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Structure and magnetism of Fe-doped SnO, nanoparticles
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SnO, nanoparticles doped with Fe of different concentrations were synthesized by a chemical coprecipita-
tion method. After calcination at 600 °C, the samples were characterized using x-ray diffraction (XRD),
transmission electron microscope (TEM), and superconducting quantum interference device magnetometer.
XRD shows that the solubility of Fe in SnO, (Sn;_,Fe,O,: primary phase where Fe substitutes Sn in SnO,
matrix) is less than 7.5% (x<0.075) and Fe,0; (hematite) or (Fe,_,Sn,),03 (where Sn substitutes Fe in Fe,05
matrix) is evolved as a secondary phase for x=0.075 along with Sn,_,Fe, O, (primary phase). TEM shows that
the particles are crystalline and of size in the nanometric regime (10*+3 nm). The M(T) and M(H) studies
indicated an antiferromagnetic (AFM) interaction in 3% and 5% (atomic weight) Fe-doped SnO, nanoparticles.
The observed AFM interaction can be explained by the bound magnetic polaron model for insulating diluted
magnetic semiconductor systems. It is seen that the strength of AFM interaction reduces with increase in
doping concentration. On the other hand, 7.5% Fe-doped SnO, nanoparticles show the ferromagnetic interac-
tion, but the origin of the observed ferromagnetism is identified due to the presence of (Fe;_,Sn,),0; as a

secondary phase.
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I. INTRODUCTION

The discovery of giant magnetoresistance (GMR) (Refs. 1
and 2) in multilayer of magnetic and nonmagnetic bilayers
and the theoretical model of Datta-Das field-effect transistor
first stimulated the scientific community to use the spin de-
gree of freedom of electron along with its charge in electron-
ics and born a multidisciplinary field of research, namely,
spintronics.*~® The past 60 years after the discovery of tran-
sistor action in germanium (observed at Bell Laboratories in
1947) have the witness of revolution in semiconductor-based
electronics mainly because of adding hole (+ve charge) de-
gree of freedom of carriers in semiconductor along with elec-
tron (—ve charge). Adding further spin degree of freedom in
conventional electronics is expected to be enhanced the
functionality®> of new electronic devices such as self-
nonvolatile memory, low-power consumption, high speed,
and large integration density compared with the conventional
semiconductor devices.

Two distinct approaches are clearly observed in spintron-
ics. One is based on the GMR effect in magnetoresistive
(MR) element, which is composed of two ferromagnetic lay-
ers separated by a nonmagnetic metal or insulator and al-
ready applied successfully in practical devices such as read
head,” spin valve,® magnetic random access memory,’ and
closed to realize magnetologics gates'®!! (magnetic AND,
NAND, OR, and NOR). Another approach is based on the spin
injection into semiconductor either through the interface of
ferromagnet/semiconductor heterostructures'>!3 or ferromag-
netic ions doped into the semiconductor [dilute magnetic
semiconductor (DMS) Refs. 14-16]. Although the global
success of spintronics definitely depends on this approach,
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but the realization of practical devices is still far away.

DMS is an active field of research currently. The aim is to
develop room-temperature ferromagnetism (RTFM) in con-
ventional semiconductors by doping them with transition
metals and then the DMS could be used as a host semicon-
ductor with polarized spin carriers and/or as a spin-polarized
source for heterolayered structure replacing ferromagnetic
metal/insulator layer to overcome the resistance mismatch
and lattice mismatch (strain) at interface. The first dilute
magnetic semiconducting property was observed in intrinsi-
cally p-type Mn-doped GaAs (III-V semiconductor) but at
quite below of room temperature around 110 K.!” Following
this work, theoretical calculations predicted the possibility of
RTFM with exchange interaction mediated by p-type free
carriers in transition-metal (TM) doped ZnO (II-VI) and GaN
(IMI-TV) semiconductors.'® After this prediction, a plenty
number of experiments were carried out by various research
groups on Zn0,'*2¢ Sn0,,>’-3¥ and TiO, (Refs. 39 and 40)
based DMS and reported controversial results regarding the
presence or absence of ferromagnetism, regarding the origin
of observed ferromagnetism whether intrinsic or due to the
presence of hidden secondary phases of ferromagnetic metal
clusters or their ferromagnetic oxides, regarding the ex-
change interactions in ferromagnetic ordering whether medi-
ated by holes or electrons, again whether the carriers are
delocalized (itinerant) or localized in nature.!>*-4¢ Qverall,
the origin of ferromagnetism in these systems is not well
understood yet.

