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Relationship between the structural and magnetic properties of Co-doped SnO, nanoparticles
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In this paper, we present the results of a detailed investigation of the structural, optical, and magnetic
properties of chemically synthesized pure and Co-doped SnO, powders using x-ray diffraction (XRD), diffuse
reflectance spectroscopy, Raman spectroscopy, x-ray photoelectron spectroscopy, and magnetometry. In
Sn;_,Co,0, samples prepared at 600 °C with low doping concentrations of Co (<1%), the SnO, lattice
contracts, band gap energy decreases, and a ferromagnetic behavior is developed. Increasing the Co doping
concentration to >1% leads to a rapid expansion of the lattice and significant structural disorder evidenced by
changes in the XRD and Raman spectra presumably due to additional interstitial incorporation of Co. This
higher Co doping completely destroys the ferromagnetism. The striking similarity between the changes in the
lattice parameters and the magnetic properties of Sn;_,Co,0, indicates a structure-magnetic property

relationship.
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I. INTRODUCTION

Tin dioxide is a very interesting oxide semiconductor with
a wide band gap of ~3.6 eV. Its high optical transparency,
electrical conductivity, and chemical sensitivity make it a
very attractive material for solar cells, heat mirrors, catalysis,
and gas-sensing applications. Tailoring the physical proper-
ties and adding new functionalities to the existing semicon-
ductors by engineering the structure, composition, and
particle/grain size are among the new approaches in advanc-
ing the current applications of semiconductor materials.
Preparation of these materials in the nanoscale size range is
more interesting due to the increased surface-to-volume ratio
which might affect the structural and most other physical
properties. Transition-metal (TM) doping has been proposed
to introduce magnetic functionality in conventional
semiconductors."> Recent reports on the observation of
room-temperature ferromagnetism (RTFM) in thin films of
TM-doped oxide semiconductors such as TiO,,>° Zn0O,>3
and SnO, (Refs. 9-11) generated tremendous interest in in-
vestigating these materials. In the nanoscale form, these ma-
terials are reported to demonstrate more interesting magnetic
properties.® For example, Co-doped TiO, nanocrystals were
paramagnetic when prepared as isolated particles, but
showed weak ferromagnetism when aggregated, and strong
ferromagnetism in spin coated thin film form.°

In a very recent work,” we have shown that chemically
synthesized Sn;_,Co,0, powders exhibit RTFM for x
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=<0.01 when prepared in the 350 to 600 °C range. However,
for x>0.01, this ferromagnetism was completely destroyed
and the samples demonstrated a paramagnetic behavior. Here
we report detailed investigations of the structural, optical,
and magnetic properties of pure and Co-doped nanoparticles
of SnO, with a specific interest to understand why >1% Co
doping destroyed the observed ferromagnetism. The struc-
tural and optical investigations reported in this work are car-
ried out on 600 °C prepared Sn;_,Co,0, samples to avoid
any pure or doped SnO inclusions that might form at lower
preparation temperatures.

II. EXPERIMENTAL

Pure and Co-doped SnO, powders were synthesized by
reacting appropriate amounts of SnCl, and CoCl,-6H,0 at
80 °C followed by annealing the dried precipitate in air at
different temperatures for 3 h. Detailed characterization of
the samples using transmission electron microscopy (TEM),
electron diffraction, and x-ray diffraction (XRD) showed the
formation of Sn;_,Co,0, when prepared by annealing the
precipitate in the 350 to 830 °C range.” The nominal Co
doping concentrations were confirmed by particle induced
x-ray emission (PIXE) measurements carried out in the ac-
celerator facility at Pacific Northwest National Laboratory.
Details of these synthesis and characterization studies of the
samples have been reported in Ref. 9. XRD spectra were

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.075203

HAYS et al.

