lattice parameter from diffraction data. Crystallographic
studies on partially reduced ceramic samples were carried
out using synchrotron- (Aichi Synchrotron Radiation
Center, BL5S2, 2= 68.89 pm, 1.8 keV) and neutron-
diffraction (Ibaraki J-Parc, IMATERIA, BL20).

2.3. Analytical characterization and iodometry

The cationic stoichiometries of as sintered pellets were
verified by combined analytical determinations using ICP-
OES (Inductively coupled plasma — optical emission
spectrometry, iCAP6000, Thermo Fischer Science) and
XRF (X-ray fluorescence analysis, ZSX, Rigaku
Corporation) on crushed ceramic specimens.

Redox titration based on iodometry, refer to e.g. [91],
was used to quantify the amounts of manganese in the
different valence states (Mn3* and Mn**) and to calculate
the oxygen content in the different oxide compositions,
correspondingly. For this purpose, approximately 150 mg
of a respective crushed sintered pellet were weight in a flask
and dissolved in a mixture consisting of 30 ml aqueous
potassium iodide solution (0.5 M) and of 50 ml
concentrated hydrochloric acid (Merck, 25%). The initial
potassium iodide solution was prepared from reagent grade
KI (Sigma- Aldrich, 99.0%) and degassed, nearly oxygen-
free, distilled water in order to prevent side reactions during
iodometric titration and to minimize systematic errors
during the determination of the valence states of Mn.
Therefore, purified high-grade argon was bubbled
overnight at room temperature through the used quantity of
distilled water. Consequently, also hydrochloric acid was
degassed before utilization in the same way. All further
analytical steps of the titration were carried out under a
protective atmosphere of purified flowing argon.

Upon dissolution higher valent cations of manganese,
are reduced to divalent Mn?* by I- resulting in the release of
iodine Iz, according to equations (1) and (2):

2Mn*" 4217 — Mn?" + 1, 1)

Mn** 4217 — Mn?" 41, )

After completely dissolving the solid analyte the cooled
off solution was titrated with a standardized solution of
sodium thiosulfate, NazS:0s (Sigma-Aldrich, 0.05 M)
using starch as an indicator. During this additional redox
reaction iodine Iz is reduced back to iodide ions I and the
thiosulfate ions are oxidized to tetrathionate ions according
to equation (3):

I, + 25,05 — 21" +5,0% ®)



Several blank measurements were conducted on a daily
basis and all titration results were corrected in order to
compensate the influence of oxidized iodide ions through
unavoidable small concentrations of the oxygen present in
the solvents. Finally, the amounts of manganese in the
different oxidation states and the average valence state « of
manganese as well as the deficiency or excess in oxygen
stoichiometry were calculated assuming that the valence
states of praseodymium Pr3*, of calcium Ca?* and of oxygen
O are constant, respectively.

Conclusively, in order to monitor and evaluate the
progress of reduction, the degree of non-stoichiometry &
regarding the content of oxygen upon thermal reduction in
the solid solution system PrxCaixMn%*Os:s, Where the
value « represents the average valence of Mn (3 < a < 4),
was determined using thermogravimetric measurements
(STA 429 Netzsch Gerdtebau GmbH, heating and cooling
rates: 5 K/min) up to temperatures of 1100°C at most.

These experiments were carried out in gaseous mixtures
of either 20 vol.-% Oz in Ar (“synthetic air”) or of argon
with decreasing but constant levels of the partial pressure
of oxygen p(02).

2.4. Determination of electrical transport properties
2.4.1.Electrical DC-conductivity

Electrical DC-conductivity o was measured in
dependence of temperature and partial pressure of oxygen
p(O2) using a four-probe method. Rectangular rods of 10
mm in length, 5 mm in width and 1 mm in thickness were
cut out of originally cylindrically shaped as sintered pellets
with a diamond wire saw. Four Pt-electrodes were applied
by sputtering in a fixed distance from each other. Around
each of these contact points a 100 pum thick Pt-wire was
firmly twisted in order to ensure a mechanically stable
electric connection, respectively.

Both outer contacts were connected to a current source
(6220, Keithley Instruments) and the two inner electrodes
to a digital voltmeter (PM2534, Philips) in order to record
the corresponding voltage drop arising from the applied
current. The conductivity o of each specimen under
consideration was calculated from the linear (ohmic)
relationship between voltage drop and applied current as
well as from the respective geometrical dimensions of the
sample.

The influence of the thermodynamic parameter
temperature and partial pressure of oxygen p(O2) on
conductivity were systematically explored: temperature
dependence of conductivity was determined in “synthetic
air” (Ar + 20 vol.-% O2) from room temperature up to
1000°C, whereas the effect of the partial pressure of oxygen
p(O2) was studied in the range from 1 atm down to 10-1% atm
at 750°C and 900°C, respectively. For this purpose, an in
house installed experimental setup consisting of a gas-tight
quartz-glass tube furnace connected to an oxygen pump
(SEMGS5, Zirox GmbH) and to a gas-mixture system has
been used. Reliable values of the partial pressure of oxygen
p(O2) were realized with this setup in combination with
humidified gas mixtures of hydrogen Hz, oxygen O2 and
Argon Ar saturated with water H20 in appropriate mixing
ratios. At the outlet of the heated quartz-glass tube the p(O2)
was monitored using an oxygen sensor (Electrolysis cell
10/006-01/00, Zirox GmbH).

2.4.2. Thermopower and Seebeck-coefficient

The experimental determination of the thermopower for
the evaluation of the corresponding Seebeck-coefficient S
has been carried out using a commercial thermoelectric
measurement system (RZ2001, Ozawa Science Co., Ltd.).
Rod-type specimens of 10 mm in length, 5 mm in width and
1 mm in thickness were cut from cylindrically shaped
sintered ceramic pellets and used as samples. The resulting
rectangular bar specimens were subsequently sandwiched
between two probes of the measurement system containing
Pt-electrodes as electric contacts and R-type thermocouples
for recording temperatures.

