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Abstract

Room temperature ferromagnetic ordering has been observed in high purity
polycrystalline SnO, sample due to irradiation of 96 MeV oxygen ions. Ab initio
calculation in the density functional theory indicates that tin vacancies are mainly
responsible for inducing magnetic moment in SnO, whereas oxygen vacancies in SnO,
do not contribute any magnetic moment. Positron annihilation spectroscopy has been
employed to characterize the chemical identity of irradiation generated defects in SnO,.
Results indicate the dominant presence of Sn vacancies in O ion irradiated SnO,. The

irradiated sample turns out to be ferromagnetic at room temperature.

PACS: 75.50.Pp; 71.15.Mb; 78.70.B;j

Keywords: ~ Magnetic semiconductor; Density-functional theory, Positron annihilation

spectroscopy

Page 2 of 25



Page 3 of 25

RSC Advances

1. Introduction

Defects are ubiquitous in solids. An insignificant amount of defects in a solid can
significantly alter its electrical, optical and magnetic properties. In fact, defect induced
ferromagnetism in a wide range of materials has become one of the most discussed issues
in recent past'™*. In oxide semiconductors like ZnO and other related compounds, several
defect configurations offer enormous possibilities to study defect induced phenomenon
theoretically and experimentally™®. Majority of the scientific efforts have been directed to
find ferromagnetism in doped and undoped ZnO™® whereas, relatively fewer
investigations exist on similar other materials like TiOzlo’11 and SnO,. 1213 The present
theoretical and experimental work has been focused to investigate the role of defects in
generating ferromagnetism in SnO,. SnO, is a wide band gap (~ 3.6 eV at room
temperature) n-type semiconductor. In recent times, the occurrence of room temperature
ferromagnetic ordering in undoped SnO, has been reported'*!”. Espinosa et al. have
indicated" that Sn vacancy (Vg,) is responsible for inducing ferromagnetism in SnO,
while Chang et al. favored'® the key role of oxygen vacancies (Vo) for the same. Yuan et
al. have found'” that vacancy defects at grain surfaces in nanocrystalline SnO, control
saturation magnetization (Ms). In SnO, nanowires, strong and tunable ferromagnetic
response by ultraviolet light irradiation has been observed.'® In the present effort, first
principles DFT calculation has been adopted to observe the effect of Vg, and Vg on the
electronic structure of SnO,. DFT results predict that Vg,s are responsible for inducing
ferromagnetism in SnO,. On the experimental side, defects in SnO; have been created by
96 MeV oxygen beam irradiation. Positron annihilation spectroscopic (PAS)

investigation reveals the abundance of Sn vacancies in the irradiated (ferromagnetic)
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material. It is worth mentioning that PAS spectroscopy is very much sensitive to vacancy

type open volume defects in solid materials.>*"

. Particularly, in oxide semiconductors
like ZnO and related materials, it efficiently probes cation vacancies with sub ppm
accuracy”’.

Doppler broadening of the electron-positron annihilation radiation line shape
(DBEPARL) measurement technique is useful to study the momentum distribution of
electrons in a material. Depending on the electron momentum (p), the 511 keV y-rays
(electron—positron annihilated) are Doppler shifted by an amount +AE = p;c/2 in the
laboratory frame, where pr is the component of the electron momentum (p) along the
direction of measurement'®. Using high energy resolution HPGe (high purity germanium)
detectors, one can measure the Doppler shift of the 511 keV y-ray spectrum. In this
spectrum, the region away from 511 keV photo peak is formed due to annihilation of
positrons with higher momentum core electrons of the constituent atoms of the sample.
Energy (or momentum) of such core electrons are element specific. So by analyzing the
DBEPARL spectrum, identification of the vacant atomic sites can be done. But due to
large background in the y-ray spectrum the analysis of high p; region becomes
cumbersome and unambiguous. Use of the two detectors in coincidence (henceforth will
be called CDBEPARL technique) is necessary to suppress the background in measured
Doppler broadened spectrum and the contributions of higher momentum core electrons in

the spectrum can be estimated™'*?.
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2. Experimental outline

As received 99.996 % pure (Alfa Aesar, Johnson Mathey, Germany) SnO,
powder has been used in this work. The powder has been pelletized and annealed at 700°
C before irradiation.

The magnetization measurements were done in a MPMS-XL SQUID
(superconducting quantum interference device; Quantum Design) magnetometer.

