Dilute iron-doped polycrystalline strontium titanate: tracking iron valence and local interactions

Michael Knight!, Ivar Reimanis!*, Abigail Meyer?, Jan-Helmut Preusker3, and

{

Wolfgang Rheinheimer*

Meta d Materials Engineering Department, Colorado School of Mines,

W WSS Golden, Colorado, United States of America

Golden, Colorado,

m United States of America
SInstitute f0r Applied Materials: Ceramic Materials and Technologies, Karlsruhe

s Institute of Technology, Karlsruhe, Germany

2Che1®\d Biological Engineering Department, Colorado School of Mines,

4Institge of Energy and Climate Research: Materials Synthesis and Processing,

Forschungszentrum

polycrystalline (SrTiOs;) (STO) were determined. Specimens were sintered in air or Oz at

Jiielich, Jiielich, Germany

* . . . . . .
Corresponding author: Ivar Reimanis, reimanis@mines.edu

Abstract

-valence states of dilute Fe (0.2mol%, 0.5mol%, and 1.2mol%) in bulk

15008C or 1300°C with the intent to quantify the rela- tive valence states of Fe in the context

of U ing microstructure development of Fe-doped STO. Mdssbauer spectroscopy,

eMmagnetic resonance spectroscopy, and magnetometry were combined to track
cha@ valence, and Raman spectroscopy and X-ray diffraction were used to describe

the i structural changes. Small concentrations of (Feti — V&)~ defect associates were

detected the majority of Feri acceptors are isolated from oxygen vacancies. As doping

negative exchange interactions increase, consistent with an increase in the

concentratiomof Feti — O& — Feti configurations. Additionally, the fraction of dopants existing

as isovalent FeT;
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increased with Po_of the sintering atmosphere and with total Fe content.

H
1 Int @ on

strontilh SrTiO;) (STO) has undergone extensive investigation for applications such as solid-state
ionic cond emristors, thermoelectricity, superconductivity, and photocatalytic water splitting.(1, 2,
3, 4, 5) Lightly Fe-dbped STO is commonly used as a model representative for acceptor-doped large band
gap electroc s. It is generally accepted that low concentrations of Fe-dopants in STO substitute for Ti**

and can eXist ifif4+@B+, or 2+ oxidation states depending on Po,and temperature.(6, 7, 8) When treated or

S

prepared in oxidizing conditions, Fe*" and Fe*" are
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expected to be preferred if substituted for Ti*". The valence state of Feis known to play a role in both the
properties mentioned above. For sintering and grain growth of stontium titanate, the valence state of Feis
of impc“ll, but only indirectly. For both processes, segregation and space charge are of central
importanc 11, 12) Segregation and space charge are known to depend on the doping and

oxidation

I
The Srfli; _Fe,O5;_5 (STFO) system forms a solid-solution for all values of x and is a mixed ionic and

electronic duegor (MIEC), especially for Fe-rich compositions (x > 0.1).(14) Zhou and Goodenough reported

on the mix e character of Fe, which showed a general trend of the Fe*'/Fe*" ratio increasing as Fe

content ingfea om 10mol% to 95mol%.(15) Furthermore, they concluded that the transport and
(1)

magnetic in this system are strongly

influenced by integ@ctions between Fe cations. Such interactions in the lattice indicate that extending the

propertiesmFO system to the dilute Fe-doped STO model system is inappropriate. It has been

suggested Fe doping concentrations less than 1-2mol% can be considered dilute, because at
higher con s, there are significant Fe electronic states that overlap with one another and admix
with O 2p ates.(14, 15, 16)
Charg nsation for Fe; acceptors occurs in the lattice by formation of Vg .(17) Electroneutrality
requires

the compensating V& concentration be half the Fe®™ concentration.(6) Therefore, even if strong
electrostatjc attraction of the oppositely charged defects exists, only half of the dilute FeTi/ defects can have

aVyint rdination shell.

For Fe cos <0.3mol%, electron paramagnetic resonance (EPR) measurements show that the

tendency for a V& to be located in the first coordination shell of FeTi/ decreases with increasing Fe

EPR results of Drahus et at. suggest that, when prepared in air, and when the Fe doping

content.(1

concentrain is bi)w 1mol%, the majority of Fecations are present as Fe3*(19), though the valgnce state

would be Expected to depend on the Po and temperature.

Additionaljxe authors also verified the presence of a small concentration of the Fe'Ti - V{)' * defect
complex.

