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We report a connection between the local structure of low-level Fe impurities and vacancies as the

cause of ferromagnetic behavior observed in strontium titanate single crystals (STO), which were

implanted with Fe and Si ions at different doses then annealed in oxygen. The effects of Fe doping

and post-implantation annealing of STO were studied by X-ray Absorption Near Edge Structure

(XANES) spectroscopy and Superconducting Quantum Interference Device magnetometry.

XANES spectra for Fe and Ti K- and L-edge reveal the changes in the local environment of Fe and

Ti following the implantation and annealing steps. The annealing in oxygen atmosphere partially

healed implantation damages and changed the oxidation state of the implanted iron from metallic

Fe0 to Fe2þ/Fe3þ oxide. The STO single crystals were weak ferromagnets prior to implantation.

The maximum saturation moment was obtained after our highest implantation dose of 2� 1016 Fe

atom/cm2, which could be correlated with the metallic Fe0 phases in addition to the presence of

O/Ti vacancies. After recrystallization annealing, the ferromagnetic response disappears. Iron

oxide phases with Fe2þ and Fe3þ corresponding to this regime were identified and confirmed by

calculations using Real Space Multiple Scattering program (FEFF9). VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4886875]

INTRODUCTION

Strontium titanate SrTiO3 (STO) is an important techno-

logical material due to its high chemical and thermal stabil-

ity, high dielectric constant and resistance to oxidation. Its

numerous applications include standard substrates for epitax-

ial growth, electro-optical devices, gas sensors, photocata-

lysts, oxide cathodes, insulating layers in random access

memory, ferroelectric thin film structures, high-TC supercon-

ductors, and potential gate dielectric material.1–5 Recently,

relatively defect-free STO epitaxial oxides have been suc-

cessfully grown on Si;6,7 however, the ideal epitaxial

SrTiO3/Si structures are meta stable at best, and interfacial

layer compositions often differ from theoretical prediction.8

STO doped with transition metals is among several oxide

materials that attract considerable attention as a suitable ma-

terial for spintronic applications.9–11 Despite some progress

in this area, the origin of the observed ferromagnetism is still

under debate. Though previous studies showed that ferro-

magnetism in these materials was largely due to iron contam-

ination introduced during fabrication, defect-related

ferromagnetism was also reported.12,13 Magnetic properties

of these systems can be explained by charge transfer between

defect states and doping ions.14 Defects form a narrow band

with high density of states in the vicinity of the Fermi level,

while transition metal ions with variable valence act as a

charge reservoir to or from which electrons can be trans-

ferred to the defect bands. The challenge, here, is the uncon-

trollable nature of defects that are usually not in

thermodynamic equilibrium, and their concentration and

distribution can change irreversibly upon heating.

Theoretical calculations conducted on STO super-cell struc-

tures show that oxygen vacancies have a tendency to form

clusters.15–17

In this work, we explore the origin of magnetism

produced by implantation of Fe (magnetic) and Si

(non-magnetic) ions into a STO substrate followed by

annealing. STO single crystals were doped with Fe by ion

beam implantation to introduce Fe doping in a controlled

way. Several implantation doses were chosen to be consist-

ent with the typical levels of Fe contaminations for commer-

cial, un-polished single crystal STO samples, as measured

by particle-induced X-ray emission spectroscopy.12

Implantation and defect profiles were predicted using the

Stopping and Range of Ions in Matter (SRIM),18 a Monte

Carlo simulation code. Local chemical phases of the

resultant Fe impurities were identified by X-ray Absorption

Near Edge Structure (XANES). Superconducting Quantum

Interference Device (SQUID) analysis of STO samples of

interest was conducted to find the correlation between

observed magnetic behavior, Fe phases, defect concentration

and order.

EXPERIMENTAL DETAILS

SrTiO3 (001) single crystal substrates (5� 5� 0.5 mm3

with both face polished) were purchased from MTI Crystals,

Inc. (USA). Implantation with Fe and Si ions was performed

at the Tandetron facility, the University of Western Ontario,

Canada at room temperature with 30 keV Feþ ions, at an

angle of incidence of 7� off normal to avoid channeling,

p¼ 5� 10�8 Torr. The STO substrates were implanted with

a)Author to whom correspondence should be addressed. Electronic mail:

olobache@uwo.ca
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iron at doses of 2� 1014, 8� 1014, and 2� 1016 Fe ion/cm2

and henceforth denoted as STO-214, STO-814, and STO-

216, respectively. These samples were annealed for 2 h at

350 �C in O2 atmosphere to prevent additional oxygen va-

cancy (VO) formation. These samples were denoted as STO-

214–350, STO-814–350, and STO-216–350, respectively.

