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ABSTRACT
In defect engineering, both cation doping and oxygen vacancies play key roles in deciding the properties of oxide, and the utilization of
their cooperation has attracted much interest in recent years. Here, we report an emergent magnetic phase transition near 18 K in Fe-doped
SrTiO3−δ by utilizing the magnetic interactions between the doped Fe cations and oxygen vacancies. The effects of Fe dopants and oxygen
vacancies on the structural and magnetic properties were characterized by a high-resolution X-ray diffraction, Raman spectroscopy, and
superconducting quantum interference device. In particular, as the temperature rises across the magnetic phase transition, the coercivity of
Fe-SrTiO3−δ decreases from ∼7700 Oe at 2 K to ∼104 Oe at 19 K. Our results of creating emergent magnetic phases with the coeffects of
both cation dopants and oxygen vacancies could pave a way to inducing novel quantum states in epitaxial films on Fe-SrTiO3−δ single crystal
substrates with the magnetic proximity effect.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5116671., s

Defect engineering via creating, probing, controlling, and
manipulating various kinds of defects in solid materials has pro-
vided a great platform to engineer novel functionalities and emer-
gent quantum states,1–5 for example, the key roles of precise control
of dopants in modern semiconductors,6–8 cuprate high-temperature
superconductors,9–12 colossal magnetoresistance manganites,13 and
magnetic topological insulators.14–16 In particular, for the defect
engineering in transition metal oxides, there are two main routes:
cation doping and oxygen vacancy, the studies of which have
attracted a large amount of and continuous interest recently.5,17–19

Generally, cation dopants and oxygen vacancies play key roles in
deciding the properties of oxide materials. However, the coeffects
of the cation dopants and oxygen vacancies on magnetic properties
in oxides remain elusive.

We take perovskite SrTiO3 as an archetype to investigate the
magnetic interactions of the cation dopants and oxygen vacancies in
determining the emergent magnetic properties. The SrTiO3 single

crystals with a cubic symmetry (lattice parameters a = 3.905 Å) are
widely used as substrates for the epitaxy of perovskite oxide films.
In bulk, SrTiO3 is paraelectric and diamagnetic at room temper-
ature.20 With a moderate cation doping (1%–40%), SrTiO3 shows
an emergent ferromagnetism (for Mn, Fe, and Co dopants),21–25

an enhanced dielectric constant (for Mn dopant),26 and a tunable
anisotropic magnetoresistance (for Ni and Nb dopants),27 which
could be of great potential for oxide spintronics. With electron
doping by oxygen vacancies, SrTiO3 has been reported to show
an insulator-to-metal transition, superconductivity, and even room
temperature magnetism.28–32 However, the magnetic properties of
SrTiO3 with coexisting magnetic cation dopants and oxygen vacan-
cies are still unclear.

In this Letter, we focus on the magnetic properties of SrTiO3
with coexisting magnetic cation dopants and oxygen vacancies.
The magnetic contribution of both Fe dopants and oxygen vacan-
cies in SrTiO3 is investigated. The Fe-SrTiO3−δ samples [see
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FIG. 1. Schematic representation of crystal structure of (a) pristine SrTiO3 and (b) Fe-SrTiO3−δ with coexisting Fe dopants and oxygen vacancies (dashed circle). (c) The
2theta-omega scans around the (002) diffractions of Fe-SrTiO3−δ , pristine Fe-SrTiO3, SrTiO3−δ , and pristine SrTiO3 single crystal samples.

Figs. 1(a) and 1(b)] were prepared by annealing Fe-SrTiO3 sin-
gle crystal in an ultrahigh vacuum (UHV). In contrast to the
conventional paramagnetism in a cation doped Fe-SrTiO3 and
oxygen vacancies doped SrTiO3−δ , an unexpected magnetic phase
transition emerges near 18 K in the Fe-doped SrTiO3−δ , demon-
strating the contribution of the coexisting cation dopants and
oxygen vacancies. Moreover, it is revealed that the coercive field
and the line shapes of hysteresis loops strongly depend on temper-
ature, indicating the complexity of this magnetic phase transition.
Our work highlights the critical role of the coexisting Fe cation
dopants and oxygen vacancies in engineering emergent magnetic
phases.