Th changes of Fe have been observed experimentally, mostly by observing the optical changes
associated with the Fe**/Fe*" transition,(20, 21, 22) but also by conductivity changes(23, 24). Generally, Fe*"

occurs in oxidized strontium titanate at low temperature. Defect structures have been observed widely in
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the presence of electric fields because oftheirtechnological relevance for dielectrics and their degradation(25,
26)and formemory applications (resistive switching(27)). The application of an electric field causes an oxygen
vacancy“owards the cathode (11, 23, 28), resulting in various changes of the defect structure (7,
29). For Fe rontium titanate, this process involves a change of the valency of Fe, resulting in a color

change ( ion)(22, 28, 29). The valence change is well-documented by spectroscopic

methoE.(t

It is weligestablished that concentrations of acceptor defects increase in STO GB regions.(31, 32, 33)
However, spatially resolved spectroscopic techniques to directly observe segregation is difficult
when the oncentration is very low. The present work combines Mossbauer spectroscopy, EPR
spectroscopy®and®magnetometry to characterize Fe valence states in bulk polycrystalline STO with 0.2mol%,
0.5mol%, and 1.2MpI% substituted for Ti. Long-range magnetic ordering of Fe in the bulk lattice is avoided
by doping at such low concentrations and paramagnetic behavior of the dopants is expected. Mbssbauer
spectroscoply is useful for identifying the number of unique Fe sites in the system. Magnetometry is useful for
estimating overall effective valence of paramagnetic species, as well as detecting exchange interactions
between marticulan superconducting quantum interference device (SQUID) magnetometers are

highly capable of detecting very low concentrations of magnetic moments. Additionally, EPR

spectroscop ly sensitive and can identify specific valence states, but under common X-band microwave

excitatj ers ions are detectable, e.g., Fe’* but not Fe?*7#* (19, 34) Combining all three

experimental techniques is demonstrated

here to p*comprehensive method for estimating mixed-valence character and detecting local

interactio Fein polycrystalline STO.

The techmi are applied in the present work with the goal to describe defect states during the
sinteri i tructure development of STO. It has been previously observed that grain growth in STO
displayMus behavior in which the grain growth rate decreases at temperatures above about

1400°C.(353resent experiments, two sintering temperatures, 1300°C and 1500°C were chosen in

order to e hether or not the defect states vary for STO sintered in the normal versus anomalous

regimes. Initi e samples were planned to only be sintered in air atmosphere, however, it was
sintering in O, atmosphere improves densification. This is due to the high oxygen diffusion
in strontium titanate, which eases pore shrinkage during final stage sintering compared to sintering in air,

i.e. with a high nitrogen content. The authors acknowledge the small absolute difference in Po, between

the two atmospheres, however, this small difference provided an opportunity to probe the precision of
the magnetic
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characterization techniques employed here.

{

2 EX tal

Sr(Til_x!e 3-5 ders with x = 0.002, 0.005, 0.012 were prepared by solid-state reaction using SrCO;
(99.9+%, S ich Chemie GmbH, Taufkirchen, Germany), TiO, (99.9+%, Sigma Aldrich Chemie GmbH,

Taufkirchell; Germ@ny) and Fe,0; ( 99+%, Merck, Darmstadt, Germany) precursors. The A- to B-site molar

C

ratio was ke .0 for all compositions. Zirconia milling balls with a diameter of 2mm and 2-propanol

were comBine@with the precursor mixtures in polyamide jars and subsequently attrition milled for 4 hours

S

at 1000rpm. After milling, the powders were calcined at 975°C for 6 hours in an air furnace to remove CO,

and form Sr(Ti; _.F@4)0;_5. After calcination, the powders were milled again in a planetary mill with zirconia

Ul

milling balls of 10mm diameter for 16 hours at 300rpm to break up agglomerates. The final particle sizes of

the calcing@l powders were approximately 500nm.

f

Bulk p ine pellets of all three compositions were prepared by uniaxial pressing the calcined

d

powders i cylindrical green bodies under 110MPa pressure. No additives to optimize green body

densit order to avoid introducing unnecessary impurities. Multiple pellets of each composition
were prepare lacement on sacrificial powders of the respective compositions on alumina plates,

covere

V]

a boats, and sintered in static air or O, at 1500°C or 1300°C for 20 hours. It is noted that
during cooling from the sintering temperature, the samples were not equilibrated at lower temperatures,

and thus tRg defect state represents something intermediate between that at the sintering temperature and

]

that at a lowemiiemperature where the relevant defect is frozen in. The surfaces of pellets selected for

microscop gepared by grinding, polishing, and thermal etching at 1200°C for two hours. Additional

pellets wer with an agate mortar and pestle into powders for characterization. The remainder of

the text us@s shorthand notation of xFe, where x is mol% of Fe in STO.

q

Ro re powder X-ray diffraction (XRD)(Malvern Panalytical) was performed on all samples.

