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Abstract The CrO, micro rod powder was synthesized by decomposing the CrO; flakes at a specific temperature to yield
precursor and annealing such a precursor in a sealed glass tube. The magneto-transport properties have been measured by a
direct current four-probe method using a Cu/CrO, rods/colloidal silver liquid electrode sandwich device. The largest
magnetoresistance (MR) around ~ 72 % was observed at 77 K with applied current of 0.05 pA. The non-linear I-V curve
indicates a tunneling type transport properties and the tunneling barrier height is around 2.2 + 0.04 eV at 77 K, which is
obtained with fitting the non-linear /-V curves using Simmons’ equation. A mixing of Cr oxides on the surface of CrO, rod
observed by X-ray photoemission spectroscopy provides a tunneling barrier rather than a single phase of Cr,O3 insulating
barrier. The MR shows strong bias voltage dependence and is ascribed to the two-step tunneling process.

Keywords

1 Introduction

Oxide half metallic materials in which electrons express
only one spin orientation at the Fermi level, such as CrO,,
La;_A.MnO3; (A = Sr, Ca, etc.), and Fe;0,4, show the
advantages of high spin polarization, environmental sta-
bility, and efficient spin injection which are expected to be
superior to pure metals as a spin injection source [1].
Traditionally, CrO, with relatively high Curie temperature
of 398 K and theoretical saturation magnetization around
2 uB/f.u. was used as information storage materials for
magnetic recording tapes. Nowadays, CrO, attracted wide
interesting for its half metallic properties, such as the
double exchange coupling interaction due to the self dop-
ing effect [2], the spin-dependent magneto-transport
properties in cold-press CrO, powder [3, 4], and
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polycrystalline CrO, thin films with large magnetoresis-
tance (MR) effect [5], since it has been experimentally
confirmed to exhibit almost 100 % spin polarization near
the Fermi level at least in low temperatures [6, 7]. More-
over, Chromium dioxide is a meta-stable oxide of Cr ion
and it can be easily further reduced to Cr,Oj3 in the surface
of CrO, [4, 5, 8]. The formed surface Cr,Os layer was
treated as a tunneling barrier between CrO, particles in the
spin-dependent transport measurements due to its antifer-
romagnetic insulating properties by the super-exchange
coupling among Cr ions. Recently, Bajpai et al. also have
reported related magnetoelectric effect due to the antifer-
romagnetic and magnetoelectric Cr,O5 layer formation in
the surface of CrO, [9, 10] and Zhang et al. reported the
magnetic properties of epitaxial CrO, thin films grown on
TiO, (001) substrates [11].

In this work, the rarely reported bias voltage-dependent
spin transport properties of CrO, micro rods are investi-
gated. The naturally formed Cr oxidation layer on the
surface of CrO, micron rods was investigated by X-ray
photoemission spectroscopy (XPS). A Cu/CrO, rods/silver
paint electrode sandwich device, in which the particles are
naturally coalesced by the van der Waals force, was
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utilized for magneto-transport measurement [12]. The
barrier thickness and barrier height based on the formation
of other Cr oxidation layer in the surface of CrO, were
investigated. Furthermore, a two-step tunneling mechanism
was used to understand the strong bias dependence of MR
effect.

2 Experimental

The CrO, rod powder was synthesized by decomposing the
CrO; flakes at a specific temperature to yield precursor.
Such a precursor is sealed in a quartz-glass tube with
hydrogen brazing and annealed at 395 °C for 3 h [13, 14].
The crystal structure, morphology, and microstructure of
the sample were characterized by a Rigaku D/Max-2400
powder x-ray diffraction (XRD) using Cu Ka radiation, a
Joel 6610 scanning electron microscopy (SEM) and a FEI
G2 F30S transmission electron microscope (TEM) with an
accelerating voltage of 300 kV, respectively. XPS was
performed using a Kratos Axis Ultra DLD photoelectron
spectrometer with a monochromatic aluminum Ko source
at 300 W (20 mA x 15 kV) and pass energy of 20 eV for
high-resolution scans. In order to investigate the surface
layer properties of CrO, sample, an ion beam etching
process with the source of Argon and the rotation of sample
for steps of 30 s was used after obtaining a set of XPS
spectrum. The static magnetic properties were character-
ized by a Lakeshore 7304 vibrating sample magnetometer
(VSM) and a superconducting quantum interference device
(SQUID).