The Seebeck-coefficients were calculated from the
linear increase of the thermoelectromotive force resulting
from a given, applied temperature gradient along the
sample. All measurements were carried out in air and the
temperature was tuned from 50°C up to 1000°C. Below
50°C no steady-state temperature gradient could be
realized.

3. Results and Discussion
3.1. Densification behaviour and structural evolution

Figure 1 represents the temperature dependence of
electrical DC-resistivity for phase-pure CaMnQgz ceramics,
one endmember of the solid-solutions of the present study.
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Figure 1: Temperature dependence of electric DC-conductivity in air for phase-pure
CaMnOzzs. Full symbols (@) represent data reported in literature earlier [92-96] and open
symbols (0) own measurements, respectively.

The data displayed have been taken from several
different former reports published earlier [92-96] and are
compared to own results obtained for an almost fully
oxidized and densified ceramic specimen of CaMnO2.gs.

Conductivity values of earlier studies shown in Figure
1 obviously reveal for practically all cases that the own
phase pure composition of CaMnO2.s is significantly less
insulating: The maximum difference in resistivity may
extent up to 5 orders of magnitude at room temperature, for
instance. At the same time a substantial and unsystematic
spread of already published data can be recognized when
comparing these different studies. This extensive scatter
suggests a strong influence on material preparation or
microstructure. A systematic variation with the degree of
oxygen deficiency cannot be identified.



In contrast to own results, the temperature coefficient
of resistivity is negative, whereas the present study shows,
that up to about 700°C resistivity increases with
temperature indicating metallic-like conductivity behaviour
and then decreases at more elevated values, which is typical
for semiconducting materials.

In conclusion, all these considerable discrepancies
observed for one and the same even relatively simple
composition of CaMnOs prompted the authors of the
present study to devote particular care regarding ceramic
processing in order to ensure a sufficiently reliable and
reproducible sample quality for a systematic study on the
defect chemistry and electric transport properties in the
solid-solution system PrxCai1-xMnOs.

Compositions based on the compound CaMnOs turned
out to require a calcination temperature of at least 1200°C
to ensure full thermal reduction of MnO2 and to prevent
secondary phases such as for instance Ca2MnO4. Because
stoichiometric CaMnOs undergoes a series of phase
transitions upon heating or subsequent cooling [97, 98],
equation (4), going along with the release of oxygen and
thus with the reduction of Mn a careful adjustment of the
sintering scheme seemed to be necessary to ensure a
defined initial oxidation state of all ceramics.

Orthorhomb|c<:>Tetragonal<:>Cub|c (4)

Therefore, sintering treatments were exclusively
carried out in pure oxygen Oa.

Leonidova et al. [98] observed that the transition
temperatures specified in equation (4) shift to higher values
if the partial pressure of oxygen p(O2) is enhanced.

Own dilatometric examinations detected, that CaMnOs
pellets indeed reveal an abrupt expansion in thickness by
about 0.7% upon cooling (5 K/min) after in-situ sintering at
1350°C for 6 h in air. This dilatation appears at around
800°C in atmospheric air. The effect appears to be related
to a strong increase of the thermal expansion coefficient at
about 900°C [98] arising from the phase transitions when
oxygen deficient CaMnOs.s is cooled down from higher
temperatures and possibly re-oxidized. Ceramic pellets
already densified at elevated temperatures accumulate
unrelaxed mechanical internal strains upon cooling finally
resulting in possible cracking. For this reason, the cooling
rates after oxidizing sintering of all compositions reported
here were reduced to 1 K/min or even to lower values.

As a result, highly densified and crack-free ceramics
were obtained, as outlined in Figure 2. Comparing the
polished surfaces of the internal central planes shown in
Figure 2(a) and (b) clearly demonstrates that sintering at a
high partial pressure of oxygen in combination with
extremely slow cooling results in virtually crack-free
ceramics. Possibly, former studies [92-96] ignored the
eventual presence of internally formed flaws and neglected
the possibility of significantly larger values of insulation
resistance obtained upon experimental determination
resulting from cracking, as presented in Figure 1.

Representative examples for the microstructures of as-
sintered Pri-x«CaxMnOQzss ceramics are shown in Figure 3
and illustrate highly densified and uniform grain structures
obtained. The grain-size depends on the composition but
not in a systematic way, as can be recognized from Table 1,
where numerical values of densities and grain-sizes are
summarized along with other analytical results that are
described in more detail in section 3.3.

The measured densities for PrxCa(1-xyMnQzzs ceramics
obtained after adjusting the sintering procedure in the
previously described manner follow in almost excellent

agreement a linear relationship in dependence of the Pr-
content x for the Ca-rich side up to approximately x = 0.7.
Only very minor deviations from expected values that
would be predicted theoretically [87, 88, 99-105] occur.
Beyond the region up to a Pr-content of x = 0.7 the
experimental densities still correspond to theoretical
expectations but the slope of the originally linear increase
flattens for compositions close to pure PrMnOs.

2
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a} 45 O Pneor. (Present study)
O Peyp. (Present study)
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Eigure 2: Densification behaviour of PryCag-xMnOgz:s ceramics upon sintering.

(a) CaMnOs (x = 0) sintered at 1350°C in synthetic air (Ar + 20 vol.-% O2) and cooled at
a rate of 1 K/min. The polished internal face in the centre of the pellet reveals cracks.