{

Lattice pa- were estimated from Rietveld refinement asimplemented in the HighScore Plus software

U

(Malvern ). An XRD standard was not incorporated for calibration, so the lattice parameters are
only used f arison between samples and not for absolute accuracy. Scanning electron microscopy

(SEMm) 252G) using simultaneous in- beam secondary electron and back scatter electron detectors,

A

as well as, Raman spectroscopy (WiTec, 532nm excitation) were performed at room temperature on polished

surfaces of pellets. The Raman spectra were collected from the center of
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the grains. Room temperature, 298K, X-band electron paramagnetic resonance (EPR) spectroscopy (Bruker
ELEXSYS E-500 CW EPR) field swept from 80mT to 450mT was performed on all 1.2Fe samples. An EPR

standa ailable for field calibration, so the absolute resonance fields reported are only close

t

estimates a qualitatively used to identify resonant species.

Mbdssbauer spectra were acquired at 296K with a ’Co-Rh source using a spectrometer operating in the
|| & g & P P §

triangular @onstant-acceleration mode. Each 1.2Fe sample was mounted on an 11mm collimator for all

measuremegis. e to the small expected resonance signal, samples were made with the maximum
amount o

allowed by the mass absorption of the y-rays. A Kr-filled proportional counter and a
WissEL (Wmtliche Elektronik GmbH,Germany) data acquisition module (CMCA-550 USB) were used

to collect a he data into 1024 channels. Both the 1.8keV

Kr escape mhe 14.4keV y-ray were counted using the two-window pulse-height analysis capability of
the modul s were run for 3 or 4 days until sufficient counting statistics were obtained (an off-
resonance¢ount of about 3 X 10°) to allow analysis of the very weak signal. Velocity calibration and the

isomer shime were established with a pure
bce (a)-Fe fail. counts for each channel (velocity) were normalized (with respect to the total baseline

counts ubspectra were fit to the normalized data using Lorentzian line shapes with WinNormos V3.0

coupled w R Pro V6.3 software package, also from WissEL.

Magnetometry was performed on all Fe-doped samples using a Magnetic Property Measurement System

3 (MPMSS&uantum Design Inc.) operated in DC scan mode. For each sample, approximately 0.5g powder

was Ioadeglatin capsule and mounted inside a clear drinking straw, the typical method for powder

measurem surements of mass magnetization as a function of applied magnetic field (M (H)) were
performed K, 10K, 20K, and 30K, where the magnitude of magnetization is much greater than the
opposi ic component. To be as accurate as possible, the data was still corrected for contributions

from tI‘Hnagnetic background signal arising from the non- magnetic constituents and sample

mounting . The M (H) curves were fit for the spin magnetic quantum number for a multi-electron
, e

species, S relation for magnetization of a paramagnetic species, M = MyB (y), where M, =
Ngusgs is Imum magnitude of the moment, B (y) is the Brillouin function, and y = SuogusH/ksT .(36)
Here, N 1 umber of magnetic species per kg (allowed to vary during the fit), g is the g-factor

(determined by EPR), ug is the Bohr magneton value, H is the applied magnetic field, uo is the permeability
of vacuum, kg is Boltzmann’s constant, and T is absolute temperature. Measurements of mass susceptibility as

afunction oftemperature were performed from 1.8K to 300K under 0.2T applied magnetic field after cooling
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in zero field (ZFC), and repeated after cooling under field (FC). Overlaid ZFC/FC curves were used to verify Fe
is paramagnetic, i.e., to check for transition temperatures indicating long-range ordering of Fe cations. An
additith the summation of two Brillouin functions was performed on M (H) curves collected at
30K for th amples to estimate the ratio Fe*"”3* for comparison with EPR and Mbssbauer results.
For this a sis, the individual Brillouin functions were assigned a spin number of 5/2 or 2, for
high—sﬁ m*, respectively, and the concentrations of each species allowed to vary during the fit. It
should be ¥t high-spin Fe?" also has four unpaired electrons and is therefore difficult to distinguish
from Fe*" flowevel) Fe*" has an expected spin-only moment of 4.9us and Fe?' is expected to have a spin-

only moment .4up.(36)

3 Restlts

-

Powder Xl%ﬂs for the four sample sets are shown in Figure 1. All samples were refined to the cubic

per0\7skite ructure Pm3m and the patterns showed no detectable secondary phases. The refined lattice
parameter mples are shown in Table 1. The lattice parameters slightly increased above the Omol%

value as F creased for all but the 1500°C O, sample set.