recorded at room temperature on a Phillips X’ Pert x-ray dif-
fractometer with a Cu K, source (\=1.5418 A) in Bragg-
Brentano geometry. The loose powder samples were leveled
in the sample holder to ensure a smooth surface and mounted
on a fixed horizontal sample plane. Data analyses were car-
ried out using profile fits of selected individual XRD peaks.
Room-temperature optical spectra in the ultraviolet and vis-
ible light wavelength ranges were collected using a CARY
5000 spectrophotometer fitted with an integrating sphere dif-
fuse reflectance accessory. The spectrophotometer measures
reflectance relative to a background scatterer, which was
powdered BaSO,. Raman spectra were collected using a
Renishaw S2000 Raman microscope. Samples were all
probed using identical instrument conditions: 783 nm diode
laser, 1200 line/mm grating, over a Stokes Raman shift
range of 50—1000 cm™!. A line focus accessory was also
employed, which permitted the collection of photon scatter
data from an area ~2 um by 60 um, rather than a discreet
1-2 pm diameter spot. Incident laser power was not mea-
sured, however, power at laser head was ~28 mW, which
would be expected to produce ~2—4 mW at the sample.
Sample preparation consisted of loosely packing the powder
into a stainless steel die accessory, which was then mounted
on the microscope stage for probing. X-ray photoelectron
spectroscopy (XPS) measurements were performed using a
Physical Electronics Quantum 2000 Scanning ESCA Micro-
probe. This system uses a focused monochromatic Al K,
x-ray (1486.7 V) source and a spherical section analyzer.
The instrument has a 16 element multichannel detector. The
x-ray beam used was a 105 W, 100 um diameter beam that
was rastered over a 1.4 by 0.2 mm rectangle on the sample.
The x-ray beam was incident normal to the sample and the
photoelectron detector was at 45° off normal. The data were
collected using a pass energy of 46.95 eV. For the Ag 3ds),
line, these conditions produce full widths at half maximum
(FWHM) of better than 0.98 eV. Although the binding en-
ergy (BE) scale was calibrated using the Cu 2p;,, feature at
932.62+0.05 eV and Au 4f feature at 83.96+0.05 eV for
known standards, the Co-doped SnO, surface experienced
variable degrees of charging. Low-energy electrons at
~1 eV, 21 uA and low-energy Ar* ions were used to mini-
mize this charging. The BE positions were referenced using
the 486.7 eV position for the Sn 3ds, feature. Magnetic
measurements were carried out as a function of temperature
(4 to 300 K) and magnetic field (0 to £65 kOe) using a
commercial magnetometer (Quantum Design, PPMS)
equipped with a superconducting magnet. Measurements
were carried out on tightly packed powder samples placed in
a clear plastic drinking straw. The data reported here were
corrected for the background signal from the sample holder
independent of magnetic field and temperature. In all these
experiments, the samples were run without mixing with any
contaminants.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. X-ray diffraction studies

XRD patterns of the Sn,_,Co,0, samples’ showed the
formation of tetragonal cassiterite SnO, with a very small
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FIG. 1. (a) Intensity of the tetragonal cassiterite peak (110) and
the orthorhombic fraction x, of Sn;_,Co,0, prepared at 600 °C as a
function of Co percentage. (b) The particle size of Sn;_,Co,0, as a
function of x calculated from the XRD tetragonal cassiterite peak
(110). The particle sizes determined from TEM are marked with
stars. (c) Changes in the lattice parameters a and ¢ of cassiterite
SnO, as a function of Co percentage. Stars indicate the bulk values
of the SnO, lattice parameters from XRD reference files. (d)
Changes in the (110) cassiterite peak position with Co concentra-
tion. The lattice parameters were calculated using (110) and (202)
peaks of the tetragonal cassiterite phase.