(b) CaMnOs (x = 0) sintered at 1350°C in pure oxygen Oz and cooled at a rate of
0.25 K/min. No cracks are visible, even not in the interior of the sintered pellet.

(c) Dependence of measured (open circles o) and theoretical density from composition.
The values of theoretical density were taken from literature (closed squares, m) [87, 88,
99-105] or derived from own refined X-ray diffraction patterns (open squares, o)

Pr-containing ceramics tend to have a more refined
microstructure compared to pure CaMnOs, however no
systematic influence of the Pr-content can be recognized.
Except for phase pure CaMnOs and the composition
Pro.7Ca0.3sMnOass all ceramics revealed an average grain-
size around or well below 5 um and the relative densities
exceeded 99 % of the theoretical value, in general.

Eigure 3: Microstructures of Pr«CauxMnOa:s ceramics, sintered at in
oxygen Oa. (a) ProsoCaos0MnOs (x = 0.50) and (b) Pro70Cao30MnOs (x = 0.70).

It is interesting to note, perhaps, that the already
mentioned composition Pro7Cao.sMnQOsss shows the lowest
density (99%) and largest grain-size (14.6 um), which may
indicate that grain-growth processes, impeded volume-
diffusion in favour of transport mechanisms favouring
coarsening play a role. This purely speculative
interpretation, however, has not been followed up in more
detail.



Nominal Composition Density p/ g-cm3 Grain-size / um Stoichiometry ratios Mn-valence a
X in PrxCaixMnQz:s | prheor. Pexp. Pr:(Pr+Ca) | (Pr+Ca): Mn
0.0 4.57 | 4.55 (99.6%) 19.6 - 1.00(0) 3.94
0.1 4.83 | 4.83(100%) 2.8 0.09(6) 1.00(0) 3.87
0.3 5.32 | 5.31(99.8%) 1.8 0.28(9) 0.99(8) 3.68
0.5 5.79 | 5.76 (99.4%) 5.2 0.48(8) 0.99(5) 3.50
0.7 6.23 | 6.17 (99.0%) 14.6 0.69(2) 0.99(3) 3.32
0.9 6.59 | 6.54 (99.3%) 3.7 0.90(3) 1.00(2) 3.16
1.0 6.75 | 6.69 (99.2%) 3.6 - 1.00(2) 3.07

Table 1: Summarized overview on the numerical values regarding densities, grain-sizes, and analytical results with respect to the stoichiometric ratios (Pr-content x and A:B-ratio) as well
as the average valence state of Mn-cations. The values of theoretical density were determined from the crystallographic parameter evaluated from XRD-measurements, those for the
stoichiometric ratios by ICP- and XRF-analysis, insignificant figures being given in (brackets), and those for the valence state of Mn by iodometry.

3.2. Crystallographic structure

Only negligible traces of PrO2 could be detected in very
few cases for compositions being rich in Pr-content (x = 0.9
orx=1.0).

Figure 4 represents the XRD diffraction patterns
recorded for all ceramics examined in the present study.
They could be indexed according to the orthorhombic space
group P mnaup to a Pr-content x of 0.7. The corresponding
lattice parameter a, b and c of the orthorhombic unit cell
were refined using Pawley’s method [90] and are shown
including the unit cell volume V in Figure 5 in dependence
of the Pr-content x.

The pseudo-cubic lattice (a ~ b/N 2 ~ c) expands
linearly upon substitution of Ca?*- by Pré*-cations up to a

Pr-concentration X=[Préa

of approximately 70%. The rate

of volume expansion per mol-% of Pr added is
approximately three times larger than the value that would
be expected from the difference of the ionic radii of Ca®*
and Pr3*. Beyond a Pr-content x of 0.7, the volume of the
orthorhombic unit cell increases even more steeply
indicating a transition and reduction in symmetry from
Pmna towards P bnm.

Obviously, this change in lattice symmetry is induced
by an increasing reduction of manganese upon Pr-
substitution for Ca on the A-site and an enhanced
concentration of trivalent Mn3*-cations at the expense of
Mn“*-cations that are considerably smaller in size.
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Figure 4: X-ray powder diffraction patterns recorded for sintered PrxCaixMnOa:s
ceramics with different Pr-content ranging from x = 0 (CaMnOs) to x=1 (PrMnOs).
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Figure 5: Lattice parameter a, b and ¢ as well as the unit cell volume V for the
orthorhombic solid solutions series Pr«CaixMnOs:s. The results were obtained from
refined diffraction patterns (Figure 4) recorded for ceramics with different Pr-contents x
ranging from 0 (CaMnQs) to 1 (PrMnOs).

According to Shannon [106, 107] the atomic radii of
Mn-cations in octahedral coordination (CN=6) are r(Mn3*)
= 64.5 pm and r(Mn*") = 53 pm, whereas the cationic radii
of Ca?* and Pr®* in cuboctahedral coordination (CN=12) are
relatively similar: r(Ca?*) =134 pm and r(Pr3*) =137 pm.

Obviously, this change in lattice symmetry is induced
by an increasing reduction of manganese upon Pr-
substitution for Ca on the A-site and an enhanced
concentration of trivalent Mn3*-cations at the expense of
Mn“*-cations that are considerably smaller in size.
According to Shannon [106, 107] the atomic radii of Mn-
cations in octahedral coordination (CN=6) are r(Mn3*) =
64.5 pm and r(Mn**) = 53 pm, whereas the cationic radii of
Ca?* and Pr¥* in cuboctahedral coordination (CN=12) are
relatively similar: r(Ca?*) =134 pm and r(Pré*) =137 pm.