SE i raphs of 1.2mol% Fe-doped STO samples sintered in air are shown in Figure 2. Inspection of
these
repres iccographs reveals that sintering at 1500°C produced slightly larger grain sizes than sintering

at 1300°C. Micrographs of all other samples are available in supplementary Figures S1 and S2. Significant

microstruc&ﬁl differences related to sintering atmosphere, or Fe-doping at these concentrations, were not

observed. P work has shown that sintering STO at higher temperatures (1500°C) produces a bi-modal
microstru h eventually becomes unimodal after enough time.(35) Furthermore, when higher Fe
concentratj resent (5mol%), Fe segregation at GBs was shown to induce solute drag effects that
result |£ unimodal microstructures.(37)

STO atloom temperature is cubic with space group Pm3m having 5 atoms per unit cell, each located at
a point of inversiof symmetry, and no first-order Raman scattering is expected for an ideal crystal.(38)

Broken central symametry due to strain, impurities, and oxygen vacancies, have been shown to cause first-

in cubic STO.(39) Raman spectra of pellets sintered in air at 1300°C are shown in Figure 3,

and are representative of all samples, while all other spectra are shown in supplementary Figure S3.

All spectra are largely dominated by broad signals from second-order scattering (two-phonon

processes). After a survey of many reported STO Raman spectra, first-order phonon modes have been
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labeled at their respective locations, whereas second-order modes are marked with stars, in Figure 2?. The

single vertical line around 690cm™! was observed to be the only peak that shifted to higher frequency with

increas . This peak does not correspond to any possible first order modes and has been

[

previously to indicate the presence of Fef;. Doping with Fe appears

$

to have disrupted the local B-site cubic symmetry enough to allow multiple first-order Raman modes to be
observEd.

[l

Mbssb ra of all four 1.2Fe samples are shown in Figure 4. The asymmetric doublet signals

indicate atfifeast tW types of Fe sites are present. The solid blue line is the complete spectral fit, while the

C

red line su rums were assigned to Fe*' and the green line subspectrums assigned to Fe®*, after

comparisofl wjth rgports in the literature.(40, 41, 42, 43, 44) The site 3 fitted with a single line may be only

$

half of th e if it corresponds to a quadrupole doublet with the other half unresolved at a lower

velocity resonance® An average of the linewidths from the other two sites was assumed for the site 3

L

linewidth. ignificant scatter in the data due to large grain sizes, meaning that the samples have less

than ideal y. The spectral parameters are listed in Table 2. The linewidths are significantly larger

1

than expe ique Fe sites, implying there is a distribution of Fe sites centered at each position. This

suggests stribution of isomer shifts and quadrupole splittings caused by variations in near

a

neighb nts.

EP collected at 298K for all four 1.2Fe samples are shown in Figure 5. The spectra are scaled to

M

have approximately the same intensity at g = 2.0 and a 6X magnification of the low-field regions are inset

above eacfiftotal spectra. Overall, the spectra are dominated by main resonances at the isotropic g =

I

2.0 field ( mT), with small

satellites o @ ide owing to 4th-order fine structure interaction.(19) This isotropic signal is due to high-

spin Fe’*, Fe?" are non-Kramers ions and their resonances are not directly observable under the
experi itions used here, however, their presence does contribute to line broadening.(34) The very

weak r =5.9, has been

t

i)

previously o Fefy — VY * defect associates.(18, 19) The peak intensities in the EPR spectra

cannot confir ive concentrations of each defect state, however, the results confirm that Fe*" species

hs substitutional FeT; defects not associated with a nearest neighbor V¢ . Quantitative
conclusions abou e relative concentrations of EPR silent Fe***?" and EPR active Fe*>* could not be made
due to the lack knowledge of the true concentrations of Fe and the absence of an appropriate spin

