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Low-field magnetoresistance is an effective and energy-saving way to use half-metallic
materials in magnetic reading heads and magnetic random access memory. Common spin-
polarized materials with low field magnetoresistance effect are perovskite-type manganese,
cobalt, and molybdenum oxides. In this study, we report a new type of spinel cobaltite
materials, self-assembled nanocrystalline NiCo,04, which shows large low field
magnetoresistance as large as -19.1% at 0.5 T and -50% at 9 T (2 K). The large low field
magnetoresistance is attributed to the fast magnetization rotation of the core nanocrystals. The
surface spin-glass is responsible for the observed weak saturation of magnetoresistance under
high fields. Our calculation demonstrates that the half-metallicity of NiC0,04 comes from the
hopping e, electrons within the tetrahedral Co-atoms and the octahedral Ni-atoms. The
discovery of large low-field magnetoresistance in simple spinel oxide NiCo,0O4, a non-

perovskite oxide, leads to an extended family of low-field magnetoresistance materials.
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1. Introduction

The magnetoresistance (MR) effect of ferromagnets has attracted considerable attention
because it can be used in spintronic (spin transport electronics) applications, including
magnetic reading heads, magnetic sensors, spin-valves and magnetic random access memory
devices.!! To optimize and maximize the MR ratio, the carriers in ferromagnets should be
spin-polarized or - in other words - half-metal.”! In most half-metals, however, a large
magnetic field is required to generate large MR. For example, magnetic fields of several tesla
are required to suppress the thermal magnetic disorder and obtain the colossal
magnetoresistance of doped manganite. In half metallic spinel Fe;O4 the MR is linearly
proportional to the magnetic field, indicating a moderate MR ratio (about -10% to -20%) at
very high magnetic fields.”! To advance their use in commercial applications, much research
has been devoted to study the low field magnetoresistance (LFMR) in several spin-polarized

5]

nanocrystalline materials.* Spin-polarized materials are mainly perovskite-type

manganese,” ® cobalt,””! and molybdenum oxides.”® Compared to the widely investigated
perovskite, half-metallic spinel oxide has some outstanding characteristics such as its relative
abundance and also its high Curie temperature. The latter is typically 860 K for Fe;0,.°! On
the other hand, both the poor conductivity at low temperature and small LFMR of
nanocrystalline Fe;O4 (-10% at 200 K) limits its performance in practical applications.“o]
Hence, there is strong motivation to search for large LFMR in spinel oxides. Unlike the
widely investigated iron-based spinel oxides, cobalt-based spinel oxides are rarely studied in
spintronics. The spinel cobaltite, ferrimagnetic ordered (Co3 +)A[NiZJ'Coy']BOA; 1s an unusual
mixed-valence oxide in which Ni** occupy the octahedral (B) sites and Co™ are distributed
across both octahedral and tetrahedral (A) sites with a lattice constant of 8.114 A" Because

of its superior conductivity (epitaxial film: p300x=800 chm),m]

spinel NiCo,04 has potential
uses in various areas and commercial applications like electrocatalytic activity,!'®! water

electrolysis,'* negative electrodes of lithium-ion batteries, "’ photodetectors and transparent
2
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6. 171 Compared to the excellent and well-known ability to store energy

conducting oxides.
electrochemically,“sl the magnetotransport property of NiCo,O,4 in spintronics is yet to be
studied and exploited. In our study, we found a large LFMR of -20% at 0.5 T and -50% at 9 T
in self-assembled nanocrystalline NiCo0,04, a non-perovskite system. We also demonstrate the
feasibility of multifunctional spinel oxide NiCo,0O4 to be used in spintronic applications,

thereby adding a new member to the family of LFMR materials.

2. Results and Discussion

The X-ray diffraction (XRD) pattern of as-synthesized NiCo0,04 is shown in Figure 1a.
All diffraction peaks are consistent with the standard NiCo,0Os spinel structure without
secondary phases. The stoichiometry of cations is confirmed by energy dispersive
spectroscopy in connection with a scanning electron microscope (SEM) and transmission
electron microscope (TEM). The crystal structure is shown in Figure 1b. Based on the
strongest diffraction peak (311) the calculated lattice constant for NiCo,04 is 8.11 10\, which is
consistent with the literature value. The full width at half maximum (FWHM) of the peaks for
the as-synthesized NiCo,04 was broad, suggesting that the samples were nanocrystalline in
nature. The average grain size of the nanocrystalline areas is 10.2 nm. This was estimated
from the FWHM (0.81°) of the strongest peak (311) and the empirical Scherrer formula
d=09A4/(fcosf) , in which # and & are the FWHM (in radian) and Bragg angle,
respectively. The SEM image illustrates that as-synthesized NiCo,04 nanopowders maintain a
uniform urchin-like morphology with nanocrystalline self-assembled nanotubes growing
radially from the center — see Figure lc. The corresponding TEM image (Figure 1d) shows
that NiCo,0O4 nanotubes consist of several nanocrystals of about 10 nm size, which is in
agreement with our XRD results. The high resolution TEM image in Figure le reveals that the
lattice plane distances are 2.86 A and 2.01 A. They fit well into the (220) and (400)

interplanar spaces in NiCo,04. The lattice fringes with different orientations suggest that the
3
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as-synthesized NiCo,O4 is polycrystalline in nature. This is further confirmed by the
corresponding selected area electron diffraction pattern (Figure 1f).