fraction of metastable orthorhombic phase. For x=0.08,
weak peaks of Coz;0, started appearing and gradually
strengthened with increasing Co doping, suggesting a satura-
tion limit of Co in SnO,. It is noted that with increasing Co
concentration, the intensity of the cassiterite SnO, phase de-
creased while the relative concentration of the orthorhombic
phase gradually increased. Changes in the XRD peak inten-
sity of the cassiterite phase (I.,;,) and the orthorhombic
phase fraction (x,) of SnO, are shown in Fig. 1(a). The
orthorhombic fraction x, was calculated using the method of
standard  additions'>  x,=K/[K+(I.;,0/1,1;;)],  using
K=2.69."3 Formation of the high-temperature orthorhombic
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SnO, phase at ambient conditions has been observed in thin
films'*!> and nanoscale powders.'® Nucleation of the meta-
stable orthorhombic phase has been attributed to thin film
strains'*!> and size-dependent internal pressures due to sur-
face stresses in nanoparticles.'® Therefore, the increasing
orthorhombic fraction of SnO, with Co concentration indi-
cates that Co doping causes structural disorder and strain,
and possible changes in the particle size. The growth of the
orthorhombic fraction is fast up to 1% Co, above which a
slower growth is observed [Fig. 1(a)]. This suggests that the
intrinsic doping mechanisms active in the Co concentration
regimes above and below 1% may be different.

The average particle size L of the tetragonal SnO, phase
was calculated using the width of the (110) peak and the
Scherrer relation L=0.9\/B cos 6 [where 6 is the peak posi-
tion, \ is the x-ray wavelength, and B=(B,*-B)"? was
estimated using the measured peak width B,, and the instru-
mental width B,]. These estimates showed that the crystallite
size decreased with Co doping, as shown in Fig. 1(b), in
excellent agreement with our recent TEM studies.” TEM im-
ages of pure and 1% Co-doped SnO, samples showed nearly
spherical nanoparticles. 1% Co doping reduced the average
size of the SnO, particles to ~37 nm which is about half the
average size of the pure SnO, particles (~70 nm) prepared
under similar conditions. On increasing the Co concentration
to 5%, the average particle size was further reduced to
25 nm. This indicates that Co doping inhibits the growth of
SnO, nanoparticles.

XRD peak positions showed significant changes with Co
doping as shown in Figs. 1(c) and 1(d). The tetragonal cas-
siterite SnO, peaks initially shifted to the higher 26 angles as
x increased to 0.01 [Fig. 1(d)]. But for x=0.03, there is a
dramatic shift to the lower angles followed by moderate
changes in the peak positions at higher x. These changes
revealed interesting variations in the lattice parameters a and
¢ with Co concentration as shown in Fig. 1(c). The SnO,
lattice parameter a initially decreased due to Co doping for
x=<0.01. Such a rapid contraction of the lattice can be un-
derstood qualitatively considering the sizes of the ions and
their local coordinations. Substitution of 0.69 A sized Sn**
jons with 0.58 A sized Co®* jons'” is expected to reduce the
interatomic spacing significantly, justifying the initial con-
traction of the lattice for x<0.01. The observed rapid expan-
sion of the lattice for x=0.03 indicates a significantly differ-
ent doping mechanism. At higher doping concentrations, the
incorporation of dopant ions in interstitial sites has been re-
ported in some host systems causing somewhat similar struc-
tural changes in the lattice parameters.!” Interstitial incorpo-
ration of Co?* ions might cause significant changes and
disorder in the SnO, structure as well as many dramatic
changes in the properties of the material, discussed in the
following sections. The large difference in the charges and
coordination numbers of Sn** and Co?* ions will also con-
tribute to the structural disorder in SnO, due to the removal
of some oxygen ions that were attached to the octahedrally
coordinated Sn**. For x=0.03, the observed expansion along
the a direction and continued contraction along the ¢ direc-
tion [Fig. 1(c)] will contribute to changes in the shape of the
SnO, lattice and the nanoparticles. This was indeed observed
in the TEM measurements reported before.” On increasing
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FIG. 2. Diffuse reflectance spectra of Sn;_,Co,0, samples pre-
pared at 600 °C. (a) The changes in the absorption edge with Co
concentration; inset in panel (a) shows the changes in the band gap
energy estimated from the reflectance data as a function of Co con-
centration and (b) shows the complete spectra indicating the extent
of Co;0, formation.

the Co concentration to 5%, the spherical SnO, particles (ob-
served in the undoped as well as 1% Co doped samples)
appeared as nanorods with an aspect ratio as high as 3.