concentration standard that would otherwise be incorporated into the measurement process.
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Measurements of zero-field-cooled (ZFC) and field-cooled (FC) mass magnetic susceptibility versus
temperature of the 1.2Fe sample sintered at 1500°C in O, are superimposed in supplementary Figure S4. This
represeanle shows the majority of the Fe dopants are paramagnetic centers and long-range
magnetic absent, in other words, no magnetic transition temperatures could be detected, unlike
previous r udied higher Fe concentrations.(15) Examples of possible secondary Fe-containing
phases!a\Wetic ordering could be antiferromagnetic FeTiO; with Ty = 52K,(45) antiferromagnetic
SrFeOs wit 4K,(46) or one of the many iron oxide phases that are all magnetically ordered. The
magneto ry res@lts reported here were not significantly influenced by minority magnetically ordered

phases tha ave formed under non-equilibrium conditions because all samples displayed only

paramagnw.
Figure off /Fe values determined from Brillouin fits of M (H) curves measured at 1.8K, 5K, 10K,
20K and 30K. As telhperature decreases to 1.8K, uesr /Fe decreases for all samples, with the 1.2Fe samples

showing th t decreases. These observations suggest the presence of negative exchange interactions

or.

between p8kamagnetic species.(47) Decreases in uesr /Fe at low temperature could also be caused by zero
field splitti ver, the EPR spectra for all 1.2Fe samples revealed isotropic g-factors for the Fe’*
species. C between the different Fe concentrations reveals a general trend of slightly decreasing

Uerr /F

ing Fe doping. On each subplot in Figure 6, horizontal dashed and dotted lines mark the
expected value high-spin Fe*" and Fe*', respectively. The uef /Fe values of all 1.2Fe samples correlate
well w etermination of the presence of high-spin Fe**. M (H) curves with Brillouin fits for all

samples sintered in air at 1300°C are available in supplementary Figure S5 as a representative example.

Figure h\w e estimated Fe**3* ratios for all 1.2Fe samples. These values were determined by fitting

30K M (H ith two Brillouin functions for the number of magnetic species, N3+ and Na+, with S fixed
to 2.5 and 2.0°for

it being fa!rom the decreasing uesr/Fe values below 10K, where complicated interactions between the Fe

cations mi affectihe results. Sintering in
pure O, reﬁnore Fe*" than sintering in air. Only the 1.2Fe samples were analyzed by this method for
R

and Mossbauer results of the same samples. The individual fitted curves are shown in

igh- spin Fe** and Fe**, respectively. This temperature was chosen for the analysis due to

compariso

suppleme ure S6.
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4 Discussion

The resWed here demonstrate the challenge in establishing the defect states in dilute Fe-doped

bxidizing environment, and they show that multiple techniques together help provide a
ption. It is notable that Maossbauer spectra and Raman spectra do not show a

|
difference petween samples sintered in O, and air, but magnetometry reveals that the ratio of Fe*" to Fe’*

Il

is higher in"0,, sidering there is not a large difference in Po, between air and O,, this result is

somewhatfunexpegted. Previous studies have shown that Fe** and oxygen

C

vacancies dre in defects in Fe-doped STO in reducing conditions whereas Fe*' is the dominant valence

S

in oxidizing conditions.(29) However, it is noted that because samples prepared in the present study were

cooled to room tenmiperature from the sintering temperature, it is difficult to compare the results with other

G

studies that examined conductivity in samples that were equilibrated at lower temperatures (e.g., 700°C -

900°C) sinc@ the defect states are expected to change at the lower temperature. (6, 48, 49)

I

Except 1500°C O, samples, the lattice parameters of all samples containing Fe all slightly

d

increased h ncentration (Table 1). The ionic radii of Fe** and Fe3* are 0.585A and 0.645A,
respec mparing these radii with that of Ti**, 0.605A, suggests Fe>* is substituted for Ti**. An

alternative ex on for the slight lattice

M

expansion with increasing Fe concentration could be assumed to be caused by additional charge

compensatigg Vo . However, even for significant oxygen deficit of 6 = 0.5, the relative unit cell volume

Koo,

increase w

aller than 10719,

n deficiency is likely not the explanation for the lattice parameter change.(51)

e that strontium vacancies (V'S,r) play a role in charge compensation. At the Po, levels in the

=
=
I -cl

presen (air and pure 0,), for acceptor-doped STO the concentration of V'Slris about 1000 times

[

smaller centration of Fe*" even at temperatures up to 1173K. (7) However, the change of \/s,ris

about hal of magnitude for a temperature increase of 100 K. Extrapolating this to 1500°C, \/S/r

L

could reac concentrations as Fe3'. However, the defect chemistry of STO is not well-known above

1400°C (5 is not clear if such an extrapolation is valid. Accordingly, here, \/Slrare not expected to

affect t arameter; in any case, an increase in V'Srwould not be expected to lead to a decrease in

A

lattice parameter.