The single crystalline (001)-oriented SrTiO3 and 0.05% Fe-
SrTiO3 single crystals with the size of 5 × 5 × 0.5 mm3 were pur-
chased from Hefei Kejing MTI corporation (China) and Shang-
hai Daheng Optics corporation (China), respectively. The samples

were annealed in a UHV system equipped with a laser heater. The
base pressure before laser annealing was kept below ∼8.0 × 10−8

Torr. The temperature was kept at 1100 ○C for 1 h during the
laser-annealing, and the samples were quenched in UHV at room
temperature afterward. The 2theta-omega scans around the (002)
diffractions of all samples were performed on a PANalytical X’Pert
Pro high-resolution X-ray diffractometer (HRXRD). Raman spec-
tra ranging from 60 to 1000 cm−1 were collected with the Renishaw
inVia Reflex confocal Raman spectroscopy. The field and tempera-
ture dependent magnetism were characterized by a superconducting
quantum interference device (SQUID, Quantum Design). During
the SQUID measurements, the external magnetic fields were always
applied along [100] direction for all the samples to rule out the
effect of inhomogeneities or any other structural factors. All mea-
surements were repeated at least three times to make sure the results
are repeatable.

FIG. 2. (a) Raman spectra of Fe-SrTiO3−δ , pristine Fe-
SrTiO3, SrTiO3−δ , and pristine SrTiO3 single crystal sam-
ples at the room temperature. (b) Magnified spectra near
80 cm−1 in (a) for clarity.
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FIG. 3. M-T curves of Fe-SrTiO3−δ , pristine Fe-SrTiO3, and SrTiO3−δ . During
the zero-field-cooled (ZFC, solid lines) and field-cooled (FC, hollow symbols)
measurements, the magnetic field was set at 2000 Oe along [100] orientation.

First, to investigate the effects of Fe dopants and oxygen vacan-
cies on the crystal structures of pristine and laser-annealed samples,
the XRD and Raman spectra were recorded. As shown in Fig. 1(c),
both the (002) diffraction peaks of SrTiO3 and Fe-SrTiO3 after laser
annealing shift toward small angles, indicating an expanding lattice
parameter due to the induced oxygen vacancies.33 The estimated
lattice parameters for SrTiO3−δ and Fe-SrTiO3−δ are 3.908 Å and
3.907 Å, respectively, which are slightly larger than the lattice param-
eter ∼3.905 Å of pristine SrTiO3 and Fe-SrTiO3 samples. Figure 2
shows that the peaks can be assigned as the Raman active modes of

SrTiO3.34,35 Due to the centrosymmetry of SrTiO3, the first-order
Raman modes are forbidden, whereas the second-order Raman
peaks are detectable. In Fe-SrTiO3 single crystal, generally, the Fe4+

cations can replace the octahedron resided Ti4+ cations accompanied
with oxygen vacancies to keep charge neutrality. The Fe4+ cations are
Jahn-Teller distortive, which should break inversion symmetry and
induce Raman active modes.36–38 On the other hand, the presence
of oxygen vacancies can destroy the integrity of octahedrons, result-
ing in first-order Raman peaks. However, solely doping Fe dopants
or oxygen vacancies here are not strong enough to induce the first-
order Raman peaks, which can be proved by the disappearance of the
first-order modes in the Raman spectra of SrTiO3−δ and Fe-SrTiO3,
as can be seen in Fig. 2(a). As a comparison, the coeffects of both Fe
dopants and oxygen vacancies on Raman active peaks can be easily
observed. The first-order LO1/TO2 mode (178 cm−1) and LO4 mode
(791 cm−1) appear in the spectra of Fe-SrTiO3−δ samples owing to
inversion symmetry breaking. Apart from these apparent first-order
modes, the shift of low-frequency band (80 cm−1) toward lower
wavenumbers in the spectra of SrTiO3−δ and Fe-SrTiO3−δ samples
can be clearly viewed in Fig. 2(b), indicating a volume expansion of
the unit cell caused by oxygen vacancies, which is consistent with the
result from HRXRD in Fig. 1(c).39,40

Next, we characterize the magnetic properties of Fe-SrTiO3−δ
and the reference samples Fe-SrTiO3 and SrTiO3−δ by carrying out
SQUID measurements. As seen in Fig. 3, the curves of zero-field-
cooled (ZFC) and field-cooled (FC) modes are highly overlapped in
both Fe-SrTiO3 and SrTiO3−δ , whereas they separate and undergo
a nonmonotonic change with a decreasing temperature from ∼19
to 2 K in Fe-SrTiO3−δ . This phase transition arising from the coex-
isting Fe dopants and oxygen vacancies can be further revealed by
the magnetization (M) vs magnetic field (H) curves measured across
the transition temperature. As seen in Fig. 4(a), an obvious hystere-
sis loop with a large coercive field of ∼7700 Oe can be observed
at 2 K. However, with an increasing temperature, the hysteresis
loops disappear and the coercive field decreases to a small value of
∼92 Oe. Then, the hysteresis feature of Fe-SrTiO3−δ resurfaces at
15 K, accompanied by a traceable coercive field of ∼436 Oe. When
the temperature further rises from 15 to 19 K, the coercive field

FIG. 4. (a) M-H hysteresis curves of Fe-SrTiO3−δ along
[100] direction at 2, 14, 15, 16, and 19 K. Temperature-
dependent coercivities are labeled near each loop. (b)
Comparison of M-H curves among Fe-SrTiO3−δ , pristine
Fe-SrTiO3, and SrTiO3−δ at 2 K. For clarity, the linear
diamagnetic backgrounds have been subtracted.
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decreases once again and the hysteresis feature rises to ∼102 Oe.
Therefore, the temperature 15 K is near the turning point for hys-
teresis, which also corresponds to one of the minimum points of the
ZFC curve in Fig. 3.