According to SRIM, 30 keV Fe is distributed in the near-

surface region of �50 nm thick, with the maximum of the

implanted irons distributed at a depth of �20 nm. Defects,

mainly oxygen vacancies, produced during implantation are

concentrated at the same depth, with the maximum closer to

the surface. Annealing induces recrystallization and redis-

tribution of defects formed due to irradiation damage. The

Si-implanted STO sample, STO-Si, was fabricated with

90 keV Siþ ions, 7� off normal, at a dose of 2� 1016 Si

ion/cm2. The dose was chosen so that the spatial distribution

of oxygen vacancies was about the same as in the sample

STO-216.

XANES was used to identify chemical phases of Fe in

STO. XANES is an element and oxidation state specific

method, tracking the local structure and bonding of the

absorbing atom.19 Experiments were performed at

the Canadian Light Source (CLS) (Saskatoon, Canada) and

the Advanced Photon Source (APS) at Argonne National

Laboratory (Argonne, IL, USA). At CLS, XANES measure-

ments of the Ti and Fe L-edges were performed at the high

resolution Spherical Grating Monochromator (SGM) beam-

line, which uses a 45 magnet planar undulator and three gra-

tings covering an X-ray photon energy range from 250 to

2000 eV. It provides resolution greater than 5000 E/DE at

energy below 1500 eV and better than 10 000 E/DE at the N

K-edge. The photon energy was calibrated at C K-edge at

284.2 eV. At APS, Ti K-edge and Fe K-edge XANES meas-

urements were made at the PNC/XSD beamline (20-BM),

which uses Si double-crystal monochromator to cover a pho-

ton energy range of �5–25 keV and offers resolution greater

than 7000 E/DE. The double-crystal monochromator photon

energy was calibrated at the Fe K-edge threshold of an iron

foil at 7110.6 eV. The absorption spectra were collected in

the total fluorescence yield (TFY) and total electron yield

(TEY) at the CLS. For the L-edge measurements, TEY is

more surface sensitive than TFY due to the short escape

depth of electrons in matter. At APS, XANES spectra were

collected in TFY mode using s Si drift fluorescence detector.

Measurements of the field-dependent magnetization

were done at 5 K and 300 K using a Quantum Design SQUID

magnetometer on the same samples at the Institute of

Materials Research (IMR) of the Dalhousie University.

Temperature dependence magnetization measurements were

done at 500 Oe and at zero fields, for the selected samples

with obvious hysteresis loops at room temperature.

RESULTS AND DISCUSSION

Figure 1(a) shows the Fe K-edge XANES of the

implanted STO-216 and annealed STO-216–350. For com-

parison, the spectra of iron foil and iron oxide Fe2O3 are also

given. The STO features (see Figure 1(a)) are not as sharp as

those of the iron foil and iron oxide. The broadening and

disappearance of the oscillations above the absorption edge

suggest that implanted iron does not have long-range order.

There is a distinct difference between the Fe K-edge spectra

of STO-216 and STO-216–350. The shoulder at �7112 eV

in the pre-edge region indicates that in the as-implanted

STO-216 sample, iron is in the Fe0 oxidation state and is me-

tallic. The Fe K-edge spectrum of the STO-216–350 has a

sharp pre-edge peak at �7113 eV, demonstrating that iron

becomes Fe3þ after annealing in oxygen atmosphere. In 3d
metals, the pre-edge feature in the K-edge range is attributed

to the s-d quadrupole transition due to d-p mixing. The pre-

edge peak can provide information about oxidation state and

the local coordination geometry of the metal atom (e.g., tet-

rahedral versus octahedral).20,21 A comparison with Fe2O3

standard spectrum (Fig. 1(a), inset) shows that the pre-edge

feature of STO-216–350 is more intense and moves to a

lower energy, indicating that the Fe sites of STO-216–350

increasingly deviate from the centrosymmetric Oh

geometry.20,22

The iron oxidation state before and after annealing can

also be confirmed by the Fe L-edge XANES (Figure 2(a)).