Calculations of defect concentrations by Baker, et al(7) reveal that in dilute Fe-doped STO, the

concentration of Fe*" compared to Fe*" (Fe*'/Fe’") may be significant, consistent with the present
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observations (Figure 7). Also consistent with the predictions by Baker, et al, the present results reveal that

Fe*' /Fe’" increases from air to pure O,, for both temperatures examined here.

{

Consistént with the description above, Mossbauer spectroscopy results (Figure 4) confirmed that Fe

exists in ation states for all 1.2Fe samples. The observation of very low-intensity signal with

0

isomer shift of 1.35mm/s in the sample sintered at 1500°C in air could indicate some Fe?* is present, which

may exist #if a small amount of secondary FeTiO; phase, or as a doubly-charged acceptor at the STO B-site.

Alternativelys thigathird species could be anotherFe

C

sitting in a
site is so

low that it™1S imfpossible to make a conclusion and it may also exist in the other samples, but was

indistinguishable fRem the background noise. The overall signal intensity for all samples is very low due to

LS

only havin ral abundance of the *’Fe isotope. Table 2 shows the estimated fractions of each species

(Relative a), and the majority species in all cases is Fe3*. EPR results confirmed the presence of high-

N

spin Fe3* aled the presence of Fely — V& * defect associates exist in all 1.2Fe samples. The

authors ng PR was not performed on the 0.2Fe and 0.5Fe samples since the main objective of EPR
ation of the presence of high-spin Fe** that contributed to the magnetometry results.
Previo studies with concentrations of Fe less than 1 percent confirmed that the concentration of Fe-

Vo defect ¢ increases with decreasing Fe concentrations (18)

)

The Fe*" species are expected to be randomly substituted for Ti in the STO lattice. Observation of a peak

in the Ranf@n spectra near 690cm™! has been previously attributed to Jahn-Teller distortion of the oxygen

[

1

octahedra argund isovalent Fe%;.(6) In the Raman spectra reported here, this 690cm™' peak sharpens and

gllency with increasing Fe concentration. This shift may indicate an average shortening of

the Fe—0 bonds, consistent with axial

elongation\@f the oxygen octahedra around Fe*". This observation suggests isovalent Fe%; are randomly

q

distributedgin the bmlk lattice since the Raman spectra were collected from grain interior regions.

¢

Additi ce for mixed-valence Fe is drawn from the pes/Fe values shown in Figure 6. Above 10K,

U

the perr/F or all samples are approximately constant with temperature, and the 0.2Fe samples are
closest t ing the expected high-spin Fe** moment (5.9ug). As Fe doping increases, uefs /Fe values

slightly de These decreases in Lesr/Fe are proposed to be caused by some fraction of the Fe dopants

A

existing as high-spin Fe*", which have an expected moment of 4.9us. This assignment correlates with

previous computational results by Evarestov et. al. that showedthe
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high-spin state for isolated Fef; defects in STO is preferred over the low-spin state.(16) The hypothesis is
supported by

the Mbssbrer resits which revealed the presence of Fe*" in all 1.2Fe samples. The Fe**/3* ratios shown
in Figure 7 praoxide additional information on the effects of sintering atmosphere. As expected, sintering in
pure O, p @ gher concentrations of Fe*' compared to sintering in air. It should be noted that these
resultsio Wut the coexistence of Fe?*, as this cation also has 4 unpaired electrons in the high spin

state, i.e., 8= 2.0. Therefore, the relative concentrations of Fe*' shown in Figure 7 may have contributions

[

from FeZ".

C

Some fi mments are made concerning microstructure development in Fe-doped STO. For high
concentra

S

Fe, multiple exclange interactions between Fe cations can be present and produce different magnetic

behaviors. Zhou pfpposed that the main interactions are: (1) antiferromagnetic Fe’* — 0 — Fe*, (2)

Ui

ferromagn A 0 — Fe**, and

n

(3) ferrom 4 — 0 — Fe*.(15) It seems likely that the interactions would vary in the grain boundary

regions.

d

In the presenc ositively charged GB cores, Fe'; acceptors accumulate in the space charge region and
could earest neighbors.(33, 53) In a recent study, very high Fe concentrations of more than 5

mol% were o at the

M

GBs b r dopant concentrations as low as 0.2 mol%. (12) In this study, no evidence for valency

changes at the grain boundary were observed by STEM-EELS. However, the sensitivity is comparably low.