For CDBEPARL measurement, 10 puCi **Na source of positrons (enclosed
between ~ 1.5 pum thin nickel foils) has been sandwiched between two identical pellets.
Electron-positron annihilated 511 keV gamma ray lineshape measurements have been
carried out using two identical HPGe detectors (Efficiency: 12 % ; Type : PGC 1216sp of
DSG, Germany) having energy resolution of 1.1 keV at 514 keV of %Sr. CDBEPARL
spectra have been recorded in a dual ADC based - multiparameter data acquisition system
(MPA-3 of FAST ComTec., Germany) having energy per channel — 146 eV. The peak to
background ratio of this measurement system with + AE selection is ~ 10°:1. The

19,20
. In

CDBEPARL spectrum has been analyzed by evaluating the ratio curve analysis
each CDBEPARL spectrum the S-parameter'® is calculated as the ratio of the counts in
the central area of the 511 keV photo peak (| 511 keV - E, | < 0.85 keV) and the total area
of the photo peak (| 511 keV - E, | <4.25 keV). Defects in SnO, were created by using 96
MeV '°0*" ions from 15 UD pelletron at IUAC, New-Delhi. The irradiation fluence is 3.3

x 10" jons/cm®. The beam is uniformly scanned on the sample area of 1 cm x 1 cm.
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3. Theoretical methodology

Defect induced modification of magnetic property of the SnO, have been
investigated theoretically by studying the spin polarized density of states as calculated by
the ab-initio density functional theoretical approach*' 2.

The theoretical calculations have been carried out in the frame work of the ab-
initio density functional theory using the code MedeA VASP***" based on linear basis set
expansion. Super cell size is 2x3%3 i.e., 108 atoms are taken for simulation with periodic
boundary condition along the lattice vectors. All the structures are geometrically relaxed
through the conjugate-gradient algorithm until all the unbalanced inter atomic forces are
converged below 0.02 eV/A. The unit cell size is obtained by geometrical optimization,
which yields the lattice constant as, a = 4.7367 A, b=4.7367 A and ¢ = 3.1855 A. All the
simulations have been performed in the framework of generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerhof (PBE) exchange™ correlation. The energy
convergence criteria have been set to the value 10 eV and with the energy cut-off value
of 400 eV. For Brillouin zone (BZ) sampling the Monkhorst-Pack parameter” are set by
3x2x3 k-points. The magnetic property of defect induced SnO, has been carried out by
considering the spin polarized DFT calculation. The spin degrees of freedom fully
relaxed during the simulation until the system converge to the spin polarized ground
state. No initialization has been taken into account for the spin magnetic moment of the
atoms or defects of the considered system. To create the defective system, a single Sn
atom is removed from the system of 108 atoms yielding a Sn vacancy (Vs,) concentration
~ 1.0% (Fig. 1) and similarly O atom also removed from the system to produce the O

vacancy (Vo). For further calculation regarding the magnetic coupling (ferromagnetic or
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antiferromagnetic) between the defects, two Vg, are considered in the SnO, system at a
distance 4.74 A apart from each other and then ferromagnetic and antiferromagnetic
ground state have been predicted through spin polarized DFT.
4. Results and discussion

The pristine and irradiated samples show standard x-ray diffractogram patterns of
SnO; only (not shown). Little broadening of the diffraction lines due to irradiation has
only been observed. The maximum penetration depth of 96 MeV O ions in SnO, is 54.6
um (estimated using SRIM*"). The maximum electronic energy loss by 96 MeV O ion is
in the hundreds of eV/A range (Fig. 2). Such values are much lower than the typical
columnar defect generation threshold in insulators®'~2. Thus mostly the point defects are
generated in SnO; by the 96 MeV O ions. In order to obtain the vacancy concentration,
one has to specify displacement threshold energy in SRIM. To the best of our knowledge,
there is no theoretical or experimental data for the displacement threshold energy (£4) of
Sn or O in SnO,. So in accordance with E4 values for Zn and O atoms in ZnO, these
values have been taken as 57 eV (Ref. 33). SRIM predicts 3 Vs, and 4 Vo in 2 x 10*
atoms for a fluence of 10'* ions/cm®. Due to such high concentration of defects, a
significant modification of electronic properties is expected. However, it is to be noted
that SRIM only predicts instantaneously generated defect concentration, no aftereffect
such as dynamic recovery or defect complex formation is beyond the scope of such
calculation.

Fig. 3 show the M vs. H curve, measured at room temperature for the oxygen
irradiated SnO,. The hysteresis loop (ferromagenic ordering) at room temperature for the

the ion irradiated sample is relatively small (inset of Fig. 3) compared to the earlier
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experimental results on Ar irradiated TiOg10 or mechanically milled Sn02.34 The
coercieve field is only 75 Oe as is seen from the inset of Fig. 3.

