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Bulk polycrystalline SnggsFep0502_» and SnggsFeposMo0202_» (M=Sb/Mg) samples were fabricated.
Detailed X-ray diffraction and transmission electron microscopy analyses revealed that the dopants most
probably replaced the Sn in SnO, structure, instead of forming impurity phase or nanocluster. By vary-
ing the dopant M (Sb/Mg), the electron- (Sb) and hole- (Mg) doping effect on the magnetic properties

of Sngg3Fep05Mo,020,_» was investigated. Compared with SnggsFeg 05024, the saturation magnetization
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decreased after doping with Sb and increased after doping with Mg. The changes of Fe oxidation state
and carrier type, discovered from X-ray photoelectron spectroscopy, are believed to be responsible for
the co-doping tuned ferromagnetism in Sngg3Fe05Mo0202_¢-

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Based on the demand of miniaturization in the semiconductor
industry, the feature size of silicon-based devices is approaching its
physical limit where macroscopic scale law breaks. To overcome
such difficulty, researchers never cease to explore multifunc-
tional materials and more sophisticated technologies. Recently,
the emerging technology of dilute magnetic semiconductor (DMS)
has attracted intensive interest due to its interesting properties
and promising applications in spintronics [1-3]. In the DMS-based
materials, an additional degree of freedom of the electron (spin)
can be realized by doping ferromagnetic 3d transition metals,
i.e., Fe, Co, Mn, etc. Various transition-metal-doped systems such
as Ge, GaAs, TiO3, SnO; and ZnO have been reported to show
robust ferromagnetic response [4-10]. Specifically, room tempera-
ture ferromagnetism (RTFM), which favors the device applications,
has been achieved in several wide bandgap metal oxides, e.g.,
TiO;, SnO,, ZnO and In,03. Combined with nanotechnology, the
magnetic properties of DMS in the form of different nanostruc-
tures have also been investigated [11-13]. However, the origin
of ferromagnetism in DMS is still controversial, due to the com-
plicated defect states, grain boundary effect, possible secondary
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magnetic phases and special role of oxygen non-stoichiometry
in oxide based DMS [1,14-18]. By varying the electron dop-
ing concentration and controlling the density of oxygen vacancy
(Vo), Li et al. [19] reported that the RTFM in bulk polycrystalline
(Ing g5_xSnxFeq 15)203 is directly related to the Vg. Similar oxygen
non-stoichiometry related ferromagnetism in SnggsFeg 50, was
also observed by Thurber et al. [20] by annealing the sample under
controlled atmosphere with varied oxygen concentrations. In addi-
tion, compared with electron-doping, hole-doping was found to be
more effective in stabilizing the ferromagnetism in ZnO based DMS,
according to the theoretical calculations and experimental results
[21,22].

In this paper, we investigated the effects of both
electron- and hole-doping on the ferromagnetic properties of
Sngg3Feq05Mg.0202_, by varying the dopant M (Sb/Mg). A promi-
nent decrease of saturation magnetization (Ms) was observed in
Sng g3Feq.05Sbo.0202_o. On the contrary, the Ms was significantly
enhanced in the case of Mg doping. Based on the results of X-ray
photoelectron spectroscopy (XPS) characterization, this co-doping
tuned ferromagnetism in Sng g3Feq 05Mg 0205_ is attributed to the
transition of Fe oxidation state and the change of carrier type.

2. Experimental

SnO,, as a host material in this study, is a wide bandgap (~3.6 eV) oxide semi-
conductor with rutile structure. Fe is selected as the magnetic dopant due to its high
solid solubility in SnO, (up to 10%) [23]. Sb and Mg are chosen to be the electron-
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and hole-dopant, respectively, based on the following defect equations:

Sb205 "% 2Sbsy® + 10,(g) 1 +40 + 2¢° (1)
MgO + 10,2%Mg' g, + 207 + 2he )