Considering the different experimental valence states
(Table 1) and radii of Mn-cations the tolerance factor t
[108] of the perovskite unit cell continuously decreases
from an almost ideal value of t =1.00 for pure CaMnOz3
down to t = 0.96 for PrMnOs with increasing Pr-content.
This indicates that MnOs-octahedra gradually require more
space than the available room provided by the surrounding
cubic cage formed by A-site cations. In consequence
octahedral tilting or rotation may occur resulting in the
observed reduction of crystallographic symmetry.
Moreover, the Jahn-Teller effect is thought to contribute to
the observed lattice distortion, too. In consequence, the
lattice expands considerably in the a-direction <1 0 0>,
whereas the b-axis becomes shorter and while the c-axis
virtually remains constant on the Pr-rich side of the system
Pr«Ca1-xyMnOzsswhen X increases.



3.3. Chemical analyses and the pristine valence state of Mn

Analytical results regarding stoichiometry on the
cationic sites of the perovskite listed in Table 1 confirm,
that the degree of Ca-substitution x and the compositional
ratio of both A-site cations, Ca%* and Pr3*, relative to the B-
site cations of Mn essentially correspond to the initial
nominal values.

Figure 6 shows the average valence state « of Mn%*-
cations, located on the B-site, and correspondingly the
derived nonstoichiomentry with regard to oxygen in
dependence of the substitutional degree x in ceramics of the
solid solution system PrxCau-xMnOzss sintered in pure
oxygen. Even after sintering in 100% O at atmospheric
pressure pure CaMnOs-ceramics (x = 0) contain about 6
mol-% of trivalent cations Mn3* that have to be

compensated electrically by vacancies of oxygen Vg :

[Vs] =2 M, )

This regime of oxygen deficiency (red area in Figure
6(b)) extends to a Pr-content x of exactly 0.5, where the
numbers of trivalent and tetravalent cations of Mn are
completely balanced. At larger degrees of substitutions
x > 0.5 of Ca?* by Pr3* the concentration of reduced,
trivalent Mn3* surpasses the one of tetravalent Mn** and
consequently the formation of metal vacancies can be
expected (blue area in Figure 6(b)) upon sintering under
oxidizing conditions. In fact, very minor traces of —
possibly expelled — PrO2 could be detected by careful
inspection through XRD for the compositions with x = 0.9
and x = 1.0.
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Figure 6: Analytical results obtained by lodometry in dependence of the Pr-content x:
(a) average valence state & of Mn“*-cations and (b) oxygen stoichiometry 3+4.

Between both end-members of the present solid-
solution series, CaMnOs (x = 0) and PrMnOs (x = 1) the
average value of the Mn-valence almost ideally follows a
linear relationship. This behaviour is in good agreement
with the observations, how crystallography develops in this
system with increasing content of Pré* substituting Ca®*
(Figure 5).

It should be noted, that iodometric titrations carried out
for determining the average Mn-valence state o have been
conducted several times. They were highly reproducible
and resulted in a standard deviation of 0.026 only.

3.4. Thermal reduction behaviour

Thermogravimetric analyses of the thermal reduction
behaviour in “synthetic air’ (Ar + 20 vol.-% O2) revealed
the evolution of oxygen nonstoichiometry from the pristine
state after sintering in pure oxygen upon further heating and
cooling in dependence of the materials compositions, as
shown in Figure 7. Phase pure CaMnOs remains relatively
stable keeping a constant deficiency of oxygen of about

[VS} = 0.01up to a temperature of approximately 750°C,

upon heating. Then, on further increase of temperature,
oxygen is gradually released from the lattice resulting in a
composition of about CaMnO2.g0 at 1100°C. The loss in
oxygen is also influenced by the before mentioned phase
transitions from the orthorhombic to a tetragonal and finally
cubic modification at around 900°C and appears to be
essentially reversible upon cooling. However, the uptake of
oxygen almost back to the original pristine condition upon
temperature reduction seems to be Kkinetically delayed
resulting in an overall hysteretic kind of thermal redox-
behaviour. Upon substitution of Ca?* by Pr¥* in
Pr«Cau-xyMnOs:sthe onset of oxygen release is shifted to
higher temperatures and the total amount of oxygen
vacancies formed at the maximum temperature of 1100°C
is reduced. At the same time the extent of the hysteretic
delay in oxygen uptake upon cooling becomes smaller.

According to the previously presented results shown in
Figure 6 thermal reduction can be expressed as defect
chemical reaction equation (6):

2Mn3, +607 = 2Mnl, +V3 + 507 +%o<29> ®)

Apparently, the addition of Pr strongly enhances the
reduction resistance in solid solutions of the system
Pr«CauxyMnOs:s and compositions with a Pr-content x
above 0.5 almost retain their original level of oxygen
stoichiometry upon thermal cycling.
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Figure 7: Thermogravimetric determination of oxygen-nonstoichiometry upon thermal
reduction for different compositions Pr«CaixMnOsss (x =0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0).
Full lines represent the heating cycle and broken lines the cooling cycle.

3.5. Reduction behaviour upon lowering p(O2)

Figure 8(a) represents the dependence of oxygen
stoichiometry at elevated temperatures and reduced partial
pressures of oxygen for several selected ceramic
compositions determined by thermogravimetric analysis
(TGA).

Results obtained by ex-situ reduction experiments for
the particular case of Pro.7CansMnOszs are included too.
These are referred to again in more detail in section 3.7.



w
[N

w
o
1

(TGA: in situ)
Pry1CagsMnO

N
[ee)
1

CaMnO,

Oxygen Stoichiometry 3=8
N
©

Pry;Cag3Mn0,

n N
(&N

Pr,,CagsMn0,

N
o
1

Pr,,CaggMn0O,

dlogle] 1

dloglp(0,)] 4

=
6]
1

log [o/ S-cm™]

1.0

—————————1———————
-15 -10 -5 0
log [p(0,) / atm]

Figure 8: Dependence of (a) oxygen nonstoichiometry and (b) DC-conductivity o on
partial pressure of oxygen p(O2) for different compositions PryCai.xMnOz:s (x = 0.0, 0.1,
0.7 and 1.0). All experimental results refer to a measurement temperature of 950°C. Full
lines in Figure 8(a) represent thermogravimetric analyses and the dashed line ex-situ
experiments for the composition Pro;CapsMnOs:s where oxygen deficiency was
determined by iodometry after quenching ceramic specimens annealed at 950°C and at
various partial pressures of oxygen.