The transport properties of CrO, rod powder were
investigated through a Cu/CrO, rods/silver paint electrodes
sandwich device which was also used in our previous work
[12]. It should be mentioned that the device was vacuumed
by a mechanical pump after putting CrO, rods into the hole
and spreading the silver paint to eliminate the adsorbed
moisture and chemical solvents. A direct current four-ter-
minal method with various bias voltages was used to
conduct the transport measurement in a vacuum chamber
with a Dewar filled in liquid nitrogen. A Keithley 220
current source was used to apply a constant current
between the top and bottom electrode. A Keithley 2000
multimeter was used to detect the voltage between another
two top and bottom electrodes.

3 Results and Discussion
X-ray diffraction was used to determine the crystal structure
of the obtained samples. The experimental and calculated

XRD patterns, their difference and the expected peak posi-
tions of CrO, rod powder based on Rietveld method
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Fig. 1 Observed (x mark) and calculated (dash line) X-ray intensity
profile for CrO, sample. The inset is a typical rutile structure
calculated from the observed XRD data, where big white and small
red ball, respectively represent Cr and O atoms. (Color figure online)

refinement with P42/mnm space group, are shown in Fig. 1.
It can be seen that there are no other chromium oxides
phases appeared and all of the diffraction peaks correspond
to the PDF card #841819 of CrO,. A typical rutile structure
calculated from the XRD observed data via J2006 and
Diamond 3.2 is obtained in the inset of Fig. 1. The XRD
pattern can be well indexed using tetragonal P42/mnm space
group with lattice parameters a = b = 4.423 A c=
2.918 A. The lattice parameters are quite close to the
reported values [7, 15]. It indicates that a quite pure phase of
CrO, rod powder was obtained in this work.

From the SEM images in Fig. 2a, b, one can see the
appearance of CrO, powder sample of a typical rod shape
and the aspect ratio of the rod is 5:1 or less, which is
different from those of 8:1 or 9:1 in the previous reports [3,
16]. The typical rod size is about 5 pm long and 1.2 pm
wide. TEM images of small CrO, rods are exhibited in
Fig. 2c, d. The inset of Fig. 2c gives the Fourier transfor-
mation of the block area in Fig. 2¢, whose pattern is con-
sistent with the structural feature of tetragonal single
crystal. Figure 2d shows a high-resolution TEM image of
CrO, rod, from which one can see the one-dimensional
illustration of atomic array of CrO, rod. The distance
between the two nearby lattice arrays is 2.449 A, which is
quite close to the interplanar spacing of the (101) plane of
CrO,. TEM observation is consistent with the result of
XRD investigation.

The surface chemical state of CrO, rods was investi-
gated by XPS through Ar ion beam etching with sample
rotating speed around 15 rad/s to uniformly remove the
surface layer of powder samples. Figure 3 shows the Cr 2p
and O 1 s core level XPS spectra of CrO, sample at room
temperature as a function of etching time. For the sample
without etching, the deconvolution of Cr 2p3/2 (2p1/2) and
O 1s is shown in Fig. 3a, b, respectively. The peak at 574.9
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Fig. 2 SEM images of the CrO, sample a and b, TEM image ¢ and high-resolution TEM image of CrO, rod d. The inset of ¢ is Fourier

transformation of the block area

(584.4) eV corresponds to the metal Cr, which may be
concluded to the defects in the surface [17]. The peak at
575.9 (585.5) eV is related to CrO, [18, 19]. The peaks at
576.9 (586.9) eV and 578.5 (588.2) eV correspond to
Cr,05 and CrOs, respectively [17]. The peak of O 1s can be
fitted by muti-peaks, and the deconvolution shows different
chemical states of O in the surface of CrO, rods. O 1s with
binding energy of 529.0 eV is derived from CrO,. The
peaks at 529.9 and 531.0 eV correspond to the oxides from
Cr,05 and CrOs, respectively [18, 19]. The peaks at 532.4
and 533.7 eV belong to the absorption of oxygen. After
30 s etching, the shoulders in the main peak of Cr 2p;)
(2p1,2) and O 1s are all disappeared in Fig. 3c, d, indicating
the surface layer of CrO, rod is effectively removed by
etching. From the deconvolution of Cr 2ps, (2pyn), the