Three bulk polycrystalline samples, Sl‘lo,gs F€0,05Oz,g (FE5), Srlolg3 F80405 Sbo,gzOz,g
(Fe5Sb2) and Sng g3 Fep 05 Mgo0202_» (Fe5Mg2) were prepared from stoichiometric
SnO;, Fe;03, Sb,05 and MgO powders via solid-state reaction method. The phase
structure of all three samples was investigated by powder X-ray diffraction (XRD,
Siemens 5005). High resolution transmission electron microscopy (HRTEM, JEOL-
2010F) together with selected area electron diffraction (SAD) and energy dispersive
X-ray (EDAX) analysis mapping attachment were used to study the microstruc-
ture and doping homogeneity. Magnetic properties were measured by a physical
property measurement system (PPMS, Quantum Design) at 300 K. XPS spectra were
obtained by a VG ESCALAB 220i-XL instrument with Al Koo monochromatic X-ray
source (1486.6eV). All XPS spectra were calibrated using surface absorbed hydro-
carbon at the binding energy of 285.0eV as a reference.

3. Results and discussion

Fig. 1 shows the XRD results for all samples, demonstrating the
pure rutile phase (JCPDS 21-1250). No trace of Fe metal, oxides or
other phases was observed in any sample doped up to 5% Fe and 2%
M, which is above the detection limit (1%) of our X-ray diffractome-
ter. Lattice parameters (a, c, cell volume V) were determined by
Rietveld refinement as shown in Table 1. It can be seen that a, c and
V changed in different doping cases. The microstructure and doping
homogeneity of sample Fe5Mg2 and Fe5Sb2 were investigated by
TEM, as shown in Fig. 2. Fig. 2(b)-(d) gives the typical Sn, Fe and
Mg map, respectively, corresponding to the low-magnification TEM
image shown in Fig. 2(a). These element mapping results provide
the evidence that Fe and Mg have been homogenously distributed
in the SnO, matrix. The low-magnification TEM image and ele-
ment mapping results of sample Fe55b2 shown in Fig. 2(e)-(h),
also demonstrate that the Fe and Sb have been uniformly dis-
tributed in the SnO, matrix. HRTEM images and SAD patterns of
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Fig. 1. XRD patterns of the bulk polycrystalline samples of Fe5, Fe5Sb2, Fe5Mg2 and
Fe5Mg10.

these two samples were carried out to investigate whether Fe
clusters or other impurity phases exist, which are suspected to
exhibit ferromagnetic ordering. Several arbitrary regions of sam-
ples Fe5Sb2 and Fe5Mg2 were investigated by HRTEM. Fig. 2(i) and
(j) shows the typical HRTEM results of samples Fe55b2 and Fe5Mg2,
respectively. No nanocluster or other impurity phase was observed.
The SAD patterns corresponding to Fe5Sb2 and Fe5Mg2 shown in
Fig. 2(k) and (1), respectively, demonstrated the pure rutile SnO,
phase. On the other hand, the ionic radii relationship in our samples
is: Mg2* (0.72 A)>Sn** (0.69 A)> Sb5* (0.60 A). Therefore, the Mg?*
substitution of Sn** will increase the lattice volume, whereas Sb>*
substitution of Sn** will decrease the lattice volume. According to
the lattice parameters obtained from the XRD results (Table 1), the
cell volume indeed increased when doped with Mg and decreased
in the case of Sb doping. Based on the above analyses, the Mg and Sb

Table 1
Lattice parameters (a, ¢), cell volume (V), saturation magnetization (Ms), net contribution (Bohr magneton) per Fe ion and Fe3* to Fe2* ratio (Fe3*/Fe2*).
Sample a c 1% Ms Contribution per iron (ug) Fe3*[Fe?*
(A) (A) (A%) (emu/g)
Fe5 4.719 + 0.002 3.166 + 0.002 70.5 £ 0.1 0.081 £ 0.001 0.043 + 0.001 0.83 + 0.01
Fe5Sb2 4.711 £ 0.002 3.157 + 0.002 70.0 £ 0.1 0.010 £ 0.001 0.005 £ 0.001 0.53 £ 0.01
Fe5Mg2 4,731 + 0.002 3.181 + 0.002 712 £ 0.1 0.142 + 0.001 0.076 + 0.001 1.28 + 0.01

