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Magnetic gas sensing using a dilute magnetic semiconductor
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The authors report on a magnetic gas sensing methodology to detect hydrogen using the
ferromagnetic properties of a nanoscale dilute magnetic semiconductor SngsFe( (sO,. This work
demonstrates the systematic variation of saturation magnetization, coercivity, and remanence of
Sng gsFe( sO, with the hydrogen gas flow rate, thus providing clear experimental evidence of the
concept of magnetic gas sensing (using the magnetic property of a material as a gas sensing
parameter). Based on the results of using hydrogen as an example for reducing gases, it is believed
that any reducing gas capable of changing the oxygen stoichiometry of SnjgsFeqsO, can be
detected using this method. Furthermore, this method presents an alternative gas sensing technology
without the use of the electrical contacts. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2349284]

Conventional oxide-semiconductor-based solid state gas
sensors employ changes in their electrical properties with
oxygen stoichiometry to detect reducing gases such as
hydrogen."2 Detection of leaks in hydrogen storage vessels
in mobile systems, such as hydrogen-powered cars and fuel
supply lines in future automobile technology, requires the
development of more efficient, highly portable, and sensitive
hydrogen sensors. Conventional semiconductor gas sensors
suffer from low sensitivity and serious difficulties associated
with complex electrical contacts on micro- and nanoscale gas
sensing systems, especially when exposed to reactive chemi-
cal environments and when employed in mobile components.
Since oxygen vacancies are primarily produced on the sur-
face of the particles/films, a means to significantly improve
the gas sensitivity would be to develop methods that utilize
the high surface area of nanoparticles. Unfortunately, powder
samples cannot be used in the conventional electrical-
property-based sensing methods since stable electrical con-
tacts are extremely difficult to make on powder particles,
especially in mobile applications.

Here we show that the ferromagnetic (FM) properties of
a nanoscale dilute magnetic semiconductor (DMS),
Sng 9s5Fe( 050, powde:r,3’4 can be used to detect hydrogen
without electrical contacts. It has been predicted
theoreticallys’e and demonstrated experimentally3’ 71 that
ferromagnetism can be produced in semiconductor materials
at room temperature through transition metal doping. All the
proposed mechanisms” for the FM ordering in DMS oxides
involves oxygen vacancies and/or the resulting changes in
carrier concentration. The magnitudes of the FM parameters
should, therefore, vary with oxygen stoichiometry. Based on
this, we believed that the FM properties of DMS oxides
could be altered under suitable gaseous environments. Con-
versely, by monitoring changes in the FM properties of a
DMS oxide, reactive gases in the sample neighborhood could
be detected and their concentration estimated. This work
demonstrates the systematic variation of saturation magneti-
zation M, coercivity H,., and remanence M, of nanoscale
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Sng gsFe( 950, with the hydrogen gas flow rate.

Recently, the authors prepared FM Sn,_,Fe, O, nanopar-
ticles using a chemical technique with sizes from
20 to 70 nm and with a Curie temperature 7,< 850 K, up to
which the FM ordering continues.®* Detailed characteriza-
tion studies, reported in Refs. 3 and 4, confirmed the phase
purity and intrinsic origin of the observed room-temperature
ferromagnetism in Sn;_,Fe, O, prepared by annealing the re-
action precipitate at 350 °C. The experimental setup em-
ployed to conduct the magnetic gas sensing measurements
consisted of a commercial vibrating sample magnetometer
(H+15 kOe) with a high temperature (300—1000 K) oven
with options for controlled gas flow using mass flow control-
lers. All magnetic and gas sensing measurements on the
samples employed in this work were carried out on pressed
pellets firmly attached to a quartz rod. The pressed pellet
form was chosen to avoid any possibility of spurious signals
from loosely mounted powder samples, although this ap-
proach will reduce the actual surface area of the particles
exposed to the sensing gas. To investigate the mass change
response of the sample to hydrogen gas flow, a thermogravi-
metric analyzer (TGA) equipped with a high temperature fur-
nace (300—1800 K) was used. X-ray diffraction (XRD) and
x-ray photoelectron spectroscopy (XPS) were used to inves-
tigate both the structural and chemical stabilities of the
Sng gsFe( sO, samples in regard to the H, treatment.