Recently transition-metal-doped SnO, has been investi-
gated by few groups and reported very high RTFM 27-30-35-38
Being optically transparent with room-temperature ferromag-
netic property, transition-metal-doped SnO, is considered as
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a promising material for the development of multifunctional
magneto-optoelectronic devices. Ogale et al’® studied
Sn;_,Co0,0, (x<0.3) thin films prepared by pulsed laser
deposition (PLD) and found a strong ferromagnetic behavior
at room temperature with large magnetic moment
(7.5+0.5 up/Co). Coey et al.?® studied 5% Fe-doped SnO,
thin film grown by PLD and reported room-temperature fer-
romagnetism with 1.8 up per ordered iron ion. Punnose et
al.?” and Hays et al.”® observed RTFM in Fe-doped and Co-
doped SnO, nanoparticles although the magnetic moments
were significantly reduced in their nanoparticles compared to
the thin films. On the contrary, Liu et al.3! reported an anti-
ferromagnetic interaction in Co-doped SnO, nanoparticles
and Kimura et al.*3 observed paramagnetic behavior of Mn-
doped SnO, thin film.

In this paper, we present our investigation to understand
the structural and magnetic properties of Fe-doped SnO,
nanoparticles prepared through a chemical coprecipitation
method. The samples (Sn,_,Fe, O,) were prepared with dif-
ferent Fe-doping concentrations (0=x=1) along with pure
SnO, (x=0) and Fe,0O5 (x=1) nanoparticles following the
identical method. We have observed that the solubility of Fe
in SnO, is less than 7.5%. An antiferromagnetic (AFM) in-
teraction is observed in 3% and 5% Fe-doped SnO, nanopar-
ticles where the strength of AFM interaction reduces with the
increase in doping concentration. However, 7.5% Fe-doped
SnO, nanoparticles show the ferromagnetic interaction and
the origin of the observed ferromagnetism is identified due to
the presence of Sn-doped hematite ((Fe;_,Sn,),03) as a sec-
ondary phase. -

II. EXPERIMENTAL DETAILS

Bulk amount of Fe-doped SnO, nanoparticles were pre-
pared using a chemical coprecipitation method.*’ The in-
tended composition was Sn,_,Fe O, (x=0.0, 0.03, 0.05,
0.075, 0.1, 0.15, 0.25, 0.75, 0.90, and 1.0). 1M aqueous so-
Iution of SnCl,;.5H,0 was mixed with 1M aqueous solution
of FeCl; in calculated proportion of atomic percentage of Sn
and Fe ions. The resulting solution was added to 1% wt/vol
aqueous solution of polyvinyl pyrollidone (PVP). PVP is
used as a surfactant in the reaction. The mixture was then
kept in an oil bath of constant temperature of 80 °C. Initial
pH of the solution was kept at 2.5. NH,OH was added drop-
wise in a controlled manner to maintain chemical homoge-
neity. The addition of NH,OH was stopped when the pH of
the solution was reached at 8. The solution was kept under
magnetic stirring for 5 hours (5 h). This reaction led to the
formation of a polymeric structure within the sol particles.
The sol was subsequently filtered using distilled water to
eliminate chloride ions in the system and was heated at
150 °C for 1 h until completely gelled to smaller gel par-
ticles. These dry gel particles were calcined at 600 °C for 4
h to obtain the phase. The heating rate was fixed at
3.5 °C/min to reach the calcination temperature of 600 °C.
XRD data were recorded at room temperature on a Phillips
x-ray diffractometer with a Cu Ka source (\=1.5418 A) in
Bragg geometry. The loose powder samples were leveled in
the sample holder to ensure a smooth surface. High-
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FIG. 1. Logarithmic plots of XRD data for Sn;_,Fe O, (x=0.0,
0.03, 0.05, 0.075, 0.10, 0.120, 0.75, and 1.0) nanoparticles calcined
at a temperature of 600 °C. The plots for x=0.0 and 1.0 indicate the
XRD pattern for SnO, and «-Fe,0Os3, respectively. The peaks at
Bragg angle 44.7° for all samples are of elemental Mn atoms from
sample holder of XRD machine (marked with *).

resolution transmission electron microscopy (HRTEM) mea-
surements were carried out on a JEOL JEM 2010 micro-
scope. All the images were digitally recorded with a slow
scan charge-coupled device camera and image processing
was carried out using the digital micrograph software from
Gatan (USA). The HRTEM data were used for the study of
particle size distribution and the crystalline character of the
prepared samples. The magnetic measurements on the pre-
pared samples were carried out using superconducting quan-
tum interference device (SQUID) magnetometer. The tem-
perature dependence of magnetization [M(T)] and the
magnetic-field dependence of magnetization [M(H)] mea-
surements were performed on the samples in the form of
pressed pellets.