Figure 2a shows the temperature-dependent magnetization of nanocrystalline NiCo0,04
measured by zero-field-cooling (ZFC) and field-cooling (FC) under a magnetic field of 10 Oe.
We find the following features: (i) The ZFC curve reaches its maximum at the average
blocking temperature, Ty of 137 K and then decreases rapidly; (ii) The ZFC and FC curves
show reversibility above 230 K. Both features demonstrate the superparamagnetism of
nanocrystalline NiCo,O4 at high temperatures and a particle size distribution around 10 nm.
According to a “building block” of 10 nm grain size, the magnetic anisotropic constant K of
19, 20]

NiC0,0; is estimated:!

_In(z, /T )k, T, 25k,T,

K .
<V> <V >

)

Here 7, is the characteristic measurement time of SQUID-VSM (~10 s), and 7, is closely

related to the natural frequency of precession (10°~10"), k, and <V > refer to the

Boltzmann constant and nanoparticle volume, respectively. The factor 25 is the commonly

[19, 21

used In(7,, / 7,) -value in conventional magnetometry. I Using Equation 1, the magnetic

anisotropic constant K of NiC0,0y is calculated as 9.02x10° erg/cm3. This is consistent with
the literature value for monodispersive NiC0,04 nanoparticles.m] The magnetic hysteresis
loops at different temperatures are shown in Figure 2b. At high magnetic fields all loops show
weak saturation. As the temperature decreases, the superparamagnetism becomes
ferromagnetism reaching a magnetic moment of 1.54 uB/f.u. (34.69 emu/g) at H=5 T and 7=2
K. A value of 2.0 pB/f.u. has been reported previously.“” The small deviation from the
literature value may be explained by the nanocrystalline morphology in our sample. Surface
spin-glass usually forms at the surface or boundary of nanocrystals. To check whether surface

spin-glass is present or not, the imaginary (out-of-phase, ") parts of the AC susceptibility of

nanocrystalline NiCo,0O4 was measured as a function of temperature with an AC driving field
4
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with a 4 Oe amplitude. The data were collected during heating from 2 to 300 K after the ZFC
process - see Figure 3b. The temperature for the maximum (7p) shifts towards higher values
when the frequency increases. This suggests the presence of reentrant spin-glass and a low-
temperature disordered frozen magnetic state at the grain surfaces. In order to better
understand the surface spin-glass state, temperature-dependent ZFC and FC magnetization at
different magnetic fields was performed (Figure 2d). The blocking temperature in the ZFC
curve shifts toward lower temperatures for higher magnetic fields. In addition, bifurcation
between ZFC and FC magnetization can still be observed even when the magnetic field
exceeds 1 T. This is indicative of the incomplete elimination of a surface spin-glass state with
a magnetic field as high as 5 T.

Figure 3a displays the resistance and magnetoresistance ratio of NiCo,0O4 as a function

of the magnetic field at 2 K. The MR ratio is defined as MR =(p, — p,... )/ P,... X100, where

P and p,, are the resistivity at coercive and applied magnetic fields, respectively. The

clear LFMR shows a butterfly shape and reaches -19.1% at 0.5 T and -25.3% at 1.0 T in self-
assembled NiCo0,04. The presence of large LFMR probably suggests that NiCo,0y is a half-
metal. The MR saturates at high fields, leading to a MR ratio of -50% at 9.0 T. The magnetic
moments in both the nanoparticle bulk and surface spin-glass could cause the observed LFMR
and weak saturation of MR at high magnetic fields. We find that by increasing the
temperature the LFMR decreases gradually (Figure 3b). In epitaxial NiCo,04 films the MR is
negligible (-2% at 1 T)."?! To better understand the LEMR we measured the temperature
dependent resistivity of NiCo0,04. Figure 3c and 3d show resistivity as a function of 7" and

7" In a single crystal NiCo,Os nanoplate it is possible that variable range hopping

(VRH, p o< T™"*) dominates below 100 K while both VRH and nearest-neighbour hopping

(NNH, p =< T7") contribute at temperatures above 100 K" In our nanocrystalline NiC0,04,



WILEY-VCH

VRH dominates in the high temperature region (7>100 K). In the low temperature region, the

172

linear relation of p and 77 indicates intergrain tunnelling. (23]