The hysteresis loop of the fresh SnjgsFepsO, pellet
measured in air at 300 K showed M =131 memu/g, H,
=40 Oe, and M,=17 memu/g.3 Flowing 10% hydrogen in
helium gas (0—200 ml/min) through the sample chamber at
300 K as well as 375 K did not show any measurable change
in the magnetic parameters. However, with further increases
in the sample temperature, significant changes in the hyster-
esis loop parameters were observed. Figure 1(a) shows
changes in M, from the hysteresis loops measured at 575 K
as a function of hydrogen flow rates. Close examination of
the low field region of the hysteresis loops showed that both
H_ and M, also increase systematically with flow rate [Fig.
1(b)]. In Figs. 1(c)-1(e), the observed variation of M,, H,,
and M, of the Sn ¢sFe( (5O, pellet, as a function of H, flow
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FIG. 1. Hysteresis loops of a 5% Fe doped SnO, pellet measured at 575 K
as a function of hydrogen gas (10% H, in He) flow rates. (a) Full loops
showing the changes in the saturation magnetization M,. (b) Low field re-
gion of the loops showing changes in coercive field H. and remanence M,
with increasing gas flow. (c) Changes in saturation magnetization M ob-
tained by averaging the values for M at a field H=+10 kOe for each flow
rate (d) coercivity H,. and (e) remanent magnetization M,. Inset (i) panel (a)
illustrates the change in the M values as a function of the hydrogen gas flow
rates at various sample temperatures.

rate measured at 575 K, is shown. These plots show that the
FM parameters M, M,, and H, indeed act as gas sensing
parameters and, with the appropriate calibration, can be used
to detect hydrogen. The inset (i) of Fig. 1 shows the relative
changes in M with hydrogen flow rate measured at 300, 375,
475, and 575 K. These data indicate that in order to observe
the magnetic gas sensing effect, the operating temperature
should be =475 K and the sensitivity of the material to the
exposed gas increases with sample temperature. For this rea-
son, all of the detailed sensing experiments reported here
were performed at the optimal sample temperature of 575 K.
Interestingly, such elevated operating temperatures of
=475 K are also required in conventional electrical-
property-based metal oxide gas sensors” to allow the chemi-
cal reduction of the gas molecules by the oxygen species on
the particle surface and this results in increased carrier con-
centration and electrical conductivity. Also, chemisorbed wa-
ter present on the particle surface at temperatures <475 K
might inhibit particle-gas interaction. Both of these factors
are also expected to be important for the magnetic gas sens-
ing process employing DMS oxide materials. The H, atmo-
sphere produces oxygen vacancies in SngsFe( (5O, causing
changes in the observed magnetic properties (Fig. 1). These
results are in agreement with recent reports showing that
certain DMS materials show hlgh degrees of ferromagnetism
when they are oxygen deficient.®

Figure 2(a) shows the magnetic response characteristics
of Sng ¢sFe( 50, with the H, atmosphere. The sample mag-
netization increases rapidly as soon as a constant gas flow of
150 ml/min (10% hydrogen in helium) is introduced into the
sample chamber. Once the H, flow is stopped, the magneti-
zation of the material drops to its original value. This was
done several times to verify that the effect is consistent over
a period of time. These data show a clear and fast response in
addition to the reversible nature of the gas induced magnetic
changes of Sny osFe( 0sO,, a very essential feature for practi-
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FIG. 2. (a) shows the magnetic response characteristics of both 5% Fe and
5% Cr doped SnO, pellets towards hydrogen (150 mL/min, 10% H, in He)
gas flow at 575 K in an applied external field of 5000 Oe and (b) shows the
weight change (TGA) as the 5% Fe doped sample is subjected to periodic
H, atmosphere. Arrows indicate H, on (up) and H, off (down).

cal gas sensors. SnO, samples doped with other transition
metal ions such as Co and Cr at similar concentrations (5%)
were paramagneticlo and no such gas induced magnetic
changes were observed [see Fig. 2(b)]. The SnggsFeq 502
sample did not lose its FM behavior after successive gas
sensing cycles suggesting good stability of the material. Fig-
ure 2(b) shows the change in the weight of the Sny¢sFe( 450,
sample measured using the TGA system while passing a 10%
hydrogen in helium mix through the sample chamber. The
sample was kept at 575 K and the sample weight decreases
each time the gas flow is turned on, increasing again when
the flow is shut off. The data is very analogous with that of
the magnetic response observed from Sn¢sFe (5O, [Fig.
2(a)]. It clearly shows that the gas flow produces the weight
loss through oxygen removal and all the lost oxygen vacan-
cies are not replenished completely after stopping the hydro-
gen flow. This explains the improved magnetic behavior of
the sample after the gas flow experiment.