I

The grain layer with high Fe concentration was observed to be very thin (~5nm). No second
phase for @ amorphous layer

was obser e GBs. More details on the GB structure are not known, but would be of great
interest f

under in boundary motion. It is believed that grain boundary motion in STO is influenced by

L

solute 710, 12, 54) i.e., by the electrostatic interaction of the grain boundary core charge and

point defects.

U

In the pr dy, some Fe’; acceptors are likely segregated near GBs and exist in configurations of

18

0 — Fe**, whic ds to interaction (1). In this case, the Fe’" have singly-occupied 3d orbitals hybridized

with oxygen 2p orbitals and interact antiferromagnetically.(36) Negative exchange interactions between

Fe'; acceptors could cause
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the decreasing uesr /Fe values at low-temperature (Figure 6); the decrease is more pronounced with

increasing Fe con- centration, supporting the hypothesis that Fe; are interacting at the grain boundaries.

While t cription is consistent with a model of acceptor segregation in space charge regions for

positively ¢ rain boundary cores in

STO, more ed to establish that interacting Fe*" are concentrated in grain boundary regions. It is
I I

recom- megded to conduct further experiments in which the samples sintered at different temperatures
and atmospheres are equilibrated at a lower temperature, i.e. 500-700°C, then quenched to room
temperatuffe. Such8results could provide a better defined defect equilibrium state and opportunities to

compare with o results prepared in a similarly controlled fashion.

5 Conclusions

This workconstrated the value in applying EPR, Mbossbauer spectroscopy, and magnetometry

synergistic racterize defects states in Fe-doped STO. EPR and Mdbssbauer provide spectroscopically
resolved u magnetic defect states, while magnetometry M(H) and M(T) data provide an integral
signal. In e ds, the signal detected in the magnetometer is a combined magnetic moment of all
magne ts. Therefore, by combining EPR and Mossbauer results with magnetometry results, a
more n%cter'zat'on of the magnetic defect environments can be obtained, when compared to
results each individual technique. This approach is helpful to interpret the slight changes in

concentratjons of individual magnetic defects (Fe) at such low total doping concentrations. It should be

noted tha ions to the signal, in any of the three magnetic characterization techniques employed

here, fromfa pncentration of paramagnetic species in secondary phases (undetected by XRD) can not

be resolved G the solid solubility of Fe in the Sr(Ti,Fe)O; system, the contributions from secondary

phases araglexpected to be minimal.

The% show that dilute Fe dopants in bulk polycrystalline STO exist in mixed-valence states,

where Som

e
fraction of Fe* m§be configured as next-nearest neighbors or in a defect complex with an oxygen vacancy.

In this dilute li might be assumed that the Fe-dopants can be treated as randomly distributed and non-

ever, magnetometry results indicate there exists an interaction between Fe-dopants.
Magnetometry also used to quantify the ratio of Fe* to Fe’" and to reveal that the amount of Fe*
increases when sintering in O, compared with air. This result was unexpected based on the small absolute
difference in Po, between the two sintering atmospheres; however, it highlights the sensitivity of

magnetometry and suggests the technique should be included when characterizing low concentrations of
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paramagnetic defects with EPR or Mossbauer spectroscopy. Acceptor segregation has been previously
confirmed by EELS across grain boundaries in STO with excess 0.8 % Ti and 0.2 % Fe at the B-site and with

additioFHsed into the microstructure. (55, 56) Therefore, in the present work some amount of

acceptor d re likely segregated at the grain boundaries and may potentially interact with other

localized p n their vicinity. Estimating valences of Fe-dopants within the 0.2 - 1.2 mol% doping
range i ffeart fBwever, magnetometry has been demonstrated as a highly sensitive tool to unify results
from EPR @ssbauer spectroscopy. To the authors best knowledge, this is the first report combining

these thre@rtechnigues to study the valence states of dilute Fein bulk polycrystalline STO. Future work could

examine sa ith ’Fe enriched precursor to significantly improve signal of Mossbauer spectra.
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Figure 1. Room temperature powder X-ray diffraction patterns of the four sample sets: (a) air sintered at
1500°C,

(b) air sintered at 1300°C, (c) O, sintered at 1500°C, and (d) O, sintered at 1300°C. All samples were refined

to the cubic perovskite_structure Pm3m and no detectable secondary phases were observed.
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Figure 2. SEM micrographs of 1.2mol% Fe-doped STO samples sintered in air. This representative
example shows how sintering at 1500°C produced slightly larger grains than sintering at 1300°C .