III. RESULTS AND DISCUSSIONS
A. Structural

We have shown powder XRD patterns of Sn;_,Fe O, (x
=0.03, 0.05, 0.075, 0.10, 0.125, and 0.75) nanoparticles in
Fig. 1 along with pure SnO, (x=0.0) and Fe,O3; (x=1.0)
nanoparticles prepared under identical conditions for the
identification of the phases in Sn,_.Fe O,. The experiment
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FIG. 2. Variation of (a) lattice parameter a, (b) lattice parameter
¢, (c) cell volume V (a?c), and (d) crystallite size in diameter Dy,
calculated from XRD peaks of (110) and (101) shown in Fig. 1.

was performed with bulk amount of material and the inten-
sity of the Bragg peaks is plotted in the logarithmic scale to
enhance the sensitivity of XRD in detection of the presence
of tiny amount of secondary phases. Figure 1 shows that
Sn;_,Fe O, have the identical structure of SnO, up to Fe-
doping concentration of x=0.125 beyond which the addi-
tional peaks start to appear at Bragg angles of Fe,O5. The
XRD patterns of SnO, and Fe,O; are compared with the
JcDPs software generated XRD patterns and it is found that
SnO, is cassiterite phase (tetragonal phase with no ortho-
rhombic phase is observed) and Fe,O; is hematite phase
(hexagonal). It is observed that there is a competition to form
Fe-substituted SnO, phase and/or Sn-substituted Fe,O3
phase depending on the relative concentration of Sn and Fe
ions. Below (above) 25% (75%) of Fe concentration, Fe-
substituted SnO, (Sn-substituted Fe,0s) is the dominant
phase. From Fig. 1, it is evident that 75% Fe-doped samples
have the identical structure of Fe,O;. So the secondary
phases, in our case, may be Fe,O; and/or Sn-substituted
Fe,05 [(Fe,_,Sn,),0;]. Note that a peak at a Bragg angle of
44.7° in Fig. 1 appears for all samples (x=0.0 to x=1.0),
which is the peak of elemental Mn atoms (not any Mn oxide)
from the sample holder of XRD machine.

Lattice parameters (a and c), cell volume (a’c), and par-
ticle size (Dy) were calculated using the casseterite (110) and
(101) peaks of Sn;_,Fe O, for different doping concentra-
tions (x) and their average values are plotted in Fig. 2. Lat-
tice parameters (a and c) and cell volume gradually decrease
with the increase in doping concentration and reaches a mini-
mum at doping level of ~7.5% and increase with further rise
in the doping concentration. Lattice parameter ¢ at ~7.5% is
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FIG. 3. HRXRD of 3%, 5%, and 7.5% Fe-doped SnO, nanopar-
ticles showing the presence of secondary hematite phase (a-Fe,03)
in 7.5% Fe-doped sample. The very weak peak at Bragg angle of
30.2° is for the tetragonal phase of SnO (marked with arrow). Peaks
at 44.7° are absent because of using different sample holder in
HRXRD machine.

deviated from the trend and the reason is not clear. It is noted
that the calculation is repeatedly checked and obtained the
same result. From Fig. 2 it is clear that the structural change
in Sn;_Fe O, is distinctly different below and above the
doping concentration of 7.5%. The lattice parameters (¢ and
c) and cell volume (a’c) decreases up to doping concentra-
tion of 7.5% and for higher concentration the same increases
toward the value of pure SnO,. The ionic radii of O?~, Sn**,
and Fe?* are 1.40, 0.83, and 0.69 10\, respectively. Obviously
the radius of dopant ion (Fe’*) is lower than that of host ion
(Sn**). It may happen that Fe atoms are incorporated into
SnO, matrix at substitutional and/or interstitial position be-
low 7.5% and then started to segregate for higher concentra-
tion and manifest as a secondary phase. We have also calcu-
lated the crystallite size using the Scherrer formula,*