peak at 576.0 (585.7) eV comes from CrO, [18, 19]. The
peaks at 577.0 (587.3) and 578.4 (589.2) eV are corre-
sponded to the oxides from Cr,03; and CrO; [17]. The peak
of O Is at 529.5 eV is come from CrO,. The peaks at 530.4
and 531.2 eV are corresponded to the oxides from Cr,O3
and CrOs, respectively [18, 19]. The peaks at 532 and
533.1 eV are come from adsorbates and their intensities
become lower after etching. Moreover, the intensities of
the peaks from Cr,O3 and CrO; become weak after etch-
ing. The deconvolution of Cr 2ps,, (2p12) and O 1s sug-
gests that the surface of the CrO, rod sample contains a
mixing of Cr oxides rather than the reported formation of
single phase of Cr,0O5 in the previous works [4, 5, 8]. Thus,
a mixing of Cr oxides exists in the surface of CrO,, and this
may play a tunneling barrier between the CrO, rods.
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Fig. 3 Cr 2p and O 1s core level XPS spectra for CrO, sample with Ar ion beam etching for O (a, b) and 30 s (c, d)

Figure 4 shows the hysteresis loops of CrO, powder at
300 and 10 K. It can be seen that the saturation magnetiza-
tion increases from 108 to 133 emu/g with temperature
decreasing from 300 to 10 K. The saturation magnetization
at 10 K is similar to the theoretical value of 2.0 uB/f.u. for
CrO,, indicating the pure phase of the sample and the quite
thin layer of other Cr oxidation in the CrO, rods surface. The
hysteresis loops show small coercive force of 35 Oe at 300 K
and 51 Oe at 10 K which is similar to that of epitaxial thin
films of CrO, [20]. Figure 4b shows the temperature
dependence of the magnetization in an applied field of
500 Oe. The Curie temperature (T¢) of the CrO, is about
396 K in the previous reports [16]. Two different methods
were used to determine T¢: (i) a linear extrapolation of the
M(T) to zero magnetization and (ii) the first derivative of the
M(T) curves as shown in Fig. 4b. T¢ is around 399 and
376 K from method (i) and (ii), respectively. The values of
Tc obtained from the linear extrapolation are about 23 K
higher than those calculated from the derivative method.
This difference of T results from that the extrapolated val-
ues correlates to the contribution from the strongest magnetic
interactions, while the derivative approach is related to the
average intensity of magnetic interactions [21, 22].

@ Springer

Regarding to the transport properties, the conductivity in
this kind of powder heterogeneous system is determined by
the chains of granules with a maximum probability of
tunneling between neighboring grains. The number of such
chains decreases with decreasing temperature and voltage.
Heterogeneity will grow, and in the limit of very low
temperatures and applied voltages, the resistance of the
entire system can even be determined by a single con-
ductive chain. However, considering CrO, rod-shaped
powder having large size around several microns in this
work, the percolation effect can be neglected. Figure 5
shows the typical I-V curves of CrO, rod powder at 300
and 77 K without magnetic field. The non-linear /-V curve
indicates that there is indeed a barrier among particles. It
can be seen that the nonlinearity of /-V curve becomes
stronger at 77 K. According to the tunneling theory and
Simmons’ equation [23],
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Fig. 4 a Hysteresis loops of CrO, powder at 300 and 10 K.
b Temperature-dependent magnetization in a field of 500 Oe
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Fig. 5 I-V curves of CrO, at room temperature and 77 K

where e is the charge of the electron, m is the mess of the
electron, and h is the Plank’s constant. One can fit
I-V curve to extract the junction area A, the mean barrier
height ¢, and the barrier thickness d for a magnetic tunnel
junction [23, 24]. In this work, the adjacent of two CrO,
rods can be considered as a tunnel junction since a mixing
of Cr oxides layer formation in the surface of CrO, rod

Table 1 The fitting parameters based on Simmons’ model at 300 and
77 K

Temperature (K) A(p.mz) d(nm) ¢(eV)
300 0.29 + 0.006 5.19 £ 0.05 1.16 + 0.02
77 0.08 + 0.002 4.13 £ 0.04 2.20 + 0.02
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Fig. 6 a Magnetoresistance curve with different applied currents.
b The applied current dependence of MR at 77 K