The position and shape of the resonances are sensitive to the

local electronic structure, symmetry, and the oxidation state.

The L2,3 edges of 3d metals are dominated by very intense

“white line” features due to p-d dipole transitions into the

unoccupied d states. This transition is governed by a com-

bined effect of the dominant crystal field splitting, band for-

mation, spin orbit coupling, and final state exchange

interaction.23,24 Crystal field splitting of the d states can be

FIG. 1. (a) Fe K-edge and (b) Ti K-edge XANES spectra of STO samples:

un-implanted STO crystal (solid black line), implanted with Fe STO-216

(solid circles), and implanted and annealed STO-216-350 (triangles).

Experimental iron foil, iron oxide Fe2O3, and calculated Sr8Ti3Fe5O23 clus-

ter (open triangles) spectra are also shown for comparison. Fe K-edge spec-

tra are arbitrarily shifted along the vertical axis for clarity.

013901-2 Lobacheva et al. J. Appl. Phys. 116, 013901 (2014)
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observed as a splitting of the “white line” feature related to

the t2g and eg final states in the octahedral field as is the case

in STO. At the Fe L-edge, XANES were collected in the

TFY and TEY. There are two single L2 and L3 peaks in the

XANES for STO-216. Note that both TFY and TEY absorp-

tion peaks are identical but weak because the iron concentra-

tion in our samples is low and therefore there is no saturation

effect in TFY. No iron peaks were detected in STO samples

prior to implantation. For STO-814 sample, the L2 and L3

peaks were very weak and they were below the detection

level for the low implantation dose (STO-214).

The lack of splitting of the “white line” feature of Fe

L3,2 absorption peaks of the STO-216 sample suggests that

iron is in the metallic state Fe0 in the as-implanted strontium

titanate.25 After annealing in oxygen atmosphere at 350 �C,

the Fe L3,2 absorption peaks of the STO-216–350 sample

change into doublets, characteristic of Fe2þ/Fe3þ states. The

intensity ratios of the doublets are different in TFY and TEY

spectra. The intensity distributions of these doublets show

that the first near edge peak of TEY is higher than that of

TFY spectra. This feature is characteristic of Fe2þ and indi-

cates that the iron oxidation state in the annealed sample of

STO-216–350 corresponds to dominantly Fe2þ on TEY

spectrum and Fe3þ on TFY spectrum.26 Since TEY is more

surface sensitive compared to the TFY, this corresponds to

higher oxygen deficiency near the surface area of STO crys-

tal compared to its bulk.

Ti K-edge XANES of the Fe-doped STO samples ex-

hibit a pattern typical for the STO cubic perovskite structure

(Figure 1(b)). The influence of the iron implantation and

the post-implantation annealing is mostly noticeable in the

pre-edge area (Figure 1(b), inset). Iron implantation and sub-

sequent annealing lead to an increase in the intensity of the

A1,2 features compared to the un-implanted STO. This

observed growth of the A pre-edge peaks intensity resulting

from Fe doping is consistent with the findings of Ghaffari

et al.27 and Vracar et al.28 who investigated SrTi1�xFexO3�d

powders (0� x� 1).

Ti L2,3-edge XANES of STO samples are shown in

Figure 2(b). The Ti L3,2-edge spectra are dominated by

dipole transitions between Ti 2p and Ti 3d levels. As was

mention above L-edge spectra are sensitive to the local sym-

metry. Ti L2,3-edge spectra clearly reflect the influence of

ion implantation. There is a noticeable broadening and shift

of the eg peaks in the spectrum of the as-implanted STO-216

sample suggesting local distortion. During ion irradiation, a

large amount of defects, mainly oxygen vacancies, was pro-

duced in the STO crystal.18 To compensate for this, Ti ions

move away from the oxygen vacancies and increase the

effective Ti-O distance and therefore shift eg peaks to lower

energies, this is accompanied by a distortion of the Oh sym-

metry locally as is the case in the Ti L3,2 edge of TiO2 rutile

and anatase.29 In the spectrum of the annealed STO-216–350

sample, the peak narrows and the position of eg peaks moves

back toward that of the un-implanted STO crystal. This indi-

cates that oxygen anneal removes most of the oxygen vacan-

cies but not completely.