K\
Dy=——, (1)
B> cos 0

where 6 is the Bragg angle and 3, is the full width at half
maxima, A=1.5418 A in the Cu K« radiation. K is taken to
be 0.89. The dependence of the crystallite size with doping
concentration is shown in Fig. 2(d), which shows a similar
trend as the other structural parameters with a significant
critical point at doping concentration of 7.5%. Further, we
have performed the high-resolution x-ray diffraction
(HRXRD) (lower angle step, higher incident intensity, and
longer scan time) measurements on the samples doping with
3%, 5%, and 7.5% Fe and shown the results in Fig. 3. The
plots in Fig. 3 establish the evolution of secondary phases
just started at 7.5% below which Sn;_,Fe O, is single phase
with identical structure of SnO,. Thus the solubility of Fe in
SnO, at 600 °C is less than 7.5%. In Fig. 3, a very weak
peak at Bragg angle 30.2° for 3% Fe-doped sample is re-
solved in HRXRD, which is identified as the peak of the
tetragonal phase of SnO. However, the relative intensity of
the peak is so low that the presence of SnO phase is negli-
gibly small compared to the SnO, phase. Further, the ab-
sence of peak at 44.7° (identified in Fig. 1 as the peak of
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FIG. 4. (Color online) (a) Low magnification TEM image, (b) Particle size distribution determined from (a), (c) SAD pattern, and (d)
Lattice image (HRTEM) of Sng ¢sFe 050, nanoparticles calcined at 600 °C (see text for details).

elemental Mn atoms from sample holder) in Fig. 3 of
HRXRD pattern (which was recorded in different machine)
confirms that the source of Mn peak is the sample holder of
XRD machine.

Structural characterization through TEM is a direct way
of visualizing the estimated grain size. It also gives authentic
information regarding the particle size distribution, crystal-
line nature, and other structural information. Figure 4(a)
shows the low magnification TEM micrograph of
Sng 95Fe( 0sO, nanoparticles synthesized at calcination tem-
perature of 600 °C. From this micrograph, the particle size is
determined and shown in Fig. 4(b). It is found that the par-
ticles are distributed with maximum frequency at ~10 nm,
which is very consistent with the XRD analysis [Fig. 2(d)].
The particle size (diameter) was edited, analyzed, and calcu-
lated using the ADOBE PHOTOSHOP and IMAGE J software,
respectively. The average particle size for other concentra-
tions was also found to be markedly consistent with the val-
ues obtained from XRD analysis. The selected area diffrac-
tion (SAD) pattern shown in Fig. 4(c) demonstrates that the
particles are crystalline in nature. The concentric ring in
SAD pattern may not be due to the polycrystalline nature of
the individual particles, rather random orientation of par-

ticles in powder form. However HRTEM images of the
Sng ¢sFe osO, nanoparticles [shown in Fig. 4(d)] confirmed
that the particles are single crystalline and almost free from
the defects. We have observed that there is no formation of
any structural core-shell system. However, the HRTEM
analysis could not quantitatively conclude the evolution of
any secondary phases in samples even with higher doping
concentration of Fe (x>0.05). The elemental analysis from
energy dispersive x-ray analysis measurements showed a
close match with our intended material composition as stated
in the synthesis process (data are not shown here).

B. Magnetic

For proper investigation and understanding of the mag-
netic properties of Sn;_,Fe O, (x=0.03, 0.05, and 0.075)
DMS nanoparticles, measurements of magnetization as a
function of temperature [M(T)] and magnetic field [M(H)]
were carried out over a temperature range of 5—300 K and
field range of 0 to =5 kOe using a SQUID magnetometer.
Figure 5 shows the M-H behavior of 3%, 5%, and 7.5%
Fe-doped SnO, nanoparticles. 3% [Fig. 5(a)] and 5% [Fig.
5(b)] Fe-doping samples do not show any hysteresis loop in
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FIG. 5. M(H) plots for (a) Sngg7Fep 302, (b) SngosFeq o502,
and (c) Sng g9r5Fe( 750, at different temperatures.