Fig. 2. (a-d) The low-magnification TEM image and its corresponding element mappings of sample Fe5Mg2. (e-h) The low-magnification TEM image and its corresponding
element mappings of sample Fe5Sb2. (i and j) The typical HRTEM images of Fe5Sb2 and Fe5Mg2. (k and I) The SAD patterns corresponding to Fe5Sb2 and Fe5Mg2.
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Fig. 3. (a) M vs. H data of sample Fe5Mg2, Fe5Sb2 and Fe5 measured at 300K. (b)
M vs. H curve after subtracting the paramagnetic response for the sample Fe5Mg2,
Fe5Sb2 and Fe5 measured at 300K. (c) M vs. H data of sample Fe5Mg10 measured
at 300K and 10K.

ions most probably substituted the Sn in the lattice of SnO, instead
of forming secondary impurity phases.

Fig. 3(a) presents the room-temperature magnetization (M,
emu/g) vs. magnetic field (H, Oe) data of the samples Fe5, Fe5Mg2
and Fe5Sb2, in which a linear component superimposed on a satu-
rating ferromagnetic magnetization is observed. This co-existence
of paramagnetic response and ferromagnetic behavior in Fe doped
SnO, DMS samples has been reported by other groups, and the
paramagnetic response was attributed to the Fe ions which are
not participating in the ordered magnetic state [23,24]. Accord-
ing to the discussion of Coey et al. [9] and Punnoose et al. [23],
these irons did not participate in an ordered magnetic phase, due
to: (a) the lack of Fe3* neighbors and/or Vg, (b) the antiferromag-
netic exchange interaction of Fe3*-02~-Fe3*. By subtracting the
linear component, the Ms expected for a ferromagnetic phase can be
extracted (shown in Fig. 3(b)). The M; of the three samples are sum-

marized in Table 1. Compared with sample Fe5, the ferromagnetism
is found to be strongly suppressed in the electron-doped Fe5Sb2.
On the contrary, a significant enhancement of M is observed in the
hole-doped Fe5Mg2. Although no trace of magnetic impurity phase
has been detected in the XRD and TEM characterizations, they may
still exist with concentration lower than the detection limits. To
further confirm whether the co-doping tuned magnetism in Fe, M
co-doped SnO, samples originates from doping or is dominated by
impurity phases, we increased the hole-doping concentration of
Mg to 10% in sample Fe5Mg10 which was fabricated by the same
method. Pure SnO, rutile phase and the doping induced lattice con-
stants variation can be observed from the XRD results (Fig. 1). The
magnetic property of sample Fe5Mg10 was measured at 300 K and
10K, respectively (Fig. 3(c)). The saturation magnetization at 10K
increased significantly to 3.15 emu/g. By averaging the total mag-
netization onto 5% Fe dopants, the net contribution from each Fe
ions is calculated to be 1.67ug. It is noteworthy that the net Fe
moment in sample Fe5Mg10 is greater than that of any possible
magnetic impurity phase; for instance, the net moment per Fe in
Fe304 is 4/3=1.33ug, and that in MgFe;04 is 1.1/2=0.55ug [9,25].
This means that such strong magnetization in Fe5Mg10 cannot be
achieved, even if all the doped irons exist as magnetic impurity
phases instead of substitutions in the SnO, lattice. On the other
hand, the XRD results indicate that the impurity phase concentra-
tion should be lower than the detection limit (~1%). Based on the
above analyses, it is evidenced that the ferromagnetism in our Fe, M
co-doped SnO, samples cannot be simply attributed to the impurity
phases.