Upon reduction at 950°C, the compound CaMnOs
shows a continuous loss in mass of about 5% due to the
release of oxygen from the lattice up to a maximum total
deficiency of almost 7.5% at p(O2) = 10° atm before
decomposition.

The value 6 ~ - 0.1 of oxygen deficiency obtained here
at p(02) = 0.2 (“synthetic air”) corresponds well with other
TGA-measurements revealing thermal reduction in Ar + 20
vol.-%, shown in figure 8.

In the case of Pr-containing compositions the onset of
losses in lattice oxygen and thus of ionic compensation
upon reduction is retarded towards lower partial pressures
of oxygen. For ProiCaosMnOs:s the original pristine
deficiency in oxygen is almost retained down to p(O2) ~ 0.2
atm (“synthetic air”): & = - 0.03; this value is also in good
agreement with previous TGA-experiments upon thermal
reduction (Figure 8). At a Pr-content of x = 0.7 massive
oxygen vacancy formation upon reduction during TGA
seems to start around p(Oz) ~ 10 atm. Sintered specimens
of this latter composition that were reduced ex-situ,
subsequently quenched and then analysed using iodometry
reveal a large reduction in oxygen-content (ca. 7%) at a
partial pressure of oxygen about three orders of magnitude
below the transition point extrapolated from TGA. This
experimental discrepancy may have resulted from different
equilibration conditions and are not thought to arise from
practical inaccuracies related to the measurements. Finally,
phase pure PrMnOs reveals a comparatively moderate
reduction of mass loss (= 2%) upon reduction only.

In conclusion, TGA experiments provided first
indications about the reduction behaviour and about the
formation of oxygen vacancies in the solid solution system
Pr«CauxMnOs:s. A more refined crystal chemical
examination  regarding the specific composition
Pro7Ca0.3sMn0Os:s is presented and discussed in section 3.7.
in context with concentrations and mobilities of electronic

charge carriers and their quantitative dependence on
oxygen-deficiency.

Figure 8(b) shows in analogy to the analytical results
obtained from TGA and iodometry, how DC-conductivity
is affected by reduction at 950°C. Qualitatively, similar
trends as already observed with regard to oxygen
nonstoichiometry can be noticed here. In the case of phase
pure CaMnOs containing no additions of Pr, conductivity
increases first with decreasing partial pressure of oxygen
p(Oz) down to approximately 3-10-2 atm before falling off
again upon further reduction. This intrinsic effect is
obviously related to the enhanced reduction of originally
tetravalent cations Mn** into trivalent cations Mn3*
increasing the concentration of mobile electronic charge
carriers that contribute to small polaron hopping at elevated
temperatures in this compound. Beyond this maximum of
conductivity, the concentration of Mn** decreases until it
vanishes completely and CaMnOsz decomposes into
compounds such as CaMn204 containing trivalent Mn-
cations only. The initial conductivity levels at 950°C for
both the Pr-containing compositions Pro.1Cao.7MnQOzss and
Pro.7Ca03sMnOQzazs in the original pristine condition after
sintering in pure oxygen are comparable (~ 150 S/cm).
However, they are larger than the one for pure CaMnOs
because of mixed valence states « of Mn-cations: «=3.87
(x=0.1) and & =3.32 (x = 0.7). Upon reducing the partial
pressure of oxygen p(Oz) conductivity gradually decreases.
However, the latter, Pr-richer composition (x = 0.7) retains
its initial conductivity at an almost constant level, as might
be expected from TGA results presented in Figure 8(a)
down to a partial pressure of around p(O2) ~ 10° atm. In
this regime a plateau of electronic compensation apparently
prevails and only below p(O2) ~ 10° atm ionic
compensation due to the formation of oxygen vacancies
dominates the defect chemical situation.

In fact, under strongly reducing conditions (p(02) <
10712 atm) the slope of log[ ] versus log[p(O2)] approaches
a value of — ¥4 being typical for the release of oxygen from
the lattice, as can be recognized from equations (7) and (8):

IMI,, + O — 2Mnly, + Ve +%o<;’> @
B
[Mny,|~ p O, 4-[V3} ®)

Generally, it can be concluded that the introduction of
Pr3*-cations into CaMnOs results in a considerable
enhancement of reduction resistance with respect to the

formation of oxygen vacancies Vg . In a relatively extended

region of partial pressures of oxygen p(O2) electronic
compensation prevails. Strongly reduced compositions,
where significant amounts of lattice oxygen are released,
reveal a substantial decrease in electrical conductivity,
because conductive paths for polaron hopping from Mn3* to
Mn** might be disrupted if intermediate oxygen sites in the
perovskite structure are unoccupied, e.g. [68]. In principle
the dependence of oxygen-nonstoichiometry and DC-
conductivity on the partial pressure of oxygen p(O2) follow
the same trend as the one reported for the system
LaxSra-»MnOs [65-67, 73, 74, 76, 77]. Equally levels of
oxygen deficiency as well as those of electric conductivity
determined in the present study are comparable with results
reported in the references mentioned.

However, most the data referred to in these citations are
limited to compositions with a maximum alkaline earth
metal content of 20%, only.