observed by XPS. The electron transport is through the
network of CrO, junctions. We roughly assume that the
number of series junctions is equal to that of parallel
junctions and all tunnel junctions are the same, then the
I-V character of the network junctions is equal to that of
one tunnel junction. Then we can fit I-V curves of CrO, rod
at 300 and 77 K using Simmons equation with A, ¢ and d
as the fitting parameters. The fitting results are shown in
Table 1. For a real tunnel junction, the junction area and
barrier thickness should be temperature independent. While
in this work, the effective junction area and the thickness of
the effective barrier become small with temperature
increasing, which may be ascribed to assumption of the
contraction of CrO, rod at low temperature. This assump-
tion can explain the increased barrier height with the
decreasing of the temperature. However, there is a lack of
experimental data on the temperature dependence of the
thermal expansion coefficients of CrO,.
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Magneto-transport properties of CrO, particles at 77 K
and various currents are shown in Fig. 6. We define that the
MR is equal to R(H)/R(Hy)-1, in which R(H) and R(H,)
standing for the resistance at field H and zero field,
respectively. The low-field MR (LFMR) always occurs at
low magnetic field (<5,000 Oe). At room temperature, the
LFMR is not observed. While, at 77 K, the LFMR of CrO,
rod is ~16 and ~72 % with applied different currents of
1.0 and 0.05 pA at 3,500 Oe, respectively. The fluctuation
of the MR data point in Fig. 6a may be caused by the
displacement of the CrO, rod, because the magnetic field
force is larger than the van der Waals force since the rod
sample with large size and strong magnetization. It can be
seen that the LFMR ratio decreases as the applied current
increasing, which is a typical behavior for magnetic tunnel
junctions. This strong bias dependence of LFMR also
proves that the MR is an inherent property of the tunneling
barrier.

The process of resistance with the change of the applied
magnetic field corresponds to the hysteresis loop, and the
maxima MR always happen at H,, as a result,

[p(H) - p(Hc)]/p(Hc) ~ O((M/MA.)Z (2)

o is relative to the ultimate size of the MR. Its magnitude
depends on spin-dependent scattering, M is the global
magnetization, and M; is the saturation magnetization [25].
Figure 6a also shows the square of the normalized mag-
netization ~0.72(M/M,)* (solid line). This curve almost
follows the MR curve, which suggests that the LFMR is
induced by spin-dependent transport. Thus, LFMR must
come from the spin-dependent tunneling between the CrO,
rods through other Cr oxides. According to the Julliere’s
model and considering the randomly oriented magnetic
moment at the coercive field for a system of non-interact-
ing nanoparticles assemblies, Maekawa et al. derived a
theoretical expression of the TMR = —P?, where P is the
spin polarization of the magnetic material [26]. Then, we
can estimate the spin polarization of the CrO, rod roughly
to P~84.9 % at 77 K. The two-step tunneling model based
on a second tunneling via defect states in the barrier, in
addition to the spin-dependent direct tunneling, is proposed
to account for the MR-V dependence. The model assumes
that the defect states in the barrier are uniformly distrib-
uted, both spatially and energetically, and the energy dis-
tribution of the available defect states is governed by a
Fermi—Dirac function [27]. Similarly, for CrO, rod powder,
the tunneling barrier is mainly the space between the rods
and the other chromium oxides on the surface, and this
barrier can be more easily affected by the temperature and
voltage compared defect states in the barrier of tunneling
junctions. Thus, the bias dependent of MR can be fitted as
shown in Fig. 6b. The consistence of the experimental data
and the fitting curve indicates that the current in CrO, rod
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Table 2 Magnetoresistance of CrO,

MR T(K) Applied field Ref.
(%) (Oe)
CrO; polycrystalline film 27 50,000 [5]
Cold pressed CrO, 50 50,000 [3]
Aligned CrO, powder 41 1,000 [4]
CrO, rod 72 77 3,500 This work

is mainly carried by the spin-dependent direct tunneling at
low bias voltage in contrast with the spin-independent two-
step tunneling through barrier defects at high bias voltage.
Spin-dependent magneto-transport properties of CrO, with
different structures have been studied by different groups
as shown in Table 2. Comparing to those results, one can
see that the CrO, rods have shown a higher MR value with
a lower applied field in this work.

4 Conclusions

In summary, we have fabricated single-phased CrO, rod
powder. The largest MR around ~ 72 % was observed using
a Cu/CrO, powder/silver paint electrode sandwich device at
77 K. The tunneling barrier height is around 2.2 £+ 0.04 eV
at 77 K, which is obtained by fitting the non-linear /-
V curves using Simmons’ equation. A mixing of Cr oxides on
the surface of CrO, observed by XPS provides a tunneling
barrier in contrast with a single phase of Cr,O3 insulating
barrier as reported in the previous report. The MR shows
strong bias voltage dependence and is ascribed by the two-
step tunneling process. The quite thin mixing Cr oxides layer
on the surface of the CrO, may have defects, in which the
two-step tunneling process happening at high bias voltage
and resulting in the strong decay of magnetoresistance with
the increase of bias voltage.
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