the whole range of temperature (5—300 K), but the 7.5%
[Fig. 5(c)] sample shows. Obviously 3% and 5% samples are
not ferromagnetic and also not superparamagnetic for lack-
ing of magnetization saturation even at higher magnetic field.
There is only possibility to be either paramagnetic or antifer-
romagnetic. On the other hand, 7.5% sample is obviously
ferromagnetic in nature and now the question is to be an-
swered whether this observed ferromagnetism is intrinsic
property of Fe-substituted SnO, or due to the secondary
phase predicted from HRXRD. Note that the normal XRD
could not detect the presence of secondary phase and hyster-
etic behavior of 7.5% Fe-doped sample might tempt one to
conclude that the observed ferromagnetism would be intrin-
sic phenomenon of Fe-substituted SnO,. The M(T) curves
for Sn,_,Fe, O, (x=0.03, 0.05, and 0.075) samples in the
presence of a dc magnetic field of 500 Oe [field cooled (FC)]
and in the absence of magnetic field [zero field cooled
(ZFC)] are shown in Fig. 6. The M(T) curves for x=0.03
[Fig. 6(a)] and x=0.05 [Fig. 6(b)] show a steep rise in mag-
netization value with a very strong concave nature below 50
K without any distinct magnetic phase transition. It is also
observed that the concave nature of M(T) curves decreases
with increase of Fe doping from 3% to 5% in the SnO,
matrix. The FC and ZFC curves for the lower Fe-doped
samples i.e., for the 3% and 5% samples coincide (as shown
in figure with separate symbols), indicating an antiferromag-
netic interaction among the magnetic ions in the matrix with-
out any spin-glass-type transition. Similar observations have
been reported by Liu et al.*' for Co doped SnO, nanopar-
ticles prepared from a similar coprecipitation method. The
M(T) curves for the 7.5% Fe-doped sample [shown in Fig.
6(c)] are very different, where FC and ZFC curves separate
out at a temperature of ~190 K and a magnetic phase trans-
formation occurs steadily between 125 and 95 K (see ZFC
curve). This transformation is easily identified at the first
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FIG. 6. M(T) plOtS for (a) SHQ‘97FCO'0302, (b) SHO‘95F60'0502 [in—
set (a) and (b) showing the high-temperature Curie-Weiss fit of the
inverse susceptibility (1/y)-temperature (7) plot from the M(T)
data], and (c) Sng g9p5Fe 0750, (inset showing the dM/dT vs T plot,
clearly depicting the Morin transition) with H=500 Oe (FC) and
H=0 Oe (ZFC).

look to be a transformation from a weak ferromagnetic
(WFM) phase to an AFM phase. It looks also that this mag-
netic phase transformation is superimposed with the interac-
tion dominating in the samples of lower Fe concentration
(3% and 5%), which is evident from the strong concavity in
the FC and ZFC curves at lower temperature, a marked simi-
larity with the lower doping samples [Fig. 6(a) and 6(b)]. Tt
is reported in literature that hematite shows a similar phase
transformation from a WFM to AFM at temperature of 263 K
called the Morin transition temperature T),.*> In our case, the
observed transition at temperature of 113 K with asymmetric
width of 30 K [see inset in Fig. 6(c)] may be due to the
Morin transition of secondary phase (hematite). However,
M(H) and M(T) curves together clearly support the single
(primary) phase nature of 3% and 5% samples and the mul-
tiphase (primary and secondary) nature of 7.5% sample as
observed in HRXRD results. A schematic diagram decou-
pling the contribution of each phase in M(T) for 7.5%
sample are shown in Fig. 7. For a quantitative evaluation of
the intrinsic exchange coupling between Fe ions in SnO,
matrix for 3% and 5% samples and to identify the origin of
ferromagnetic component in 7.5% Fe-doped sample, we dis-
cuss them separately as follows.

1. 3% and 5% Fe-doped SnO,

The plots of magnetization (M) as a function of tempera-
ture (7) are shown in Figs. 6(a) and 6(b) for 3% and 5%
Fe-doped SnO,, respectively. The inverse susceptibility
(1/x) versus T are fitted with a Curie-Weiss linear relation
for the high-temperature regime (shown as inset),
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FIG. 7. Schematic of the possible interaction for the observed
peculiarity in M-T nature of 7.5% Fe-doped SnO, sample.
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x(0]" = cw (2)
where 6(x) is the Curie-Weiss temperature and C(x) is the
Curie constant. 6(x) is estimated from the linear fit of the
experimental curves. The magnitude of #(x) is found to be
~—128 K for x=0.03 and -146 K for x=0.05. Thus the
magnetic interaction in this system is found to be antiferro-
magnetic in nature as estimated from the negative value of
6(x). Such AFM interaction was also found for Co and Mn-
doped ZnO systems.!*?° The effective Bohr magneton is cal-
culated from the slope C(x) of the linear Curie-Weiss fit
through the relation®®

