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Unusual high-temperature ferromagnetism of PbPdg g1C0¢.190-

nanograin film
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Single-phase PbPd g;Cog 190, film with a body-centered orthorhombic structure was prepared
using the sol-gel spin-coating technique and an oxidation treatment. Film resistivity has a power
dependence on temperature. The insulator-metal transition temperature was 358 K, markedly higher
than the reported values of similar material systems. Ferromagnetism and superparamagnetism
coexisted in the film and the ferromagnetism persisted up to 380 K. As temperature increased,
the notable increasing tendencies were found for the film’s saturation magnetization and for the
magnetic field where saturation magnetization decreases abruptly. The special spin gapless band
structure and the film’s nanograin microstructure are likely responsible for these interesting
properties. © 2011 American Institute of Physics. [doi:10.1063/1.3634070]

Inspired by the excellent performance of gapless semi-
conductors and graphene, a spin gapless semiconductor
(SGS) was developed by Wang in 2008." This material has
both high spin polarization and long spin relaxation lengths
theoretically, making it attractive as a potential spintronic
material after the development of the half-metal and the
diluted magnetic semiconductor."™ As reported, the spin
gapless feature can be generated by introducing foreign ions
or vacancies into a gapless or narrow-gap material.'>~’
Because PbPdO, is the only oxide gapless semiconductor
without toxic elements, such as Hg and Te, it is considered
as the most suitable matrix material for studies of SGSs.'™**
The energy band structure and transport and magnetic prop-
erties of PbPdO, doped with Co and Mn ions have been stud-
ied theoretically and experimentally.'™ The low-temperature
colossal electroresistance and giant magnetoresistance
effects were obtained within PbPd ;5C0q 250,, and the low-
temperature  ferromagnetisms  were  found  within
PbPd9Cop10, and PbPdyoMng0,.>* In this letter, we
report the interesting electric and magnetic properties of
PbPd, g1Cog.190, nanograin film.

The PbPd g;Cog 190, thin film was deposited using the
sol-gel spin-coating technique and an oxidation treatment. The
sol was prepared as reported previously.” The raw materials
used were Pb(NOj3),, PA(NOs),-2H,0, and Co(NOj3),-6H,0,
the chelating agent was citric acid monohydrate, and the sol-
vent was ethylene glycol, and an additional 5 mol. %
Pb(NO3), was adopted to compensate for the loss of Pb during
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the subsequent heat treatment. To obtain precursor films, the
sol was spin-coated onto (1102) sapphire substrates at 3000
rpm for 30 s. The as-coated precursor films were dried in air
at 75 °C and then oxidized at 430 °C in ambient oxygen for 5
min. These coating and oxidizing treatments were repeated 4
times to obtain a film thickness of roughly 110 nm. This was
followed by the final calcination at 700°C for 10 min under
an oxygen atmosphere.

The surface image (Fig. 1) and the composition of the
formed film were measured using a scanning electron micro-
scope (SEM) equipped with an energy dispersive x-ray ana-
lyzer. The film had a nanograin structure with an average
grain size of roughly 22 nm. The Pb:Pd:Co atomic ratio was
100:81:19. The film’s crystalline structure was characterized
by x-ray diffraction (XRD) using Cu K« radiation. The inset
of Fig. 1 shows the film’s XRD pattern. Clearly, the film is
single phase with a body-centered orthorhombic structure.

Fig. 2(a) shows the temperature (T) dependence of the
film’s resistivity (p) measured at a constant current of 1 uA
using a physical properties measurement system (PPMS). Both
resistivity and its variation ratio for the sample were higher
than those of PbPdg¢Coq;0, and PbPdyoMng 0, bulks, but
less than those of the PbPd, 75Co( 250, film prepared by pulsed
laser deposition.”™ Moreover, its Tyy was roughly 358 K,
much higher than those (70-180 K) of PbPd;_;Co,O, and
PbPd( oMng 10, reported previously.z_4 Since Ty is the upper
temperature limit for good transport properties, our present
study may provide a possible way for extending the working
temperature range of SGSs to above room temperature.2 To
date, the underlying mechanism for the marked increase in Ty
remains unclear and, therefore, needs further study. Films with
different grain sizes are now under investigation.