The spin polarized density of states, as calculated by the ab-initio density
functional theory, for the pristine SnO;, Vo in SnO; and Vg, in SnO, have been plotted in
Figs. 4, 5 & 6 respectively. The symmetric spin polarized (for the up-spin and down-spin)
density of states as depicted in Fig. 4 clearly indicates that the pristine SnO; yields zero
magnetic moment. Due to the introduction of Vo in SnO; (Fig. 5) no magnetic moment
have been emerged in SnO,, while the present calculation shows an asymmetric spin
polarized density of states (DOS) for Vg,, which results a non-zero magnetic moment of
3.63 pp (Fig. 6). It is quite interesting to note that this value is in close agreement as
predicted by Rahman, et al [Ref. 12]. In particular, the strong asymmetry between spin up
and down state in SnO, with Vg, exists very close to the Fermi energy (-2.5 eV to 0 eV).
The defect formation energy of Vs, and Vo has also been evaluated from the MedeA

VASP software using the following definition;
E,=E,+E -E,

where, Er is the defect formation energy while E4 and E, denote the total energy of the
defective and pristine SnO, structures respectively. E, is the energy of isolated Sn or O
atom for Vg, and Vo respectively. From the defect formation energy as shown in the
Table 1, it can be concluded that the formation of V¢ is energetically favorable than the
Vsin. However, non-equilibrium processes like ion irradiation as done here, abundant Vg,

can also appear in the system.
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To investigate the interaction between the magnetic moments for a fixed defect-
defect distance, we have further carried out the calculations with the two magnetization
configurations, e.g., ferromagnetic (FM) and antiferromagnetic (AFM) states,
respectively. The distance between the two defect sites in the supercell is taken to be 4.74
A. The atomic positions in both FM and AFM cases have been fully optimized and the
total energy has been computed. It has been found that the FM state is the ground state
and its energy is roughly ~ 96 meV lower than that of the AFM state.

The implantation depth for the positrons from radioactive **Na is given by P(x) =
nexp (—n x), where x is the distance measured from the surface of the sample from
where the positrons penetrate inside the sample. 1/ 77 is the characteristic penetration
depth of a positron with specific energy (E). One can calculate 1/77 which is
approximately (Emax)'¥/16pin cm, if E is expressed in MeV and p is the density of the
material in gm/cm’ (Ref. 35). Epay is the maximum energy of the emitted positrons, e.g.,
for #*Na, Emax is ~ 0.54 MeV. In SnO, with density 5.56 grn/cm3 (taking 80 % of the ideal
density 6.95 gm/cm’ for porous sample), 1/7 comes out to be ~ 47 pum. It has been earlier
mentioned that the depth of the irradiated region, as estimated by SRIM, is ~ 54.6 um. So
majority of the positrons will annihilate in damaged region of the irradiated sample. It is
well known that the so called S-parameter represents the annihilation fraction of positrons

with low energy electrons'’

. Increase of S-parameter represents enhanced positron
annihilation at open volume defects. The S-parameter values of the pristine and irradiated
materials are 0.5440 and 0.5457 respectively. Ratio curve analysis reveals that such open

volumes in the irradiated sample are predominantly Vg, type. Fig. 7 shows the area

normalized ratio curve of the CDBEPARL spectrum of oxygen ion irradiated SnO, with
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the same of pristine SnO,. The dip in the ratio curve at momentum (py) value of 18 x 107
m,c indicates less annihilation of positrons with the higher momentum core electrons of
Sn. Assuming positrons are thermalized before annihilation and using Virial theorem
approximation (in the atom the expectation value of the kinetic energy of an electron,
Eiin, 1s equal to the binding energy of the electron), one can calculate the Eyi, using py =
(2 mo Exin)"? (Ref. 36). Here my is the rest mass of an electron. The dip position in the
ratio curves correspond to Eyi, = 82.8 eV. This value of Eyj, nicely agrees with the
binding energy of Sn 4p core electrons (~ 83.6 eV).”” As a consequence, presence of
stable Sn vacancies in the 96 MeV O irradiated SnO, can now be concluded.

In the light of our results, decreasing trend of ferromagnetic moment with high

14,17

temperature annealing ' of SnO; nanoparticles can now be understood in the following

way. Above 400 °C annealing grain boundary defects starts to recover and average grain

d'"®, The situation of nano-Sn0,*® is very similar to that of nano-ZnO.>*’

size is increase
In both cases, cation vacancies at the grain surfaces start recovering above certain
annealing temperature (300-400 °C). Of course, the concentration of singly ionized
oxygen vacancies may also decrease'® due to high temperature annealing, however, our
DFT calculations indicate that the primary reason for the decay of ferromagnetic moment
is the decrease of Vg,. In fact, as is seen in ZnO, any extended disorder with several
vacancy agglomerates either at grain boundaries™ or at irradiated regions’ can act as
background defect network necessary for ferromagnetic interaction. Already it has been
found that formation of Vg, is more probable compared to Vg in truncated SnO, surfaces

as in nanosheets*'). Similar phenomenon is very much likely in the vicinity of extended
p y y y

disorders in bulk SnO,. This contention fits well with the experimental report of