Overall, the XANES results strongly suggest that iron in

STO crystal after implantation is in a metallic state, most

likely forming small clusters. Annealing in oxygen causes

iron to oxidize and incorporate partially into the crystal

structure of strontium titanate substituting Ti ions, and it

probably forms small clusters of either c-Fe2O3 or

SrTi1�xFexO3�d. Because of the difference in oxidation state

of Ti4þ and Fe3þ/2þ ions, presence of oxygen vacancies is

required to maintain the electron neutrality of the STO crys-

tal. We have performed the Real Space Multiple Scattering

calculation using FEFF9 (Refs. 30 and 31) on a 2� 2� 2

supercell (40 atoms) of STO structure. The Sr8Fe8O23 super-

cell (8 STO lattice units with one oxygen vacancy) produces

a good fit for the experiment spectrum of STO-216–350. The

best approximation to our experimental data is Sr8Ti3Fe5O23

cluster with one oxygen vacancy and several Ti ions replaced

by Fe. The FEFF9 result is shown in Figure 1(a). Previously,

Lenser et al.32 demonstrated that the degree of association of

Fe and oxygen vacancies (Fe3þ–VO) has a tendency to

decrease with increasing doping level. Since doping level is

small in our samples compared to the solid state solutions

studied by others, we expect a strong connection between Fe

and oxygen vacancy sites. The difference in the Fe oxidation

state (Fe2þ and Fe3þ) distributions from Fe L-edge XANES

collected in TEY and TFY modes indicates that oxygen

vacancies are most likely located near the surface layers and

on the iron oxide clusters boundaries.

Recently, Fe-implanted SrTiO3 structures were investi-

gated using depth-selective conversion electron M€ossbauer

spectroscopy and surface magneto-optical Kerr effect

(SMOKE) by Dulov et al.10 They identified that the origin of

magnetism is a-Fe metallic nanoparticles with estimated av-

erage particle size of 5 nm for all implantation doses

FIG. 2. (a) Fe L-edge and (b) Ti L-edge XANES spectra of STO samples:

un-implanted STO crystal (solid black line), implanted with Fe STO-216

(solid circles), and implanted and annealed STO-216-350 (triangles).

Spectra are shown in TFY (solid symbols) and TEY (open symbols). Fe L-

edge spectra are arbitrarily shifted along the vertical axis for clarity.
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(7.5� 1016� 1.5� 1017 Fe ion/cm2). Additionally, they

postulated substitution of the host Ti4þ ions with Fe2þ and

Fe3þ in the sample with an implantation dose of 7.5� 1016

Fe ion/cm2), which is consistent with our results except that

we observe Fe2þ and Fe3þ phases only after high tempera-

ture anneal.

Magnetic moment (M) vs. field (H) curves of all STO

samples show both linear diamagnetic and nonlinear ferro-

magnetic behavior due to the intrinsic diamagnetic nature of

strontium titanate since only a near-surface layer of STO

crystal substrate is affected by implantation. The linear dia-

magnetic contribution was subtracted from M(H) curves by

making linear fits in the higher field regions (�5000

�H��2000 and 2000�H� 5000 G) to quantify saturation

moments for implanted and un-implanted samples (Figures 3

and 4).

Notably, un-implanted two-side polished STO crystal

has a weak magnetic moment. Previous studies showed that

surface contaminations are often responsible for the magne-

tism of strontium titanate crystals, in the presence of ferro-

magnetic impurities. The studies showed that when magnetic

impurities were deleted by the surface polishing, the initial

magnetic moment of several oxide substrates decreased sig-

nificantly.8,12 In an alternative studies,33 the effects of oxy-

gen vacancies on the ferromagnetism in rutile TiO2 have

also been demonstrated based on first-principles local density

approximation (LDAþU) calculations. Their results show

that the magnetic moment depends on the oxygen vacancies

concentration x, and predicted the ferromagnetism in rutile

TiO2�x with x> 0.0417. Oxygen vacancies not only modu-

late the valence of neighboring transition metal elements but

also cause a change of the band structure of the host oxides.

Therefore, one can achieve ferromagnetism by increasing va-

cancy concentrations above certain threshold, while still

keeping ordering within the crystalline lattice of the host ma-

terial. And experimentally, oxygen anneal typically

decreased magnetic moment in contrast to vacuum anneal.12

In our as-purchased two-side polished STO samples, the

level of magnetic impurities was below the detection level of

particle-induced X-ray emission, X-ray photoelectron spec-

troscopy, and XANES. So we argue that the initial magnetic

moments of STO crystal used in this study must be due to

the ordered defects such as oxygen vacancies. We can

decrease the number of oxygen vacancies by heating in oxy-

gen, or we can destroy ordering in host oxide lattice by ion

bombardment. STO crystals annealed in oxygen atmosphere

at 350 �C have magnetic moment lower roughly by a factor

of three, compared to untreated STO crystal (Figure 3).