Based on the p-T curve, the inset of Fig. 2(a) plots the
Inp-T~"* and Inp-T~"' curves. Both curves were not linear

© 2011 American Institute of Physics

Downloaded 26 Sep 2011 to 61.150.43.95. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3634070
http://dx.doi.org/10.1063/1.3634070
http://dx.doi.org/10.1063/1.3634070
http://dx.doi.org/10.1063/1.3634070
http://dx.doi.org/10.1063/1.3634070
http://dx.doi.org/10.1063/1.3634070

Suetal.

102508-2

<~—Sapphire substrate —
4 Body-centered
Orthorhombic Structure

—_

-
-
N
~,

*

Intensity (a.u.)

~28 32 36 40 44 48 52
20 (deg.)

FIG. 1. Surface SEM image of PbPd g;C0p 100, film. The inset is the film’s
XRD pattern.

and the data could not be fitted by the Arrhenius form or the
variable range hopping model.'®'" This indicates that the
conduction mechanism for the PbPd g;Cog 190, film cannot
be attributed to thermally activated behavior due to a band
gap or a hopping behavior within localized states. To explain
this phenomenon, the relationship between conductivity (o)
and temperature was fitted using the power law (Fig. 2(b)).
The fitting curve coincides with experimental data very well.
The power relation between ¢ and T indicates that the sam-
ple has a gapless band structure.'*'* The power exponent (c)
for temperature ranges of 2—100 K and 100-358 K were
0.00322 and 2.23081, respectively. Such a marked difference
in power exponent values was likely caused by the competi-
tion between two factors—the dopant energy level scattering
effect and carrier concentration increasing as temperature
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FIG. 2. (Color) (a) Temperature dependence of PbPdg g;Cog 190, film’s re-
sistivity p. The inset shows the relations of Inp-T~"* (blue) and Inp-T~"
(red). (b) Experimental data and fitting curves (red line) for the relation
between the conductivity ¢ and the temperature 7.
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increased."® The influence of the dopant energy level scatter-
ing effect is remarkable at low temperatures, while it can be
eliminated gradually and the conductivity primarily depends
on the intrinsic excitation process at high temperatures.

The film’s magnetic properties were measured using a
superconducting quantum interference device magnetometer
(SQUID) at temperatures of 2-380 K in magnetic fields of
—70 to 70 kOe. Figures 3(a) and 3(b) show the M-H hysteresis
loops (the substrate’s diamagnetic signal has been subtracted)
and the corresponding saturation magnetization M3t (repre-
senting magnetization at 3 T) and coercivity (H.) measured at
different temperatures for the same PbPdg;Cog 100, film.
The film has ferromagnetism at a wide temperature range of
2-380 K (Fig. 3(a)). To determine whether this ferromagnet-
ism is intrinsic or is from impurity phases, this study measured
the x-ray absorption near-edge structure (XANES) of the sam-
ple on the Co K-edge at the BLO7A beamline of the Taiwan
Light Source (TLS), Hsinchu. Figure 4 shows the XANES
spectra of the film and the standard Co metal and Co oxides
for comparison. Clearly, the XANES spectrum of the sample
is entirely different from that of Co metal, meaning that no Co
cluster exists in the sample. Therefore, ferromagnetism is not
caused by Co cluster. Although the sample’s XANES spec-
trum generally resembles those of Co,O; and Co;0y, this
study excludes the magnetic origin from these Co oxides
because they are not ferromagnetic. That is, ferromagnetism
of the sample is intrinsic.

The following two interesting phenomena were also
observed (Figs. 3(a) and 3(b)):
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FIG. 3. (Color) (a) Magnetic hysteresis loops of PbPdg1Cog 190, film
measured at the temperatures of 2, 30, 100, 200, 300, 355, and 380 K. (b)
Temperature dependences of film’s saturation magnetization Mst (square)
and coercivity H, (triangle). (c) FC-ZFC M-T curve measured at a field of
100 Oe. The inset displays the temperature dependence of the difference AM
between FC and ZFC magnetizations. (d) Schematics of band structure at
H=0and H=H_;.