3kzC
Mefr = [I;V—A(X)}, (3)

where kj is the Boltzmann constant and N, is the Avogadro
number. Again,

et = g{I (T + DM g, (4)

where up is the Bohr magneton number and g is the Lande-g
factor, which we take as 2.023 for Fe ion.’® The calculated
values of J, pyn C(x) and 6(x) for Sngg;Fepp30, and
Sng gsFe( ¢sO, are tabulated in Table I. The AFM interaction
of Snj¢;Feq 30, and Sny¢sFe( (5O, can be understood well
if we calculate the effective exchange interaction parameter
J,, using the relation

JURELLCL 5)

xXJ(J+1)Zyy
where x is the atomic fraction of the magnetic ions in the
matrix and Zyy (=14) is the number of nearest neighbor for
the system. Using the parameters calculated in Table I, the
values of J,,/kp are found as —308.23 K for Sngg,Fe( 30,
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and -259.26 K for SnggsFe(0sO,. The negative sign of the
parameter J,,/ kg confirms our inference regarding the AFM-
type interaction in the 3% and 5% doped SnO, nanoparticles.
The magnitude of the strength of the AFM interaction in
Sn;_ . Fe O, nanoparticles with a growth temperature of
600 °C is found to be decreased with the increase in Fe’*
concentration in the matrix.

The concavity in M(T) is a signature for small free-carrier
density and small mean free path, while convex profiles ap-
pear for the large and linear for the intermediate density and
mean free path. The strong concave nature of M(T) curves in
our Fe-doped SnO, nanometric samples is clearly suggesting
a strongly localized nature of the magnetic ions and a “low-
value” carrier density insulating system.*** According to
Bhatt et al.,*® the temperature dependence of magnetic sus-
ceptibility on donor-rich n-doped semiconductors (electri-
cally insulating) shows the absence of any ferromagnetic or-
dering due to AFM exchange coupling between donor spins
down to very low temperature ~10 mK. Though the doping
of SnO, by Fe’*, where Fe®* is intended to substitute Sn**
ions, would effectively give rise to a hole dominated system,
but the inherent anionic defects and deficiencies along with
the enhanced grain-boundary effects in these nanometric ma-
terials may give it a insulating nature. The observed mag-
netic behavior in our sample can be explained by considering
the bound magnetic polaron (BMP) model.**** The anionic
defects or the localized carrier along with the magnetic im-
purity spin are likely to form a BMP in the present system of
Fe-doped SnO,, where one localized carrier is surrounded by
many magnetic impurity spins with net magnetic moment.
Such BMPs are distributed throughout the system randomly
along some magnetic ion species. According to Wolff et al.,*
three types of interactions are present among the BMPs, viz.,
(i) K, the kinetic exchange interaction between the spin of
the localized carrier and spin of the magnetic impurities
within the magnetic polaron; (ii) K', the polaron-polaron cou-
pling induced through an exchange via the magnetic ions
residing between the magnetic polarons; and (iii) J, the stan-
dard AFM interaction induced by virtual hopping of carriers
from one site to another. In our work, the doping concentra-
tions are in higher TM doping level and we can consider
(a*/d) =1, where a” is the effective Bohr radius for the mag-
netic polaron and d is the distance between two such
BMPs.*® Because of the limit of (a*/d)=1 in such systems,
K’ and J are not negligible to be treated as second-order
perturbations and different degrees of competitions between
these two interaction parameters arise. For K'1J=0, there is
no competition and we have an AFM interaction. An increase
in value of this K'/J term would mean a gradual relaxation of
the AFM interaction in the system. This relaxation of the

TABLE I. Comparison of C(x), effective Bohr magneton (), total angular quantum number J, Neel
temperature 6(x), and magnitude of AFM interaction strength (J,,/kg) for Sngg7Fe( 030, and Sn gsFeq ¢5O5.