3.6. Electric conduction behaviour in the oxidized state

Before examining the electric conduction behaviour for
the composition Pro7Cao3MnOazxs in detail with respect to
the influence of oxygen-deficiency, a general survey on the
overall system seemed to be necessary too: no systematic
report has been reported so far in literature. Figure 9
represents the temperature dependence of the DC-
conductivity for all compositions studied.
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Figure 9: Temperature dependence of DC-conductivity in air for ceramics of different

compositions PriCaixMnOz:s (x = 0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0) sintered in pure
oxygen. The inset shows a representation of In(oT) versus the reciprocal temperature.

Unlike to many other typical semiconducting electronic
ceramics a logarithmic representation of conductivity
versus reciprocal temperature does not result in a simple
and general linear relationship for the investigated
compositions of the system PrxCag-xMnOszs.

Because the prevailing electronic conduction
mechanism is believed to rely on thermally activated small
polaron hopping [109] the usual formal representation of
conductivity includes a temperature dependent pre-
exponential factor:

A —-E,
oT T exp{kB‘T} 9)
The factor A in equation (9) denotes a temperature
independent constant, T the absolute temperature, Ea the
activation energy and ks the Boltzmann-constant. A
diagram representing In(o-T) depending on reciprocal
temperature is shown in the inset of Figure 9.

Conductivity of pure CaMnOz9s has already briefly
been outlined in Figure 1 before: At temperatures below
700°C conductivity decreases with raising temperatures,
above 700°C, however, semiconducting behaviour is
observed. In this region of high temperatures, the material
becomes more conductive again with increasing
temperature and the activation energy obtained (68 meV) is
in fair agreement with results from Goldyreva et al. [110],
who conversely reported on rather low-density ceramics.
Thermal reduction becomes increasingly significant at high
temperatures, as has been seen in section 3.4. already. The

- - . /
formation of oxygen vacanciesVy along Mny,,

extensively determine the conductivity behaviour by small
polaron hopping.

In contrast to pure CaMnOz.5 a continuous decrease of
conductivity with increasing temperature occurs over the
entire region investigated for compositions with a relatively
low level of Ca-substitution x. A transition to a high-
temperature region of semiconductivity could not be
observed but only metallic-type behaviour instead. At such

low substitutional levels {Pr{;a}, e.g. in the case of the

composition Pro.1Cao.sMnOszs, vacancies of oxygen Vg are

easily formed — refer to Figures 6(b), 7 and 8(a) — and are
even present in the pristine state after sintering in pure
oxygen. Upon thermal reduction the concentration of
vacant oxygen sites in the lattice exponentially increases
with temperature in a way determined by the free Gibbs
energy of reduction. This means, that an increase of
temperature results in an enhancement of unoccupied
oxygen sites that may act as “scattering” centres to
electrical conduction. The electronic charge transfer
between distant Mn3* and Mn** is then impeded causing an
increase of resistivity with temperature. Simultaneously,
however, the total degree of conductivity is located at a
higher level compared to pure CaMnOs due to a growing

concentration [Mn},, | upon substitution of Ca2* by Pré*. In

summary, it is believed that the defect chemical situation at
a low extent of extrinsic substitution reduces the mobility
of electronic charge carriers although their concentration is
enhanced.

For higher concentrations x of Pr (x > 0.3) the
temperature characteristics of conductivity change to a non-
metallic, semiconductor-type behaviour in the entire
temperature range covered. Furthermore, conduction by
thermally activated polaron hopping apparently becomes
continuously impeded with increasing Pr-content:
conductivities o at room-temperature decrease from
o(x = 0.3) = 240 S/cm, to o(x = 0.7) = 14 S/cm and down
to o(x = 0.9) = 0.2 S/cm. Activation energies Ea inversely
increase with progressive substitution of Ca?* by Pr3*:
Ea(x = 0.3) =43 meV, to Ea(x = 0.7) = 128 meV and finally
up to Ea(x = 0.9) = 259 meV. In consequence, at elevated
temperatures (e.g. 1250°C) the conductivities of all
compositions studied converge to a relatively narrow
interval around 130 S/cm.

In order to gain a more detailed understanding of the
electrical conduction mechanisms in solid-solutions of the
system PrxCa(1-xyMnQOs, thermoelectromotive force has been
measured in dependence of temperature (Figure 10).
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Figure 10: Temperature dependence of the Seebeck-coefficient measured in air for
ceramics of different compositions PryCai«MnOs.s (x = 0.0, 0.1, 0.3, 0.5,0.7, 0.9 and 1.0)
sintered in pure oxygen.

Compositions relatively rich in Ca (x< 0.5) all revealed
a negative Seebeck-coefficient irrespectively from the
measurement temperature indicating overall n-type
conduction. As can be recognized, the negative magnitude
of the Seebeck-coefficient, however, becomes smaller
when the Pr-content increases. Ceramics with a Pr-
concentration with x = 0.9 or consisting of pure PrMnOs
(not shown in Figure 10) even exhibit a positive Seebeck-
coefficient and thus p-type conduction. Interestingly the
composition Pro7Can3Mn0Os, a compound highly relevant
for resistively switching devices, shows a very particular
behaviour: at approximately 400°C a transition between p-
type at lower temperatures and n-type conduction at higher



temperatures seems to occur. No conclusive interpretation
for this change between electron- and hole-conduction is
presented here. Neither the question, why this transition
occurs around 400°C is addressed here. But it appears
important to note, that in any case the magnitude of the
thermoelectromotive force for this composition — being
positive or negative — is the smallest observed in the present
study. For this reason, the following section presents a
more detailed examination of defect- and crystal-chemical
aspects also related to the reduced state with regard to
conduction behaviour for this particular composition.

