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This paper obtains the room temperature ferromagnetism in Snj_,Fe;O2 films fabricated by the Sol-Gel method.

X-ray diffraction results show that Fe doping inhibits the growth of SnO2 and Fe3?* ions occupy the Sn sites. The

measurement of resistance excludes the free carrier inducing ferromagnetism. Moreover, the temperature dependence

of magnetization has been better fitted by the Curie-Weiss law and bound magnetic polaron (BMP) theory. An

enhancement of ferromagnetism is achieved by annealing the samples with z = 7.1% in Ha, and a decrease of oxygen

flow rate. All these results prove that the BMP model depending on defects can explain ferromagnetism in diluted

magnetic oxides.
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1. Introduction

Because of the combined magnetic and trans-
port properties in dilute magnetic semiconductors and
the potential technological applications in spintronic
devices such as spin transistors, spin light-emitting
diodes, very high-density nonvolatile semiconductor
memory, and optical emitters with polarized output, a
growing effort is directed at studies of magnetic semi-
conductors with practical ordering temperature. Re-
cently, ferromagnetism above room-temperature has
been reported in transition metal-doped SnOs of ru-
tile structure.l! =4

It is believed that ferromagnetism is based upon
the interactions between magnetic impurities, which
can be mediated either by oxygen, hydrogen or by
free carriers.[2 However, Nomura et all!l report that
defects can be perhaps the main source of ferromag-
netism even in the presence of the magnetic iron ions,
according to Mossbauer measurements.

In this paper, we have prepared SnOs: Fe films
with different concentrations by using a simple and
economic method, the sol-gel method, and give a sys-
tematic analysis about the relation between ferromag-
netism and oxygen vacancies or hydrogen. Qualitative
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fitting of the M—T curve of Fe-doped SnOs film was
done in order to clarify the mechanism for magnetic
ordering.

2. Experiments

SnCly-5H0 and FeCl3-6H2O as starting materi-
als were dissolved in a mixed solution of distilled wa-
ter and alcohol. After refluxing at 80 °C and aging,
the coating solution was prepared. The solution was
dropped on rotated Si (111) substrate, and then a film
was formed by spin-coating and dried at low tempera-
ture. By repeating this process, a precursor film with
expected thickness was made and annealed at 500 °C
for 2 hours in air. Under the same technological condi-
tions, films with various Fe concentrations (0%, 2.3%,
3.9%, 7.1% and 12.8%) were fabricated. A series of
annealing processes with the same annealing temper-
ature (400 °C) and time (30min) but different atmo-
spheres (oxidizing, hydrogenating) was performed in
order to test the effect of oxygen and hydrogen on
the formation of magnetic semiconductors for these
samples whose ferromagnetism vanished in an Ar at-

mosphere.
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The composition was determined by inductive
coupled plasma. The thicknesses of the samples were
measured to be 140-220nm by using an ellipse po-
larimeter. The crystal structures of Fe-doped SnOq
were investigated by x-ray diffraction (XRD). A vi-
brating sample magnetometer (VSM) and supercon-
ducting quantum interference device (SQUID) were
used to study the magnetic properties.

3. Results and discussions

Figure 1 (a) shows the XRD pattern of the Fe-
doped SnO; film with z = 12.8% grown on Si (111)
substrate. The crystal structure of all Fe-doped SnO,
films is similar to that of undoped SnO; film with-
out Fe oxides or other impurity phases, indicating
that doping does not change the tetrahedron ru-
tile structure of SnO,. Using the Scherer formula
of the Hall method 3 cos (6)/A = 0.9/D +4esin(0) /A,
where § is full width at half maximum (FWHM)
of SnO, diffraction peaks and e is mean strain, we
can make a rough estimate of the average size of
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Fig.1. The XRD pattern of the Fe-doped SnO2 film with
z = 12.8% grown on Si (111) substrate. The Fe concen-
tration dependence on lattice constant ¢ and grain size
D.

grains (D). From Fig.1(b), we can obtained that the
grain size reduces from 14.5 nm for z = 2.3% to 5 nm
when x = 12.9% with increasing z, indicating that Fe
doping inhibits the growth of SnOs, which is consis-
tent with the result) of the Nomura group. The lat-
tice constant ¢ (calculated based on (110), (200), (211)
peaks) decreases with Fe concentration from 3.201 A
(1 A=0.1nm) for undoped SnO film to 3.185 A for
Fe-doped SnOs, film with z = 12.8%, which can be un-
derstood if we take into account the size of the ion ra-
dius of the Fe ion (0.64 A), which is smaller than that
of the Sn ion (0.71 A) in octahedral coordination.!]
This result implies that Fe?* ions occupied the Sn

sites.
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Fig.2. Temperature dependence of resistance (R) in

Snp.964Fe0.04602 film and the corresponding fitting curve
(solid line).