Finally, we discuss the origin of these emergent phase transi-
tions. As seen in Fig. 4(a), the feature of obvious hysteresis with
a small coercive field of M-H curve at 15 K is common in the
magnetic systems consisting of two competing magnetic phases.41,42

Moreover, it has been previously pointed out that site vacancies
(particularly, oxygen vacancies) in the magnetic oxides can lead
to nanoscale magnetic phase separations.43,44 Therefore, the model
of two competing magnetic phases with different magnetic orders
and different responses to temperature/field can be established to
explain the complicated evolution of M-T and M-H curves in Fe-
SrTiO3−δ . In SrTiO3−δ single crystal, a small amount of Ti3+ cations
with unpaired 3d1 electronic configuration is produced owing to the
existence of oxygen vacancies, which contribute to the weak ferro-
magnetism with a small coercivity (∼270 Oe) shown in Fig. 4(b).45

In a 0.05% Fe doped SrTiO3 single crystal, Fe4+ cations in 3d4 con-
figuration are separated in SrTiO3, giving rise to a paramagnetic
behavior with MS ∼ 4 μB/Fe. In a Fe-SrTiO3−δ single crystal, a large
amount of oxygen vacancies is created after laser-annealing; they are
high enough to provide electrons to a conduction band to drive Fe-
SrTiO3−δ into metallic states. The carrier density of a Fe-SrTiO3−δ
single crystal measured by the Hall effect is 5.76 × 1018/cm−3, sur-
passing the Mott criteria of ∼1018/cm−3 for the metal-insulator
transition.47 Considering that each oxygen vacancy provides two
electrons to the conduction band without any trapped charges,
the minimum density of oxygen vacancies of 5.42 × 1018/cm−3

can be estimated. Actually, due to the trapped charges, the den-
sity of oxygen vacancies should be much higher than expected.46

The hopping of polarons between Ti4+ and Ti3+ is responsible for
the metallic behavior in a Fe-SrTiO3−δ single crystal.48 Therefore,
many Fe4+ and Ti4+ cations are reduced to Fe3+and Ti3+ cations,
respectively, due to oxygen vacancies.49 The strongly suppressed fer-
romagnetism (only 0.54 μB/Fe estimated from the M-H curves) in
a Fe-SrTiO3−δ single crystal suggests an antiparallel alignment of
spins, which might arise from the superexchange between Fe3+ and
Ti3+ cations. Then, a nanoscale magnetic separation involving one
magnetic phase induced by Fe3+-O2−-Ti3+ and the other magnetic
phase induced by unpaired spins in Ti3+ cations can be established.
The complex involution of Fe-SrTiO3−δ depending on field and
temperature can be induced by these two magnetic phases, which
might have a different phase transition temperature and coercive
field.

In summary, an emergent magnetic phase transition near 18 K
was observed in the Fe-doped SrTiO3−δ with the presence of both Fe
cations and oxygen vacancies. The effects of defects (Fe dopants and
oxygen vacancies) on the structural and magnetic properties were
characterized by Raman spectroscopy and SQUID, respectively, in
the Fe-doped SrTiO3−δ and reference samples, Fe-doped SrTiO3 and
SrTiO3−δ . Raman spectra revealed an obvious inversion symmetry
breaking in the Fe-doped SrTiO3−δ due to the coeffects of Fe dopants
and oxygen vacancies. As the Fe-SrTiO3−δ undergoes a magnetic
phase transition, the coercivity increases from ∼104 Oe at 19 K to
∼7700 Oe at 2 K. Our results of creating the emergent magnetic
phases by utilizing the coeffects of both cation dopants and oxy-
gen vacancies could pave a route to designing novel quantum states