Downloaded 26 Sep 2011 to 61.150.43.95. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



102508-3 Su et al.

—— PbPdo.81C00.1902
—— Co metal
—Co0

——Co020s3
—— Co0304

Co K-edge

Normalized Absorption
Coefficient

7700 7705 7710 7715e

7720 7730 7740 7750
Energy (eV)

7700 7710

FIG. 4. (Color) Normalized XANES spectrum of PbPdg;Cog 190, film
(black) on Co K-edge. The spectra of Co (red), CoO (blue), Co,O5 (olive),
and Coz0y (purple) are also provided for reference.

(1) As the temperature increased, H. first decreased sharply
and then varied within the small range of 2.8—10 Oe,
while M3r increased monotonously. To explain this
phenomenon, the field-cooled (FC) and zero-field-
cooled (ZFC) M-T curves (Fig. 3(c)) were measured at
a field of 100 Oe. The FC curve diverged from the ZFC
curve remarkably at <356 K, while they merged gradu-
ally at >356 K. We note that 356 K is near Ty, which
implies that the magnetic property is correlated with
the conduction mechanism. From Fig. 3(c), superpara-
magnetism and ferromagnetism can also be found coex-
isting."* Because the Co cluster was excluded,
superparamagnetism is likely due to the small size of
many ferromagnetic nanograins. Superparamagnetism
resulted in a marked decrease in H. at temperatures
>100 K. According to the temperature dependence of
the difference AM between FC and ZFC magnetizations
shown in the inset of Fig. 3(c), AM is nonzero at tem-
peratures <380 K, indicating that the film still has fer-
romagnetism at high temperatures.'” The increase in
Mt as temperature increased is the opposite to the nor-
mal ferromagnetic material. However, this is a charac-
teristic of the SGS when the special band structure of a
PbPd; _,Co,0, SGS, shown in the left schematic of
Fig. 3(d), is considered.' For such a band structure,
more electrons in the valence band can be thermally
excited into the conduction band and change its spin
direction with the temperature increasing. It is the dif-
ference in the number of electrons with opposite spin
that results in the increase of the magnetization.

(2) For films measured at 2-300 K, saturation magnetiza-
tion (M) decreased abruptly at some critical field
strengths (H.;) by increasing the applied field. Such a
H., had a tendency to increase (from roughly 20 to 50
kOe, as indicated by red dashed line in Fig. 3(a)) as
measurement temperature increased, while the M-H
loops measured at >355 K had normal ferromagnetic
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shapes. For a SGS in a magnetic field, the splitting of
Landau levels and the spin splitting of the band can
open up a gap between the valence band with majority
electrons and the conduction band with minor electrons
(Fig. 3(d)) and, thus, causes the decrease in the number
of thermally excited conduction electrons, resulting in
the decrease in Ms.13 If this assumption is correct, the
increase in H,; can be explained as the result of com-
petition between the number of conduction electrons
increasing with temperature and energy gap broadening
with the applied magnetic field. Notably, 355 K is also
near Ty;. The magnetic property appears to be strongly
correlated with the conduction mechanism again. The
underlying physics needs further investigation.

In conclusion, this study prepared a single-phase nano-
grain-structured PbPdg;Cog 190, film using the sol-gel
spin-coating technique and an oxidation treatment. The film
has a gapless band structure feature based on the power
dependences of conductivity on temperature. The Ty was as
high as 358 K. For such a film, the intrinsic ferromagnetism
persisted up to 380 K. Due to the existence of many small
nanograins, superparamagnetism also existed and, thus,
resulted in a marked decrease in H, at temperatures >100 K.
Additionally, unusual variations in M with the magnetic
field and temperature were also observed. The special SGS
band structure was likely responsible for these interesting
phenomena.
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