Sample C(X) lueff(xlu'B) J H(X) Jex/ kB
(K) (K)
Sngg7Fe) 0305 0.00112 1.1446 1.26 -128 -308.23
SngosFe) 0502 0.001244 03555 1.132 ~146 -259.26
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AFM interaction is indeed observed in our system as we
increase the doping concentration. Since an increase in the
doping concentration would mean an increase in the effective
number of Fe ions in the matrix, thus the effective Bohr
radius of the magnetic polarons increase and as such K’ in-
creases as K’ is related to parameter K by K'~K exp(
—d/a"). However, interestingly the magnetic interaction in
our Fe-doped SnO, is never ferromagnetic though Punnose
et al.”’ reported a RTFM in 1% Fe-doped SnO, nanoparticles
with a lower growth temperature. In their studies the samples
grown at 600 °C did not show any ferromagnetism. This can
be attributed to the fact that due to the increased growth
temperature, there is a surface diffusion of the magnetic ions.
Comparably the generation of the anionic defects and other
defects also appear that prefer the formation of the BMPs
with competing interaction parameters, viz., K' and J. The
reason is attributed to the fact that with the increase of Fe
ions in the matrix, the number of antiferromagnetically inter-
acting magnetic polaronic pairs also increase. So there will
be a net decrease in the strength of the AFM exchange inter-
action due to the increased value of the parameter K’ and
effectively the K'/J value for modifications in a* and simul-
taneously the moment per Fe ions should reduce with in-
crease in the AFM exchange sites.

2. 7.5% Fe-doped SnO,

A marked difference is observed in the M(H) [Fig. 5(c)]
and M(T) [Fig. 6(c)] curves for 7.5% Fe-doped sample in
comparison with the same of 3% and 5% Fe-doped samples.
In contrast to the lower doping (3% and 5%) samples, the
7.5% sample shows (i) hysteresis loop at lowest attainable
temperature of 5 K and also at higher temperature of 270 K
and (ii) phase transition from WFM to AFM starting at
~125 K over a range of temperature down to 95 K. This
behavior in the 7.5% Fe-doped sample is attributed at the
first hand due to the presence of secondary a-Fe,O; phase.
To understand this different M(H,T) behavior, we have mea-
sured the magnetization of a-Fe,05; nanoparticles (prepared
by the similar coprecipitation method as described earlier)
both as functions of temperature and magnetic field, as
shown in Fig. 8. The following observations are made from
the M(H,T) curves of a-Fe,0; nanoparticles: (i) hysteresis
loop at 5 K is absent but present at 270 K, and (ii) phase
transition from WFM to AFM starting at ~260 K over a
range of temperature down to 200 K is present. The observed
phase transition is definitely the Morin transition where the
antiferromagnetically aligned Fe spins of «a-Fe,O; are
slightly canted below its Néel temperature of 960 K and
attains the perfect antiparallel orientation below the Morin
temperature (7T,,) of 263 K in case of bulk material. In our
sample, the wide range of T}, (AT,,=60 K) is attributed to
the effect of size distribution of @-Fe,O5; nanoparticles and
evidence of such effect is found in literatures.**>1-3% Also the
absence of hysteresis loop at 5 K is expected since 5 K is
quite below the observed Morin temperature of 255 K (see
inset) in our sample of a-Fe,0 nanoparticles. Note that the
secondary phases in 7.5% sample and pure a-Fe,O; nano-
particles show similar behavior with the following differ-
ences: (i) the Morin transition in 7.5% sample is at 113 K
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FIG. 8. (a) M-H plot at 5 and 270 K and (b) M-T curve with
H=500 Oe (FC) and H=0 Oe (ZFC) for a-Fe,0s.