B. Optical measurements

Preliminary optical characterization of the pure and Co-
doped SnO, powders were carried out by measuring the dif-
fuse reflectance at room temperature. Figure 2(a) shows a
shift of the absorption edge to longer wavelengths/lower en-
ergies and a decrease in the band gap of SnO, for x<0.01.
Increasing the Co doping above this level reversed the trend
in that the band gap increased gradually and a reduction in
the reflectance was observed with Co percentage. The diffuse
reflectance, R, of the sample is related to the Kubelka-Munk
function F(R) by the relation F(R)=(1-R)?/2R, where R is
the percentage reflectance.'® The spectra used for the band-
gap calculations are plotted in terms of F(R). The bandgap
energy of the Sn;_,Co,0, powders were calculated from
their diffuse-reflectance spectra by plotting the square of the
Kubelka-Munk function F(R)? vs energy in electron volts.
The linear part of the curve was extrapolated to F(R)?>=0 to
get the direct bandgap energy. Such shifts of the absorption
edge and band gap energy due to TM doping have been
recently reported in Co- (Ref. 10) and Mn-doped (Ref. 19)
SnO, thin films, as well as other TM-doped semiconductor
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systems.?®?! For example, Schwartz et al. observed an in-
crease in the band gap energy and decrease in the band gap
intensity of Co-doped ZnO nanoparticles with increasing Co
concentration.?!

Diffuse reflectance measurements carried out on pure
nanoscale Co;0, reference sample prepared using an identi-
cal procedure (with x=1), showed prominent signatures at
lower energies as shown in Fig. 2(b). Comparison of the
optical spectra of Sn;_,Co,0, samples with this suggests that
samples with x<0.01 do not have any Co;0, phase. How-
ever, evidence of its presence was observed in all samples
with x=0.03. This indicates that in samples with x=0.03 and
0.05, at least a fraction of the Co atoms precipitate as Coz0,
although XRD shows its formation only for x=0.08. Since
the detection limit of the x-ray diffractometer employed was
~1.5% [determined from XRD measurements of the physi-
cal mixtures of SnO, (x=0) and Co;0, (x=1) nanoparticles
prepared under identical synthesis conditions], the fraction of
Co forming Co30, in 3 and 5 % Co-doped SnO, should only
be below this level. This explains why the lattice parameters,
band gap, particle size, shape, and orthorhombic/tetragonal
fractions continue to change for x>0.01 although the
changes are relatively smaller in this range as illustrated in
Figs. 1 and 2.

C. Raman spectroscopy measurements

Figure 3(a) shows the Raman spectra of Sn;_.Co,0,
samples as a function of Co concentration. The pure SnO,
spectrum [Figs. 3(a) and 3(b)] shows the classic cassiterite
SnO, vibrations at 476, 630, and 776 cm™!.2> Addition of 0.5
or 1.0 mol. % Co results in the appearance of two new peaks
at 300 and 692 cm~!. However, no significant change in the
SnO, peak positions or widths were observed for these dop-
ing concentrations. These new Raman peaks at 300 and
692 cm™! may be due to the vibrational modes activated by
local structural changes resulting from the substitution of
Co?* ions at the Sn** sites. Further addition of Co to 3 or
5 mol. %, results in the appearance of peaks at 196, 480,
520, 617, and 688 cm™!. These five peaks observed in the
samples with x=0.03 match well with published Raman data
of C0;30,.73?* The appearance of Co;0, vibrational modes is
in good agreement with the result from the optical data that
predicts at least a fraction of the doped Co precipitates out as
Co;0, for x=0.03.