The left panel of Fig. 3 shows the XRD patterns of the
sample before and after passing H,. The as-prepared sample
primarily contains the tetragonal cassiterite form of SnO,
along with weak traces of orthorhombic SnO, and tin mon-
oxide (SnO). It was shown that Fe doping in SnO only pro-
duces paramagnetlsm while a FM behavior results from Fe
doped Sn02 No additional peaks/phases were found in the
H, treated sample, although some of the weak orthorhombic
SnO, phase was converted to tetragonal cassiterite after the
initial hydrogen treatment. The H, exposed sample showed a
shift in the XRD pattern towards lower angles relative to the
pattern obtained on the sample before exposure to H,. The
magnitude of the shift correlates to an increase in lattice
volume of the tetragonal SnO, phase from 71.3 A3 (in the
as-prepared sample) to 72.6 A3 (in the H, treated sample).
This indicates that the oxygen removal reduced the internal
pressure which has been considered as the cause of the meta-
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FIG. 3. Left panel shows the x-ray diffraction patterns of the 5% Fe doped
SnO, sample before (dark line) and after (gray line) H, gas sensing
measurements. The extra peaks observed in the H, treated pellet (marked
with ") are from the sample holder (which appeared because the small
specimen pellet could not cover the x-ray exposed area). Peaks due to mon-
oxide SnO (marked m), orthorhombic SnO, (marked o), and tetragonal
SnO, (marked t) are shown along with their reference patterns in short dash
line (SnO), solid line with horizontal marker (orthorhombic SnO,), and solid
line (tetragonal SnO,) colors for comparison. Right panel shows the room-
temperature XPS data for the (a) Sn 3d, (b) O 1s, and (c) Fe 3p peaks of 5%
Fe doped SnO, before (solid line) and after (dashed line) the H, treatment at
575 K.

stable orthorhombic phase formation in nanoscale SnOz.mf12

This conversion happened only during the initial H, treat-
ment of the sample, however, the reversible magnetic sens-
ing behavior shown in Fig. 2(a) was observed in successive
measurements without any additional change in the sample
composition. Figures 3(a)-3(c) (right panels) show the XPS
spectra of the sample taken before and after the H, treatment.
The Fe 3p,,, peak, which appears at 56.4 eV in the fresh
sample,3 4 did not show any measurable shift after the H, gas
treatment indicating that the chemical environment of the Fe
ions did not change. The lack of observable shifts in this
photopeak indicates that the H, treatment did not produce
metallic iron (53.2 eV) on the particle surface. Since most
iron oxides also produce Fe 3p,, peaks at lower energies
than observed, the absence of change in the peak position
(56.4 V) also supports the view that other iron oxides [he-
matite (55.7 eV), maghemite (55.4 eV), or magnetite
(53.9 eV)] were not produced to an extent that they could be
observed on the surface. This shows that the observed mag-
netic gas sensing effect is due to changes in the oxygen en-
vironment within the Snj gsFe( (sO, material. The absence of
any measurable shift in the binding energies of the O 1s and
Sn 3d states (Fig. 3, right panel) after H, treatment further
supports the phase stability of the sample.

In conclusion, we have shown that the magnetic proper-
ties of a DMS oxide can be used as gas sensing parameters,
using FM Sng osFe( 05O, as an example. The magnetic pa-
rameters M, M,, and H,. of the sample are very sensitive to
H, gas, thus providing various options to develop practical
magnetic gas sensors. While more experiments are necessary
to develop simpler and more convenient methods of mag-
netic detection, materials refinement to improve the magnetic
sensitivity and response of the samples to hydrogen and
other gases, and to confirm the underlying mechanism, this
work provides clear experimental evidence that magnetic

Appl. Phys. Lett. 89, 112509 (2006)

functionality can be used as a gas sensing parameter. This
approach defines a magnetic gas sensing process employing
the magnetic property of a material, analogous to the electri-
cal property in conventional gas sensors.

The development of DMS’s has been proposed as the
most important step in producing practically useful spintron-
ics devices such as spin light emitting diodes, spin field ef-
fect transistors, and magnetic bipolar transistors, which ex-
ploit the magnetic behavior (spin) of particles in addition to
their charges.&]s However, prior to this research, no such
device or idea employing magnetism as a gas sensing param-
eter has been conceived or investigated. This work, there-
fore, demonstrates an application of DMS’s in an area that
has been, until now, completely unrealized and outside of
expected areas of application.]‘%*15 Compared to their
electrical-property-based gas sensor counterparts,l’2 mag-
netic gas sensors would be much more attractive for the fol-
lowing reasons. (i) No electrical contacts are required to de-
tect a response to the gas, which allows nanoscale powder
samples to be used in static as well as moving systems, such
as hydrogen-powered vehicles, and when employed in the
presence of reactive chemicals and/or pollutants. (ii) Pre-
pared in the nanoparticle form, powder samples have a much
larger surface area when compared to thin films and bulk
crystals, providing greatly improved sensitivity. (iii) Mag-
netic response is much faster than electrical response. ™
(iv) The operating temperature range can be as high as the 7.,
of the sample, in contrast to the limited operating tempera-
ture ranges of conventional gas sensors.
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