whereas in pure @-Fe,05 nanoparticles, the same is at 255 K,
and (ii) 7.5% sample shows hysteresis at 5 K, but pure
a-Fe,O5 nanoparticles do not show the same. This difference
may not be only due to the particle size effect on Morin
transition. Also the substitution of Sn** ions in place of the
Fe’* cations in the a-Fe,05 rhombohedral structure might be
a possible reason for this lowering of the Morin temperature.
Suppression of Morin transition temperatures in Ti-, Al-,
Co-, Sn-, and Mn-doped hematites is reported in
literatures.>>* We have also noted that Sn when doped in
a-Fe,0j is structurally identical to that of a-Fe,O3 (compare
XRD plots of 75% and 100% Fe-doped samples in Fig. 1).
Here we mean that 75% and 100% Fe-doped SnO, is equiva-
lent to 25% and 0% Sn-doped a-Fe,Os. Our intuition is that
the possible presence of a phase of the form a-(Fe,;_,Sn,),0;
is responsible for the observation of the hysterisis at 5 K. To
confirm our intuition, we have measured M(H,T) of 75%
Fe-doped SnO, sample and shown the data in Fig. 9. XRD
shows that this sample is mainly Sn-substituted a-Fe,O;
phase (Fig. 1) and this phase shows hysteresis loop at 5 K
[Fig. 9(a)] and the Morin transition temperature is less than 5
K [Fig. 9(b)]. However, the appearance of hysteresis loop at
5 K is still not clear when the Morin transition temperature is
113 K with a range of 125-95 K in 7.5% Fe-doped sample.
Moreover, the presence of the ferromagnetic magnetite phase
is discarded as the high air annealing temperature of
~600 °C of the samples will not allow this phase to be
stable and magnetite gets oxidized to Fe,05; (maghemite and
subsequently hematite) phase at annealing temperatures
~300 °C. It is reported recently by Xu et al.>® that chemi-
cally hematite nanowires exhibit a 7), below 4 K and has a
hysteretic behavior even at low temperatures of 10 K. We
attribute the presence of hysterisis at 5 K in 7.5% Fe-doped
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FIG. 9. (a) M-H plot at 5 K and (b) M-T curve at H=500 Oe
(FC) and H=0 Oe (ZFC) for 25% Sn-doped a-Fe,05.

sample due to the inhomogeneous Sn-substitution into Fe,0;
and also size and shape distribution of the particles.

IV. SUMMARY

We have synthesized Fe-doped SnO, nanoparticles by a
coprecipitation method. The prepared samples with Fe-
doping percentage varying from 3% to 75% showed a SnO,
casseterite phase up to a doping percentage of 7.5% as con-
cluded from the normal XRD analysis. However HRXRD
studies showed the presence of a secondary phase a-Fe,O;
in the 7.5% Fe-doped SnO, sample. Further structural analy-
sis of the obtained XRD spectra shows that the lattice param-
eter and cell volume changes in accordance with the incor-
poration of Fe ions into the SnO, matrix. For higher Fe
doping the lattice parameters approaches the undoped SnO,
suggesting segregation of Fe as oxides [a-Fe,0; and

PHYSICAL REVIEW B 78, 024404 (2008)

a-(Fe;_,Sn,),05 in this case]. The crystallite size calculated
from the Scherer formula suggests the formation of nanomet-
ric particles which is further confirmed by the HRTEM im-
ages. The single crystalline and defect free nature of the
particles are also evident from HRTEM images. The mag-
netic behavior of the single phase system, i.e., for the 3% and
5% Fe-doped SnO, samples that showed an AFM behavior,
which is explained through the BMP model. Though the sys-
tem exhibits a non-mean—field-like behavior, but we have
used the Curie-Weiss model to describe the M(T) behavior.
This is justified as we try to get a qualitative quantification of
the exchange parameters governing the magnetic behavior of
the single phase Sn;_,Fe, O, system. The next-higher concen-
tration, i.e., 7.5% Fe-doped sample showed the presence of
a-Fe,05 as a secondary phase, and the magnetic behavior,
viz., M(T) and M(H) indicated a coupled behavior of indi-
vidual a-Fe,0; phase and the Sn(Fe)O, phase as evident
from the observed Morin transition from a WFM phase to an
AFM phase in the system. However, the Morin temperature
is shifted to much lower temperature ~100 K for the 7.5%
Fe-doped sample, a marked departure from that of pure
a-Fe,05 (T);~255 K). Also the existence of hysteresis at
5 K indicates that the secondary phase evolved in the
7.5% sample is not strictly pure a-Fe,O5 but a Sn-substituted
a-Fe,05 phase that we propose as a-(Fe,_,Sn,),0;. This
conclusion is further supported by the M(H) and M(T)
studies on the 75% Fe-doped SnO, sample, which is struc-
turally identical to a-Fe,05. The M(T) plot clearly suggest
the disappearance of the Morin transition and a profound
hysteresis at 5 K suggest the weak ferromagnetic nature of
the a-(Fe,_,Sn,),0;5 phase. Further investigation is needed to
study the behavior of Fe-doped SnO, system prepared at
a lower temperature ~300 K and relatively lower doping
(<3%) concentration of Fe in the SnO, matrix.
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