3.7. Conductivity in oxygen-deficient Pro.7CaosMnOs-s

Ceramic pellets with the composition Pro7CaosMn0Os.s
and targeted levels of oxygen deficiency & were prepared
by annealing treatments at 950°C for 48 h at different partial
pressures of oxygen p(02).

Oxygen nonstoichiometry

p(O2) / atm (-9 [VS} 1 %o
1007 2.997 1.0
1090 2.996 1.3
10100 2.993 2.3
10110 2.989 3.7
10120 2.979 7.0
107125 2.942 19.3
10130 2.902 32.7
10140 2.786 71.3

Table 2: Oxygen-deficiency in ex-situ reduced ceramics with the composition
Pro.7Ca03MnOs:s originally sintered in pure oxygen O.

After equilibration these specimens were quenched to
room temperature at a rate of approximately 200 K/min and
analysed by iodometry in order to evaluate the degree of
oxygen nonstoichiometry, as presented in Table 2. Results
of careful inspection regarding the phase compositions for
selected specimens listed in Table 2 using laboratory and
synchrotron XRD-measurements are shown in Figure 11.
Enlarged views on the diffraction patterns obtained
demonstrate, that phase pure perovskite compositions are
only retained for a maximum level in oxygen

nonstoichiometry (3 — o) of 2.979 ([VC‘;} = 7%o).

Laboratory-scale XRD assessment (Figure 11(a)) did not
turn out to be subtle enough to reveal this boundary of phase
separation. For reducing conditions being more severe than
p(02) = 102 atm partial decomposition of the perovskite
and formation of the secondary compound Ca2Mn204 seem
to be unavoidable at 950°C. Such specimens were not
considered for further evaluations regarding electronic
conduction, crystal- and defect-chemistry.
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Figure 11: Laboratory and synchrotron inspection of phase decomposition for ex-situ
reduced Pro7Cao3sMnOs.s ceramics at different levels of oxygen deficiency.

One of the principal questions of the present study is,
how the attained anionic deficiency in the oxygen sublattice
of reduced compositions Pro7CansMnOs.s influences
electronic conduction. Results presented in Figure 12(a)
show, that conductivity at room temperature strongly
decreases upon reduction by about one order of magnitude

from about 25 S/cm (Pro.7Ca0sMnOz.997; [Vc'; ] = 1.0%o)

down to approximately 1.4 S/cm (Pro.7Cao.3sMnO2,979; [Vc‘,']

= 7.0%0). At the same time the Seebeck-coefficient S
increases from around 12 mV/K up to more than 30 mV/K.

Applying Heikes formula [111], equation (10), and the
relation defining conductivity in terms of drifting
elementary charge carriers, equation (11), both the
concentrations ¢ and mobilities g of electronic charge
carriers have been evaluated in dependence of oxygen
deficiency, resulting in the representation shown in Figure

12(b).
ssz.m{“_C'V} (10)
e c-V

o=e-u-c (11)

In equation (10) ks denotes the Boltzmann-constant, e the
elementary charge and V the unit cell volume.

When oxygen from Pro7Cao.sMnOs is extracted out of
the lattice the concentration of charge carriers slightly
decreases from about 8.1.10% c¢m?® to 7.3-102 cm?.
Simultaneously, the mobility, on the other hand, is
drastically reduced from about 1.9-102 c¢cm?Vs down to
1.2:10° ¢cm?Vs when oxygen deficiency increases from
1.0%o to 7.0%o.
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Figure 12: Dependence of (a) conductivity o, the Seebeck-coefficient S — both measured
at 25°C — (b) electronic charge concentration and mobility from oxygen stoichiometry.

It can therefore be concluded that the strong decrease of
conductivity at room temperature in  reduced
Pro.7Ca0.3sMn0Os.s is dominated by a hampered mobility of
electronic charge carriers: Their concentration remains
merely unaffected upon oxygen vacancy formation.

In order to understand the crystal-chemical mechanism
of obstructed electronic transport upon the formation of
vacant lattice sites of oxygen in reduced Pro7Cao.3sMnOs.-s
ceramics, refined neutron diffraction experiments were



carefully analysed with respect to the occupancy of the
anionic sites in the perovskite structure. Rietveld
refinements were carried out under the following
conditions: (i) no constraints about the site occupancy of
oxygen, (ii) assumption of an identical probability for
oxygen being accommodated on O*-sites at the aspices and
OZsites in the basal plane of MnOe-octahedra and finally
(iii) fully occupied O*-sites and vacancies supposed to form
on the O?Zsites only. Figure 13 gives a schematic
representation illustrating the arrangement of the different
oxygen sites in the lattice.
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Figure 13: Crystal chemical model illustrating the arrangement of vacant and occupied
oxygen lattice sites in reduced ProsCaosMnOs.sceramics. Vacancies of oxygen are
preferentially formed on OZsites of the lattice almost up to the level of phase
decomposition upon reduction. The displayed relative proportion of unoccupied and
regular oxygen sites is largely enhanced for the purpose of illustration.

As a result, the most reasonable descriptions (lowest
Rwp-values) of the neutron diffraction data were obtained
for the third scenario (iii), where oxygen vacancies are
preferentially formed on the basal, equatorial lattice planes
(0 ¥ 0) of MnOs-octahedra in the orthorhombic lattice, or
(0 %2 0) planes in the cubic primitive unit cell, respectively,
containing only one single formula unit of PCMO.

The occupancies for both lattice sites O! and O?, the
average bonding lengths b(Mn-O?) and angles r = £(Mn-
O!-Mn) are listed in Table 3 for a total a deficiency in

oxygen [vg} of 1.0%o, 1.3%o0 and 3.7%., respectively.