Microther samples are available in the supplementary information.
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Figure spectra of pellets sintered in air at 1300°C as a representative example. Spectra were

 —

collected from grajfi interior regions of polished surfaces. The spectra are dominated by broad second-order

modes (stars), ver, the appearance of first order modes (labelled) is connected to slight disruption of

1

etry by incorporation of Fe. The single vertical line at 690cm™" indicates the location of a

peak previously cOffnected to substitutional Fe**.(6)
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Figure 4. Mbssbauer spectra of all four 1.2mol% Fe-doped STO samples. The blue line is the least
squares fit of the total spectra, while the green and red subspectrums were assigned to Fe>* and Fe*,

respectwird subspectrum (yellow) in the 1500°C air-sintered sample may indicate a small

concentrati e?*, or Fe’* in a dramatically different local environment, but this assignment is
inconclusi
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4
Figure temperature X-band electron paramagnetic resonance spectra of all four 1.2mol% Fe-
doped les. Nearly all the Fe’" resonate at the isotropic g = 2 field (340mT), however, a low-

intensity resonance around g = 5.9 was also observed. This region is magnified by 6 X and inset above each
total spectra. This has been previously shown to be a signature of Fel; — V& * defect associates.(18, 19,

30)
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Figure 6gucrrpfEe values estimated from Brillouin fits of M (H) curves measured at 1.8K, 5K, 10K, 20K and
30K. Decre@ses atddw-temperature may indicate the presence of negative exchange interactions. Horizontal

dashedan nes mark the expected spin-only moments for high-spin Fe’* and Fe*', respectively.
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Figure 7. Estimated ratio of Fe* to Fe*" in each of the 1.2mol% Fe-doped STO samples. Values were

determined by fitting 30K M (H) curves with two Brillouin functions for the number of magnetic species,

Nsp F

{

+ with S values of the high-spin state fixed at 5/2 and 2, respectively. It should be

noted that has S = 2 and, if present, would contribute to the Fe*" content by this method.

Tables

rip

Cubic Lattice Parameters of all Samples

C

[rz0z/50/€0] U0 ARigiT8UIUO Ae|!|v\ *RBILBD Yo£esay HOLWD oI N winjuezspunyasio AgfTTT6T 20elTTTT 0T/10p/L00"AB|imAleiq jul|UO'SOIURB0//:Sd1Y WO papeojumoq ‘8 ‘€202 ‘9T6ZTSST

aore(A) a0.2re(A) a0.sre(A) a1.2re(A)
13 W Air 3.90799(1) 3.90822(1) 3.90860(1) 3.90874(1)
1500°C Air 3.90812(1) 3.90818(1) 3.90863(1) 3.90872(1)
1300°C O, i 3.90787(1) 3.90820(1) 3.90860(1) 3.90867(1)
15ﬁ 3.90799(1) 3.90631(2) 3.90698(1) 3.90684(1)
Table 1: C parameter (a) of Fe-doped STO samples sintered in air or O, at 1500°C or 1300°C. The
values w ined by Rietveld refinement of powder X-ray diffraction data shown in Figure 1. The
uncertaintiés ast digits are displayed in parenthesis.
g
Missbauer Spectroscopy Results ]
Sample Fe Site Isomer Shift Quadrupole Linewidth Relative Arec%
L (mm/s) Splitting (mm/s) (mm/s) (%) %
1500@ Fe** (red) -0.18(2) 0 0.44(4) 32(6) §
g
g
Fe’" (green) 0.36(3) 0.58(6) 0.55(3) 68(6) §
g
3
15008C Air Fe*" (red) -0.18(f) 0 0.44(f) 24(7) §
Fe’* (green) 0.36(f) 0.58(f) 0.55(f) 63(7) &
Site 3 (yellow) 1.35(10) 0 0.5(f) 13(7) ¢
13003 Fe** (red) -0.13(1) 0 0.27(5) 15(3) §
Fe3" (green) 0.33(4) 0.7(2) 1.6(2) 85(7) &
&
130 Fe** (red) -0.12(1) 0 0.27(4) 153) £
2
Fe3* (green) 0.34(3) 0.7(2) 1.5(2) 85(6) 3
g
Table 2: Fitted parameters from all four 1.2Fe Mossbauer spectra. Uncertainty in the last significant figure is g
in paren- theses, where some values were fixed (f) in the sample having 3 Fe sites. Isomer shift is given f’g
3
§
g
:
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relative to the center of the pure Fe calibration spectrum and minimum linewidth obtainable from the

spectrometer is 0.23 mm/s.
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