For Sn;_,Co0,0, samples with x=0.03, there is an appar-
ent disappearance of the SnO, peaks. This disappearance is
most obvious for the 630 cm™' SnO, peak as illustrated in
Fig. 3(c) and would suggest a loss of the SnO, phase. How-
ever, the 776 cm™! SnO, peak is still visible in the 3 and 5 %
Co-doped samples. At best, its intensity has diminished by a
factor of 2. The extensive peak broadening and the subse-
quent disappearance of the 630 cm™' peak and the loss in
intensity of the 776 cm™' peak are indicative of significant
structural modifications and disorder of the SnO, lattice for
x=0.03. Based on the drastic changes observed in the lattice
parameter a, particle size, and particle shape, this disappear-
ance of the Raman peak also may be due to the interstitial
incorporation of Co?* ions and the subsequent structural
changes.
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FIG. 3. (a) Raman spectra of Sn;_,Co,0, prepared at 600 °C as
a function of x. (b) Raman spectra of pure SnO,, 1% Co-doped
SnO, and a physical mixture of pure SnO, and Co304. (c) The
apparent disappearance of SnO, Raman peak at 630 cm™! and the
emergence of the 617 cm™! peak of Co;0, for x>0.01.

As discussed above, at 0.5 and 1 mol. % of Co, a small
Raman peak is present at 692 cm™'. However, when the Co
mol. % is increased to 3, an intense Raman peak at 688 cm™!
appears. The width of the 688 cm™' peak precludes determi-
nation if the 692 cm™' is still present. Two obvious conclu-
sions are possible: (i) the 692 cm™! peak represents a very
small amount of Co;0, and (ii) the 692 cm™' mode repre-
sents a vibrational mode of Sn;_,Co,0,. Figure 3(b) com-
pares the Raman spectra of undoped SnO, and 1% Co-doped
SnO, (both prepared at 600 °C through identical procedures)
and the Raman spectrum of a physical mixture of SnO, and
Co;0, with 1 mol. percent Co (both prepared separately at
600 °C). For the physical mixture, no annealing was per-
formed following the mixing. The Raman spectrum of the
physical mixture is clearly a superposition of a SnO, spec-
trum and a Co;0, spectrum. It is also clear that the intensity
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FIG. 4. (a) XPS spectra of Sn;_,Co,0, prepared at 600 °C as a
function of Co percentage and (b) shows similar data of Co304 (x
=1) and SnO, (x=0) reference samples prepared under identical
synthesis conditions.

of the SnO, peaks in the undoped SnO,, the 1% Co-doped
SnO, and the physical mixture samples are essentially the
same. This indicates that the same percentage of SnO, in the
cassiterite form is present in all three samples. The intensity
of the 692 cm™! peak in the 1% doped sample is roughly
1/10 that of the 688 cm™! peak in the physical mixture. This
disparity in intensity suggests that even if we assign the
692 cm™! peak to traces of Co;0,, then there is no more than
0.1% Co30, in the 1% Co-doped sample.

D. XPS measurements

The Co 2ps, and Co 2p,,, XPS spectral region of the
Sn;_,Co0,0, samples are shown in Fig. 4. Comparing the
binding energies of the Co primary and satellite XPS peaks
with that observed for Co(0) in Co metal, Co?* in CoO, and
Co** in y-C0,03,22° the electronic state of Co in
Sn;_,Co,0, samples is found to be Co*" and that it is not
bonded to oxygen as CoO or Co;0,. It also rules out any
metallic Co clusters in the samples, a result well expected for
chemically synthesized samples prepared and processed in
air. These results agree well with the 2+ oxidation state of Co
with $§=3/2 determined from magnetization measurements
of paramagnetic samples of Sn,_,Co,0,.° The =1 eV shift
of the Co 2p;), peak in the Sn;_,Co,0, samples compared to
that observed from the Co;0, reference sample suggests that
Co is indeed incorporated in the SnO, lattice and not forming
any significant amount of Co oxides. However, no significant
change in the Co binding energy is observed with increasing
Co doping concentration. Careful analysis of the peak posi-
tions of the Sn 3ds;, (486.7 V) and O s (530.65 eV) peaks
also did not show any noticeable change in the binding en-
ergy with increasing Co concentration.

Atomic percentages of Sn, Co, and O calculated using the
Sn 3ds;, (486.7¢eV), O 1s (530.65eV), and Co 2p;),
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FIG. 5. (a) and (b) The variation of the atomic percentages of
Co, Sn, and O and the Co/Sn ratio as a function of Co concentra-
tion calculated using the corresponding XPS peak intensities.