The temperature dependence of the resistance (R)
in Sng.ggsFeg.04602 film is also studied as shown in
Fig.2. The resistance increases with the decrease of
temperature until 103 K (R is too big to be detected
when temperature is below 103 K) and the plot can be
well fitted by the equation R = Rgexp(Tyo/T)"™. The
value of n cannot be obtained accurately unless more
data at low temperature are measured. So it is hard
to determine whether Mott’s variable range hopping
mechanism or thermal activated electron-tunneling
can be used to account for the conducting mechanism
of the Fe-SnOs film. In any case, the electrons were
localized owing to the inhomogeneous structure. Also,
the resistance increases with the increase of Fe, simi-
lar to Co-SnOy film, 5 showing that the localization
was enhanced. This is because of charge compensa-
tion owing to Fe doping with fewer electrons or doped
elements at the status of deep levels.[7=9 The resis-
tivity of all samples is larger than 560€2-cm, close to
that of an insulator. So, the reduction of electrical
diffusion makes the carrier concentration not enough
to mediate long range ferromagnetic (FM) interaction
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between Fe ions with transition temperatures higher
than room temperature.
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Fig.3. (a) Magnetic field dependence of the magnetization
(M—H curves) measured at 5 K and 300 K by SQUID for
Sni_;Fe; Oz film with z = 3.9%. (1 0e=79.5775 A/m)
(b) The Fe concentration dependence of Ms measured by
VSM at room temperature.

Figure 3(a) shows the magnetic field dependence
of the magnetization (M—H curves) (the paramag-
netic contributions from the sample holder, the sam-
ple and diamagnetic contributions from the Si sub-
strate have been subtracted from the data) measured
at 5 K and 300 K by SQUID for Sn;_,Fe,Os film
samples with z = 3.9%. Both hysteresis loops are ob-
vious, showing that the magnetic transition tempera-
ture T, > 300 K in the Fe-doped SnOs film. The mag-
netization at 5 K is 90 emu/cm?, larger than that at
300 K (50.7 emu/cm?). The origin of room tempera-
ture ferromagnetism can be understood in the scheme
of the bound magnetic polaron (BMP) model™! dis-
cussed in the following. A defect (such as a hole) and
surrounding magnetic impurity ions compose a mag-
netic polaron through s—d exchange interaction, which
leads to ferromagnetic exchange coupling between two
magnetic impurities within the polaron. The pres-
ence of isolated polarons and isolated Fet? ions not
taking part in polaron formation results in paramag-

netism. As the temperature is lowered, the spins of
neighbouring polarons become aligned, and clusters
of polarons with the same spin appear. The lower
the temperature is, the more such ‘links’ between po-
larons are established, and the larger the average clus-
ter size is. When a cluster has the dimensions of the
sample, the whole sample becomes ferromagnetic. In
addition, using VSM measurement at room temper-
ature (all the paramagnetic and diamagnetic contri-
butions have been subtracted from the data), we find
that the magnetic moment per Fe obtained (shown in
Fig.3(b)) rapidly decreases with the increase of Fe con-
centration below z < 7.1%; however, for the samples
with > 7.1%, the variation trend is very slow, which
is consistent with that of other reports.[>”) The pure
SnO, with the same condition is paramagnetic, even
annealed in a reducing atmosphere, hence ferromag-
netic coupling is introduced by Fe doping, only the
defects cannot induce ferromagnetism of SnO4 system
at room temperature.

Figure 4(a) shows the temperature dependence of
magnetization for Sng ge1Feg 03902 film measured by
SQUID in 5000 Oe (1 Oe=79.5775 A/m). The signal
from the Si substrate (whose M—H curve was mea-
sured by SQUID at 5000 Oe, too) was subtracted.
Considering that the M—T curve exhibits temperature
variation of magnetization similar to that obtained by

a theoretical estimation based on BMP, 10!

and param-
agnetism resulting from uncoupled spins and isolated
polarons, we have fitted the thermal decrease of the

magnetization by using

M(T)/M(0) = HM(0)C/(T — P)
+4[0.86 + K In(T,/T)], (1)

where C' is the Curie constant, P is the Curie-Weiss
temperature, 7y is the infinite cluster’s volume in the
model of overlapping spheres and K = (agny)'/?,
whose meaning has been referred to in Ref.[10].

The best fit for the sample is shown by the solid
curve in Fig.5. The fitting parameter P is —4.58 K.
The negative P indicates the existence of antiferro-
magnetism in Fe-doped SnOs films which may result
from the superexchange interaction between nearest
neighbour Fe3* ions through O?~ for the sample with
larger . Moreover, the existence of antiferromag-
netism can explain the decreased moment observed
in the Fe-doped SnO; system (Fig.3(b)). The separa-
tion of the zero field curve (ZFC) and field curve (FC)
measured in 100 Oe as shown in Fig.4(b) shows that

the transition temperature is larger than 350 K, and
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the absence of peaks on ZFC demonstrates that there
are no Fe clusters in the samples.
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Fig.4. (a) Temperature dependence of magnetization

in 5000 Oe. (b) The ZFC-FC curves in 100 Oe for
Snp.961Fen.03002 film measured by SQUID, the fitting re-
sult of the M—-T data is shown by the solid curve.