To further explore the role of oxygen vacancies in the

magnetic properties, STO substrate was implanted with non-

magnetic silicon ions. Though the implanted layer in STO-Si

sample was thicker than that in the Fe ion implanted sam-

ples, the dose of 2� 1016 Si ion/cm2 produced comparable

level of damage (�1.6� 1019 Vo/cm2) but with non-

magnetic ions. These vacancies are abundant, however, they

are not well ordered, and do not contribute to the magnetic

moment. The M(H) curve for STO-Si sample after subtrac-

tion of the diamagnetic contribution is also presented in

Figure 3. The Si implantation leads to reduction of the mag-

netic moment by approximately factor of two compared to

the sample before implantation. We can speculate that if the

second side of the sample was implanted with Si, we would

bring the magnetic moment to zero. Additionally, Si-

implanted sample exhibited no ferromagnetic hysteresis

(Figure 3, inset), and the saturation of M(H) of STO-Si sam-

ple is reached at high values of magnetic field of 15 kOe,

suggesting soft-ferromagnetic behavior.

Implantation of the high dose of iron of 2� 1016 ion/cm2

yields a magnetic moment with a ferromagnetic hysteresis

loop (Figure 4, inset). Remarkably, STO-814 sample with

medium implantation dose of Fe has a lower magnetic

moment compared to un-implanted STO crystal (Figure 4).

Ion implantation introduces disordering to the crystal struc-

ture. The disordering diminishes the initial magnetic moment

of the un-implanted strontium titanate crystals, and the dose

of Fe doping in STO-814 sample has been too low to produce

nucleation of any Fe phases, which could increase magnetic

moment.

Post-implantation annealing in oxygen of sample STO-

216–350 leads to decrease in magnetic moment to zero (not

shown here). Post-implantation annealing in oxygen

FIG. 3. Magnetic moment vs. applied field curves measured at 5 K for STO

samples: un-implanted STO crystal (solid line), un-implanted and annealed

in oxygen at 450 �C sample STO-350 (triangles), and Si implanted sample

STO-Si (squares). Insets: enlarged image demonstrates the absence of the

ferromagnetic hysteresis for STO-Si.

FIG. 4. Magnetic moment vs. applied field curves measured at 5 K for STO

samples: un-implanted STO crystal (solid line), as-implanted STO-814 (tri-

angles), and as-implanted STO-216 (solid circles). Insets: enlarged image

demonstrates ferromagnetic hysteresis for STO-216.
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contributes to two different effects. First, it partially heals

oxygen vacancies produced during ion implantation. Second,

it reduces ferromagnetic domains due to Fe0. We infer from

our XANES results that after anneal in oxygen iron incorpo-

rates partially into the crystal structure of STO substituting

Ti ions. The process destroys the ferromagnetic order, and

the implanted and, then, annealed STO-216–350 sample

becomes purely diamagnetic.

Figure 5 shows magnetization curves of zero field

cooled (ZFC) and field cooled samples under an applied field

of 500 Oe (FC). Temperature dependent magnetic moment

M(T) of all tested samples shows monotonous decrease with

temperature. No noticeable transitions were found on M(T)

curves in the 5–400 K range. The presented M(T) curves

show that magnetic behavior of STO samples is mostly dia-

magnetic or paramagnetic.

CONCLUSIONS

In conclusion, it has been demonstrated that iron impur-

ities in oxidation state Fe0 can be an unambiguous ferromag-

netic contribution to the magnetization for single crystal

SrTiO3 samples. Upon annealing, iron is oxidized to Fe3þ

and Fe2þ in the near-surface layer, and oxygen-annealed

samples become purely diamagnetic. Annealing in oxygen,

thus, removes oxygen vacancies and destroys the original

magnetic ordering, as well as it reduces domain size due to

Fe0. It is also possible to achieve soft ferromagnetic response

by introducing a higher number of O/Ti vacancies, as we

demonstrated that it can be done by Si ion implantation.
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