(781.4 eV) peaks are shown in Fig. 5. In these plots, three
well defined regions are present. A rapid increase in the
atomic percentage of Co and the Co/Sn ratio, and a decrease
in the Sn atomic percentage for x<0.01 indicate substitu-
tional incorporation of Co at Sn sites. In the 0.01 <x=<0.05
range, a relatively slower variation is observed suggesting
more interstitial incorporation and/or Co;0, precipitation in
agreement with results form XRD, Raman, and optical stud-
ies, discussed above. In the case of substitutional Co incor-
poration, Co ions remove Sn ions from the SnO, structure.
However, in the case of interstitial incorporation or Co;0y,
precipitation, there is no Sn removal. For x>0.05, changes
in the Co/Sn atomic percentage ratio are minimal indicating
lack of further Co incorporation into the SnO, lattice. Esti-
mation of the oxygen content in the samples using the O s
(530.65 eV) peak indicated almost stoichiometric Sn/O ratio
for the undoped sample. Co doping decreases the oxygen
content of the sample as shown in Fig. 5(a). Removal of
oxygen atoms from the SnO, lattice is well expected if Co**
replaces Sn** ions due to charge neutrality requirements. It
has been argued that substitutional Co** and oxygen vacan-
cies in excess of those necessary for charge neutrality are
essential to produce ferromagnetism in Ti;_,Co0,0,. A rapid
loss in oxygen content, indicated by relatively larger changes
in the oxygen atomic percentage, for samples with x<0.01
[Fig. 5(a)], may be crucial for the ferromagnetism observed
only in this narrow Co percentage range of <1%.

E. Magnetic measurements

Magnetic measurements carried out on pure SnO, nano-
particles showed the expected diamagnetism with a negative
magnetic susceptibility. In Ref. 9, we have shown that the
Sn;_,Co,0, samples with x<0.01 were all ferromagnetic at
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FIG. 6. (a) The low field region of the room-temperature hys-
teresis loop of 600 °C prepared Sngg9Cog 0, sample showing a
coercivity of 9 Oe; the inset in (a) shows the complete hysteresis
loop of 600 °C prepared Sng ¢9C0 (0, showing saturation of the
sample magnetization expected for a ferromagnetic system, (b)
variation of the room-temperature coercivity H, and remanence M,
of Sn;_,Co,0, prepared at 350 °C as a function of x; inset in (b)
shows the expanded view of the low-field region of the hysteresis
loop of 350 °C prepared Sng 95C0( 09sO» sample, and (c) variation
of the saturation magnetization M with x of Sn;_,Co,0, samples
prepared at 350 (open circles) and 600 °C (solid stars), and the
lattice volume V calculated using the a and ¢ values of Fig. 1(c)
(shown with solid squares) as a function of Co-doping concentra-
tion for the 600 °C prepared Sn;_,Co,0O,.

room temperature when prepared in the 350 to 600 °C tem-
perature range. Figure 6(a) shows the room-temperature hys-
teresis loop measured from a Sng 49Co0y 3O, sample prepared
at 600 °C illustrating a clear ferromagnetic behavior with a
coercivity H.=9 Oe. In Fig. 6(b), the variations of the room-
temperature coercivity H,. and remanence M, of 350 °C pre-
pared Sn;_,Co,O, as a function of Co concentration are
shown. The observed coercivities of ~630 Oe and rema-
nences as high as 31% are among the highest reported for
dilute magnetic semiconductors. The observed variation of
the saturation magnetization M, with Co concentration mea-
sured from the Sn;_,Co,0, samples prepared at 350 and
600 °C were comparable as illustrated in Fig. 6(c). However,
the coercivities of the Snj ¢9Coy 7;O, samples decreased from
630 to 9 Oe as the preparation temperature increased from
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350 to 600 °C [see Figs. 6(a) and 6(b)].° This most likely
indicates a change in the magnetocrystalline anisotropy due
to reasons that are unclear at present. More importantly, ir-
respective of the preparation temperature, all Sn;_,Co,0,
samples prepared in the 350 to 600 °C showed complete de-
struction of the ferromagnetism above 1% Co doping and
only a paramagnetic behavior was observed in this range [see
Fig. 6(b)].° This disappearance of ferromagnetism cannot be
explained by assuming a 1% solubility limit for Co in SnO,
because (i) the ferromagnetic component due to the soluble
part of the doped Co should not be destroyed or over-
whelmed by the weak paramagnetic component of the seg-
regated Co;0, formed for x>0.01, (i) the orthorhombic
SnO, fraction in the samples, lattice parameters, band gap
energy, particle size, and shape of the Sn,_,Co,O, particles
(shown in Figs. 1 and 2) continued to change with x for x
>0.01 indicating >1% Co solubility in SnO,, (iii) the ob-
served disappearance of the Raman peaks [Fig. 3(c)] for x
>0.01 is unlikely to happen if additional Co doping is not
taking place, and (iv) no evidence of any change in the oxi-
dation state of Co or Sn is observed in the XPS measure-
ments for x=0.01.