Considering that the ferromagnetism in Fe-doped SnO, orig-
inates from the spin of Fe ions and their exchange interactions,
the oxidation state of Fe should be directly related to the magnetic
properties of our Sngg3Feqo5Mg.0202_» [9,20]. In order to investi-
gate the oxidation state of Fe ions, high-resolution Fe 2p core level
spectra of the samples Fe5, Fe55b2 and Fe5Mg2 were recorded and
shown in Fig. 4(a). Fitting of the asymmetric core lines into four
Voiget components together with Shirley background gives a good
description of the overall core line shape. The peaks located around
711.1eV and 713.7 eV are assigned to the Fe2* and Fe3*, respec-
tively. The Sn 3p peak (716.5eV) is also observed since its binding
energy is very close to the Fe 2p. The peak with highest binding
energy in the spectra corresponds to the Fe 2p satellite. From these
XPS results, we can see that both Fe3* and FeZ* co-exist in all three
samples. By calculating the peak area ratio of Fe3* to FeZ*, the rel-
ative concentration of Fe3* and Fe2* was estimated and the results
are shown in Table 1. It is interesting to note that, compared with
sample Fe5, the sample Fe55b2 has lower Fe3* intensity while Mg
doping leads to more Fe3* in sample Fe5Mg2. This variation of Fe
oxidation state can be understood in terms of its compensation
effect to the charge imbalance arising from the substitution of Sn**
by Mg2* and Sb>*. Since the spin state of Fe3* is higher than Fe2*, the
enhancement of M in Fe5Mg2 and decrease in Fe55b2, which were
revealed in M-H measurements can be attributed to this doping
induced variation of Fe oxidation state.

On the other hand, the carriers are found to play a critical role in
the ferromagnetic exchange of DMS [19,21,22]. According to the
defect Eqgs. (1) and (2), the role of Sb and Mg in SnO, is donor
and acceptor, respectively. To experimentally determine the car-
rier type for the Mg and Sb doping, we further carried out the XPS
valence band (VB) measurement. Fig. 4(b) presents the VB spec-
tra for all the three samples. In semiconductor materials, the Fermi
level (Ef) will shift towards the valence band maximum (VBM) in
p-type doping and be away from VBM in the case of n-type doping.
Accordingly, the doping type can be determined by studying the rel-
ative position between Ef and VBM [26-28]. The XPS VB spectrum is
a powerful technique to get the information of Ef and VB, in which
Erislocated at 0 eV and the VBM with respect to the E¢ can be deter-
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Fig. 4. (a) Core-level Fe 2p XPS spectra of sample Fe5Mg2, Fe55b2 and Fe5. The
spectra were fitted to a Shirley background (green dot line) together with the Voigt
profiles for Fe?* (dash line), Fe3* (dash dot line), Sn 3p (dash line) and Fe 2p satellite
(short dot line). The fitting curves (solid line) are seen to match well with the exper-
imental data points. (b) Valence band spectra of the sample Fe5Mg2, Fg55Sb2 and
Fe5. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

mined by extrapolating the leading edge of the VB to its intersection
with the background. According to VB spectra shown in Fig. 4(b),
the E; of sample Fe5Sb2 shifts away from the VBM, compared with
sample Fe5. In the case of Mg doping (sample Fe5Mg2), the Ef moves
toward the VBM. As a result, electron-doping of Sb and hole-doping
of Mg in Sng g3Feg g5Mg 9202_, are confirmed. Referring to the M-H
results, the ferromagnetism in Sng g3Feg g5Mg,20,_ is found to be
enhanced by hole-doping and destroyed by electron-doping.

4. Conclusions
In conclusion, the doping effects of Sb and Mg on the ferromag-

netic properties of SnggszFegg5Mp0202_, Were investigated. XPS
results demonstrate that the concentration of high spin state Fe ions

(Fe3*)increased in the hole (Mg)-doped sample while decreased in
the case of electron (Sb)-doping. The doping type of Mg and Sb
in Sng g3Feg 05Mg,020,_, Was confirmed by XPS VB measurements.
The change of Fe oxidation state and variation of carrier type are
believed to be responsible for the co-doping tuned ferromagnetism
in Sno 93Fep.05M0.0202 -
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