in epitaxial films on Fe-SrTiO3−δ single crystal substrates with the
magnetic proximity effect.50,51
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21M. Valant, T. Kolodiazhnyi, I. Arčon, F. Aguesse, A. Axelsson, and N. M. Alford,
Adv. Funct. Mater. 22, 2114 (2012).
22S. Middey, C. Meneghini, and S. Ray, Appl. Phys. Lett. 101, 042406 (2012).
23J. He, X. Lu, W. Zhu, Y. Hou, R. Ti, F. Huang, X. Lu, T. Xu, J. Su, and J. Zhu,
Appl. Phys. Lett. 107, 012409 (2015).
24A. S. Tang, J. Pelliciari, Q. Song, Q. Song, S. Ning, J. W. Freeland, R. Comin, and
C. A. Ross, Phys. Rev. Mater. 3, 054408 (2019).
25D. Yao, X. Zhou, and S. Ge, Appl. Surf. Sci. 257, 9233 (2011).
26D. Choudhury, S. Mukherjee, P. Mandal, A. Sundaresan, U. V. Waghmare,
S. Bhattacharjee, R. Mathieu, P. Lazor, O. Eriksson, B. Sanyal, P. Nordblad,
A. Sharma, S. V. Bhat, O. Karis, and D. D. Sarma, Phys. Rev. B 84, 125124
(2011).

AIP Advances 9, 125302 (2019); doi: 10.1063/1.5116671 9, 125302-4

© Author(s) 2019

https://scitation.org/journal/adv
https://doi.org/10.1038/s41578-018-0026-7
https://doi.org/10.1146/annurev-matsci-062910-100442
https://doi.org/10.1088/2053-1583/3/2/022002
https://doi.org/10.1073/pnas.1812554115
https://doi.org/10.1126/science.1230512
https://doi.org/10.1038/s41563-018-0030-8
https://doi.org/10.1088/0953-8984/15/37/r01
https://doi.org/10.1038/s41467-018-05392-1
https://doi.org/10.1103/revmodphys.78.17
https://doi.org/10.1103/revmodphys.82.2421
https://doi.org/10.1038/s41586-019-0932-x
https://doi.org/10.1063/1.98366
https://doi.org/10.1038/387266a0
https://doi.org/10.1126/science.1187485
https://doi.org/10.1126/science.1234414
https://doi.org/10.1038/s42254-018-0011-5
https://doi.org/10.1021/nl500601d
https://doi.org/10.1038/s41563-019-0365-9
https://doi.org/10.1002/adma.201601425
https://doi.org/10.1088/1361-6633/aa892d
https://doi.org/10.1002/adfm.201102482
https://doi.org/10.1063/1.4738785
https://doi.org/10.1063/1.4926613
https://doi.org/10.1103/physrevmaterials.3.054408
https://doi.org/10.1016/j.apsusc.2011.04.039
https://doi.org/10.1103/physrevb.84.125124


AIP Advances ARTICLE scitation.org/journal/adv

27A. Das, V. M. Goossens, A. S. Goossens, and T. Banerjee, paper presented at the
Conference on Spintronics XI, San Diego, CA, 2018.
28S. Cook, M. T. Dylla, R. A. Rosenberg, Z. R. Mansley, G. J. Snyder, L. D. Marks,
and D. D. Fong, Adv. Electron. Mater. 5, 1800460 (2019).
29T. Taniuchi, Y. Motoyui, K. Morozumi, T. C. Rödel, F. Fortuna, A. F.
Santander-Syro, and S. Shin, Nat. Commun. 7, 11781 (2016).
30M. Altmeyer, H. O. Jeschke, O. Hijano-Cubelos, C. Martins, F. Lechermann,
K. Koepernik, A. F. Santander-Syro, M. J. Rozenberg, R. Valentí, and M. Gabay,
Phys. Rev. Lett. 116, 157203 (2016).
31J. A. Bert, B. Kalisky, C. Bell, M. Kim, Y. Hikita, H. Y. Hwang, and K. A. Moler,
Nat. Phys. 7, 767 (2011).
32P. Moetakef, J. R. Williams, D. G. Ouellette, A. P. Kajdos, D. Goldhaber-Gordon,
S. J. Allen, and S. Stemmer, Phys. Rev. X 2, 021014 (2012).
33W. Gong, H. Yun, Y. B. Ning, J. E. Greedan, W. R. Datars, and C. V. Stager,
J. Solid State Chem. 90, 320 (1991).
34D. A. Tenne, I. E. Gonenli, A. Soukiassian, D. G. Schlom, S. M. Nakhmanson,
K. M. Rabe, and X. X. Xi, Phys. Rev. B 76, 024303 (2007).
35A. A. Sirenko, I. A. Akimov, J. R. Fox, A. M. Clark, H. Li, W. Si, and X. X. Xi,
Phys. Rev. Lett. 82, 4500 (1999).
36D. Ascienzo, O. Kurt, S. Greenbaum, T. J. M. Bayer, R. A. Maier, C. A. Randall,
and Y. Ren, J. Am. Ceram. Soc. 101, 2545 (2017).
37D. Ascienzo, O. Kurt, S. Greenbaum, T. J. M. Bayer, M. Russell, J. Wang, C. A.
Randall, and Y. Ren, J. Am. Ceram. Soc. 102, 4353 (2019).
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