Based on the above analysis, the most appropri-
ate understanding of the ferromagnetism is the BMP
model.[”l The spins of the magnetic atoms are par-
allel through the electrons associated with a particu-
lar defect (oxygen vacancy). Based on BMP theory,
this could imply that more defects can connect more
BMPs together to enhance the ferromagnetic phase
and M, and vice versa. So, to validate further the
BMP model, the samples with z = 7.1% whose ferro-
magnetism vanished in Ar annealing atmosphere were
annealed in low vacuum and O, atmosphere to con-
trol the oxygen vacancies to study the effect of oxy-
gen vacancies on ferromagnetism of Fe-doped SnOq
films. Ferromagnetism first increases when the oxy-
gen flow rate is 5 sccm (standard-state cubic centime-
tres per minute) as shown in Fig.5(a), showing that
the vacuum condition predominates and oxygen va-
cancies are increased, then gradually decline with in-
creasing oxygen flow rate from 5 sccm to 30 sccm,

which is expected since oxygen vacancies reduces grad-
ually when the oxygen flow increases. Similar results
have also been observed for Co-SnQOs insulating films
and Ni, Fe-TiO; films in vacuum annealing by other
groups.[>'112] Figure 5(b) compares the hysteresis of
Sng.g29Feq.071 O2 films annealed in Hy /Ar whose ratios
(R) are 5/95 and 10/90 sccm, respectively, since hy-
drogenated samples show robust ferromagnetism even
above room temperature, obtained in diluted mag-
netic semiconductors. It is shown that the magne-
tization with R=10/90 is obviously larger than that
of the sample with R=5/95, indicating that hydrogen
can contribute to the enhancement of ferromagnetism
in Fe-doped SnOs films by hydrogenating the dangling
bond¥! or forming Fe-H bonds.["* Charles et al found
that at low temperature, and low P9, the hydrogen
diffused into the host, filling the oxygen vacancies!'?!
and we also observe transition metal-hydrogen bonds
So the defects on

the centre of the polaron are different from those in

in other systems (unpublished).

the samples annealed in vacuum and an oxygen atmo-

sphere.
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Fig.5. (a) Oxygen flow dependence of My for

Snp.g929Feq.07102 films annealed in vacuum. (b)
The hysteresis loops of Sng.g929Feq.07102 films
annealed in Ha/Ar with ratios (R) 5/95 and
10/90 scem, respectively.
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4. Conclusions

In summary, we investigated the structure, mag-
netic property of Fe-doped SnO- films fabricated by
the sol-gel method. The XRD patterns show that Fe
doping does not change the tetrahedron rutile struc-
ture of SnO,, and the lattice constant decreases with
increasing x, showing that Fe substitutes for the Sn
ion in the SnOs lattice. The resistance measurement
illuminates that the electrons are localized. The origin

of room temperature ferromagnetism can be explained

by a model based on the interaction between BMPs
including Fe ions and defects. So, the decrease of fer-
romagnetism in Sng.g7oFeg 03802 film with x is due to
the existence of antiferromagnetism for the isolated
polarons. The annealing atmosphere studies demon-
strate that room temperature (RT) ferromagnetism
can be enhanced by the increase of oxygen vacancies
and hydrogen diffusion. In contrast, the decrease of
the oxygen vacancy concentration by increasing the
oxygen flow during annealing in vacuum can obviously

degrade the RT ferromagnetism.

References

[1] Nomura K, Barrero C A and Sakuma J 2007 Phys. Rev.
B 75 184411

[2] Liu X F, Sun Y and Yu R H 2007 J. Appl. Phys. 101
123907

[3] Wang W D, Wang Z J and Hong Y J 2006 J. Appl. Phys.
99 08M115

[4] Punnoose A, Gopal V and Shutthanandan V 2004 Appl.
Phys. Lett. 85 1559

[5] Ogale S B, Choudhary R J and Buban J P 2003 Phys.
Rev. Lett. 91 077205

[6] Gopinadhan K, Pandya D K and Kashyap S C 2006 J.
Appl. Phys. 99 126106

[7] Coey J M D, Venaktesan M and Fitzgerald C B 2005 Na-
ture Materials 4 173

[8] Coey J M D, Douralis A P, Fitzqerald C B and Venkatesan
M 2004 Appl. Phys. Lett. 84 1332
[9] Nomura K, Barrero C A, Sakuma J and Tekeda M 2007
Phys. Rev. B 75 184411
[10] Kaminski A and Das Sarma S 2002 Phys. Rev. Lett. 88
247202
[11] Hou D L, Meng H J and Jia L Y 2007 Phys. Lett. A 364
318
[12] Meng H J, Hou D L and Jia L Y 2007 J. Appl. Phys. 102
073905
[13] Yao J H, Lin H H and Chin T S 2008 Appl. Phys. Lett.
92 242501
[14] Wang Z H, Geng D Y and Guo S 2008 Appl. Phys. Lett.
92 242505
[15] Windisch C F, Exarhos Jr Gregory J and Yao C H 2007
J. Appl. Phys. 101 123711