The appearance of ferromagnetism in Sn;_,Co,0,
samples with x=<0.01 and its complete absence at higher Co
concentrations can be qualitatively understood by comparing
the changes in the magnetic and structural properties noticed
in the XRD, Raman, and TEM studies of the 600 °C pre-
pared samples. As shown in the previous sections, for x
=<0.01 the SnO, lattice contracts resulting in the reduction of
the distance between nearby Co** spins and possibly trigger-
ing a ferromagnetic coupling. Substitution of Sn** ions (oc-
tahedrally coordinated with six nearest oxygen neighbors) in
SnO, with Co** ions will result in the creation of oxygen
vacancies and additional charge carriers. It is not clear if this
ferromagnetic ordering is carrier mediated? or via other
mechanisms such as the one based on localized defects (F
centers) proposed recently by Coey et al.!! Increasing the Co
doping to =3% results in a rapid expansion of the SnO,
lattice and significant structural disorder indicated by the
rapid broadening and disappearance of the Raman peaks
[Fig. 3(b)]. Such enormous structural changes might have
destroyed the ferromagnetic ordering since the magnetic ex-
change interaction is extremely sensitive to the distance be-
tween the interacting spins.

It may be noted that the ferromagnetic regime of
Sn;_,Co0,0, with x<0.01 corresponds to the compositions
for which the SnO, lattice contracts [see Figs. 6(b) and 6(c)].
This might suggest that the observed ferromagnetism may be
related to internal pressure changes. Changes in the internal
or external lattice volume/pressure have been reported
to produce ferromagnetism in itinerant electron
metamagnets.”’2° For example, Yoshimura and Nakamura®’
reported a transition from Pauli paramagnetism to ferromag-
netism in Y(Co,_,Al,), at a critical doping concentration of
x~0.12 due to changes in the internal pressure. Similarly, a
ferromagnetic to paramagnetic transition was observed in
this system by applying external pressure exceeding a critical
pressure.”’ Thus more investigations are required to under-
stand the exact role of structural changes and internal pres-
sure differences and the role of oxygen stoichiometry vis a
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vis the preparation conditions in controlling the observed
ferromagnetism of Sn;_,Co,0,. It is hoped that this work
will stimulate such investigations.

IV. SUMMARY AND CONCLUSIONS

Combined XRD, Raman, optical, XPS, and magnetic
studies show that the RTFM in Co-doped tin oxide powders
results from the Sn,_,Co,0, phase. Substitution of Sn** ions
with Co?* ions results in contraction of the SnO, lattice and
reduction in the oxygen content, triggering ferromagnetic in-
teractions. For x=0.03, a rapid expansion of the SnO, lat-
tice, presumably due to interstitial incorporation of Co?*, de-
stroys the ferromagnetism. This also results in the conversion

PHYSICAL REVIEW B 72, 075203 (2005)

of the spherical equiaxed SnO, particles to elongated nano-
rods with aspect ratio ~3.
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