V5] |e-a|[0] | [0?] | bomnoy | ¢

1.0%0 |2.997 | 1.000 | 0.993 | 196.15 pm | 156.38°

1.3%0 |2.996 | 1.000 | 0.989 | 196.23 pm | 156.42°

3.7%o |2.993|1.000 | 0.982 | 196.31 pm | 156.38°

Table 3: Occupancies for both lattice sites of oxygen O* and 02, average bonding lengths
b(Mn-0') and bonding angles 7 in reduced Pro7CaosMnOs.s ceramics for different levels

of oxygen deficiency [V; ] .
Most plausibly, according to these results from refined
neutron diffraction patterns, oxygen vacancies Vj are

formed on the O? lattice sites preferentially, while the sites
Ot are fully or almost fully occupied by oxygen anions O2.
In consequence, as outlined in the schematic representation
in Figure 13, densely packed and “fully oxidized” lattice
planes accommodating the A-site cations Ca?* and Pr** are
stacked between intermediate lattice planes located at (0 ¥4
0) being deficient in oxygen and hosting the trivalent and
tetravalent manganese cations Mn®* and Mn**. This kind of
layered crystallographic structure can be regarded as a sort
of “incomplete” superstructure. And this arrangement is
thought to be responsible for the reduced mobility of

elementary electronic charges during thermally activated
small polaron hopping: Since most disrupted bonds
between Mn-cations and O-anions are located in the oxygen
deficient plane, electronic transport will favourably occur
perpendicular to it in the crystallographic direction <0 1
0>. In the same way, also electrochemical migration of
oxygen-anions O% could be affected by this anisotropic
arrangement of oxygen-deficient and oxygen-rich
crystallographic planes. The highest probability for ionic
site exchange where O? anions hop into a vacant site or vice
and versa would be along the direction <0 1 0> of the
orthorhombic lattice.

Theoretical predictions based on model calculations
and simulations [78] regarding the drift velocity for the
electrically driven migration of oxygen anions in a
conductive oxide separated from the contacting electrode
through an oxide tunnel barrier assumed that the barrier
height of the insulating barrier is tuned through the amount
of oxygen present at the interface and concluded that the
redistribution of oxygen during switching causes the
change in resistance. Careful spectroscopic analyses
applying hard X-ray photoelectron  spectroscopy
(HAXPES), EELS or impedance measurements of as
deposited thin films or for different states of their electrical
treatment upon switching [79-81] has been used to monitor
the progress of the growth of the interfacial region at the
electrode and of the chemical redox-reactions involved. The
overall resistance of the total stack does not seem to be
dominated by one single conduction mechanism but rather
by a combination of several contributions [79-84],
including both, an oxygen depleted zone within PCMO and
an oxidized interface layer. It has been suggested, e.g. [82]
that electronic inhomogenities imposed by electromigrative
oxygen vacancy redistribution might cause the change in
resistivity in oxygen deficient PCMO. But also competing
tendencies between itinerant and localized states are
discussed [85, 86].

The present work clearly evidences a direct relation
between the level of oxygen deficiency in PCMO and
electrical transport properties and shows that reduced
mobility of charge carrier seems to be the dominant factor
explaining the enhanced resistivity in the partially reduced
condition and not their concentration. In contrast to other
related materials systems the retarded charge carrier
mobility already occurs readily at rather low concentrations
of oxygen vacancies above 1000 ppm, realized already at
relatively mild reducing conditions. For Lanthanum-doped
Strontium-manganate ceramics, Lai-xSrxMnOs, a similar
drop of polaron mobility is only observed under very severe
reducing conditions with p(O2) as low as 10-*2 atm or below
[67].

4. Conclusions

Oxygen deficiency in the solid-solution system
PraxCaxMnOszs strongly affects the electric conduction
behaviour of reduced ceramics, initially sintered under
defined, oxidizing conditions. The careful inspection of
charge carrier concentration, mobility, concentration of
vacancies of oxygen and crystallographic structure for the
composition Pro7CaosMnOs suggests the presence of a
“incomplete” superstructure in which unoccupied oxygen
sites are not randomly distributed but rather preferentially
formed in the equatorial plane of MnOs-octahedra, resulting
in a “layered” distribution of oxygen-rich crystallographic
planes alternating with oxygen-deficient ones along the
direction <0 1 0> of the orthorhombic lattice. This
arrangement could eventually also have a considerable
effect on the oxygen transport along this crystallographic



orientation and thus on the formation of insulation
transition layers in resistively switching thin film devices of
this composition. It is interesting to note, that the findings
of the present study are consistent with in-situ observations
by integrated probe and transmission electron microscopy
(TEM) reported by Liao et al. [112], who identified the
formation of stripe-like domains associated with existing
0Xygen vacancies.

In their experimental setup these authors imaged the
appearance of field induced striped patterns along one of
the “pseudocubic” axes of the primitive unit cell upon
switching resistivity in PCMO at an interface to a tungsten
tip within the TEM.

Whether crystallographic distortions arising from
elongated Mn-O! bonding lengths — bonding angles
remaining merely unaffected — through the release of
oxygen from the lattice, as they have been examined in the
present study too, also influence the switching behaviour
has to be clarified yet. Anyhow, electric conduction just
beneath the actively switching transition layer will certainly
be affected through interrupted ionic rows between Mn3*
and Mn*-cations, where oxygen anions O2% are
preferentially missing on (0 ¥ 0)-planes. Detailed analysis
on systematically reduced and oxidized PCMO single
crystals on aspects related to electronic mobility, oxygen
diffusivity, microstructural evolution regarding to the
formation of the highly resistive transition layer using
specimens contacted with various electrode metals could
help to verify the conception introduced in the present
work.
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