10
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increasing ferromagnetic moment of SnO, powder’* with increasing hours of mechanical
milling (which add net disorder in the system®”). PAS results confirm the presence of
cation vacancies in the core of such disorder, generated either by ion irradiation (as is
here in O irradiated SnO;) or in mechanically milled Zn0.*° More investigation on the
formation, chemical nature and role of vacancy clusters in SnO, would be encouraging.
Conclusion

Combining theoretical and experimental study, we have shown that occurrence of
room temperature ferromagnetism in SnO, is due to Sn vacancies. The present
methedology will serve for a conclusive identification of chemical nature of open volume
defects in oxide and other compound semiconducting materials.
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Figure and Table captions

Table 1  Theoretically calculated parameters (using DFT) for the non-defective SnO,,
oxygen vacancy (Vo) incorporated SnO,, and tin vacancy (Vs,) incorporated
SnO:».

Fig. 1 Magnetization density of different SnO, systems. (a) The pristine SnO,
structure showing no magnetism. (b) Oxygen vacancy (Vo) in SnO, system,;
(¢) SnO; system with single Sn vacancy (Vs,); highly localized magnetization
is noticed around Sn vacancy due to the nearest oxygen atoms. (d) Double Sn
vacancy in SnO, system, the nearest oxygen atoms give rise to local
magnetism. In the figures (b) — (d) the dotted circles represents the vacancy
sites.

Fig. 2 Electronic and nuclear energy deposition of 96 MeV O*" on SnO, as

simulated by SRIM
Fig. 3 Room temperature magnetic hysteresis loop of 96 MeV O irradiated SnO,.

The inset shows the enlarged part near the zero field region.
Fig. 4 Spin polarized density of states for non-defective SnO, (Sn;603,)
Fig. 5 Spin polarized density of states for SnO, with oxygen vacancy (Sn;O3;)
Fig. 6 Spin polarized density of states for SnO, with Sn vacancy (Sn;503,)
Fig. 7 Ratio curve constructed from the CDBEPARL spectrum for irradiated SnO;

with respect to the same for pristine sample.
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Table 1
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Theoretically calculated parameters (using DFT) for the non-defective SnO,,

oxygen vacancy (Vo) incorporated SnO,, and tin vacancy (Vs,) incorporated

SHOQ.

System Defect formation ~ Bond length Magnetic moment

energy (eV) A) (1B)

Pristine 0.0 1.952 0.0
Vo 8.69 1.842 0.0
Vsn 16.0 1.884 3.63
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Fig. 1
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Magnetization density of different SnO, systems. (a) The pristine SnO;
structure showing no magnetism. (b) Oxygen vacancy (Vo) in SnO, system;
(c) SnO; system with single Sn vacancy (Vs,); highly localized magnetization
is noticed around Sn vacancy due to the nearest oxygen atoms. (d) Double Sn
vacancy in SnO, system, the nearest oxygen atoms give rise to local
magnetism. In the figures (b) — (d) the dotted circles represents the vacancy

sites.
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Fig. 2 Electronic and nuclear energy deposition of 96 MeV O on SnO, as

simulated by SRIM
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Fig. 3
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Room temperature magnetic hysteresis loop of 96 MeV O irradiated SnO,.

The inset shows the enlarged part near the zero field region.
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Fig. 4 Spin polarized density of states for non-defective SnO, (Sn;603,)
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o1l | :

Fig. 5 Spin polarized density of states for SnO, with oxygen vacancy (Sn;603;)
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Fig. 6 Spin polarized density of states for SnO, with Sn vacancy (Sn;s03;)
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Fig. 7
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0

Ratio curve constructed from the CDBEPARL spectrum for irradiated

SnO, with respect to the same for pristine sample.
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Room temperature ferromagnetic ordering has been observed in high purity
polycrystalline SnO, sample due to irradiation of 96 MeV oxygen ions. Ab initio
calculation in the density functional theory indicates that tin vacancies are mainly
responsible for inducing magnetic moment in SnO, whereas oxygen vacancies in SnO,
do not contribute any magnetic moment. Positron annihilation spectroscopy has been
employed to characterize the chemical identity of irradiation generated defects in SnO,.
Results indicate the dominant presence of Sn vacancies in O ion irradiated SnO,. The

irradiated sample turns out to be ferromagnetic at room temperature.
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Room temperature magnetic hysteresis loop of 96 MeV O irradiated SnO,. The inset

shows the enlarged part near the zero field region.