For the purpose of uncovering the physical origin of LFMR in nanocrystalline NiC0,0.,
we annealed NiCo,04 and investigated its MR. To maintain the nanocrystalline morphology
of NiCo0,04, the annealing temperature is kept at 350 °C. NiCo,O4 is not stable for
temperatures above 400 °C (Supplementary Information, Figure S1). The crystallinity and
morphology remain nearly unchanged after annealing at 350 °C for 4 h, 8 h and 12 h
(Supplementary Information, Figure S2 and S3). Figure 4a gives the 2 K MR of annealed
NiCo,0y for different annealing times. The MR at 2 K decreases from -50% in as-synthesized
sample to -37% (4 h), -35% (8 h) and -29% (12 h) after annealing. The MR ratio of NiC0,04
shows the same temperature dependent behaviour, - see inset in Figure 4a (field-dependent
MR is shown in Supplementary Information, Figure S4). As shown in Figure 4b, the
resistivity of annealed NiCo0,04 is reduced greatly compared to the as-synthesized sample
(Figure 3c and 3d). Given nearly identical size of the nanocrystals, the reduced resistivity can
be attributed to the better connectivity of the nanocrystals. Although the transport mechanism

conforms with intergrain tunnelling at low temperatures and VRH at high temperatures, in the

annealed samples the low temperature region of intergrain tunneling (p o< T~

) is greatly
reduced - see Figure 4b and its inset. Improved conductivity and non-ideal intergrain
tunnelling can explain the decreased LFMR in the annealed samples. To better understand its
MR behaviour, the ZFC and FC magnetization curves of annealed samples under a magnetic
field of 10 Oe are shown in Figure 4c. The blocking temperature is enhanced slightly from
137 K (as-synthesized) to 149 K (4 h), 165 K (8 h) and 170 K (12 h). This indicates a slight
increase of the nanocrystalline size after annealing. This is further supported by the increase

of high field magnetization (H =5T and 7=2 K) from 1.54 uB/f.u (as-synthesized) to 1.68

uB/f.u (4 h), 1.78 uB/f.u (8 h) and 1.84 puB/f.u (12 h) - as shown in Figure 4d. Surface spin-

6
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glass can also be observed in the annealed sample (Supplementary Information, Figure S5).

Interestingly, compared to the as-synthesized NiCo,04, a distinct exchange bias H, =42 Oe

was observed in the annealed sample (12 h) after field cooling under a strong magnetic field
of 5 T — see Figure 4e. The origin of this exchange bias and its relation with MR will be
discussed in the following.

The MR in magnetic granular systems can be expressed

as MRo<<cosq0>o<(M /M) L2 where ¢ 1is the angle between the directions of

magnetization of two adjacent grains. To better understand the large LFMR and the magnetic

behaviour in general, we compare the magnetic field dependent normalized MR and

—(M | My)* of the as-synthesized and annealed sample (12 h) at different temperatures — see

Figure 5. At 2 K, the normalized MR nearly coincides with —(M / M)> in the whole

magnetic field region for both kinds of samples. Hence, we can conclude that the LFMR
comes from the rotation of magnetization in the core of the nanocrystals. The slight increase
of magnetization from surface spin-glass accounts for the weak saturation in MR at high
fields. This is schematically shown in the inset of Figure Sa. Interestingly, the MR deviates
from —(M / M)* significantly at 200 K for the annealed sample where the measurement
temperature is higher than the blocking temperature (7g=170 K). The vanishing LFMR and its

deviation from —(M / M)* at temperatures higher than Ty are ascribed to the fast flip of spin

moments by thermal agitation. In addition, the MR of the annealed sample is near linearly
proportional to the magnetic field at 200 K. This characteristic is similar to the small and
linear field-dependence as well as the relative small negative MR in half-metallic Fe;O, films,
which is attributed to strong antiferromagnetic coupling across atomic boundaries, antiphase
boundaries (APBs).”* ! Usually, this type of cation dislocation is observed in epitaxial films
during the nucleation and coalescence of islands. It is caused by the relative low crystal

symmetry of spinel (Fd3m) compared to the substrates. It is the antiferromagnetic coupled
7
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APBs that flip the spin of hopping electrons and decrease the spin polarization largely.m To
our surprise, APBs were observed in the annealed NiCo,04 nanocrystals. Figure 4f shows
typical APBs in our annealed sample, shifting a quarter interplanar spacing along (110). On
the other hand, grain boundaries in as-synthesized samples are disordered and amorphous, as
displayed in Figure le. Another indication of the presence of APBs and strong
antiferromagnetic coupling is the increased negative magnetization revealed by the ZFC curve
at low temperatures as the annealing time increases (Figure 4c). In addition to non-ideal
intergrain tunnelling, the presence of APBs can cause reduced LFMR and the small exchange
bias field (Figure 4e) in annealed NiCo0,0,. The formation of APBs is probably caused by the
rotation of nanocrystals during the annealing process and consistent with the oriented SAED
of a textured nanotube (Supplementary Information, Figure S6).

Because of the observed large LFMR in nanocrystalline NiCo,0O4 we wanted to find out
whether it is a half-metal in nature or not. After geometric optimization with the appropriate
Hubbard correction parameters U.g=1.5 (Ni) and 5.5 (Co) eV,[ZG] the calculated lattice
parameter is 8.152 A which is consistent with the measured value of 8.11 A. Figure 6 shows
both total and partial density of states for NiCo,O4. Only spin-down e, electrons of Ni on B
sites and Co on A sites were present at the Fermi level in NiCo,O4 with a relatively small
energy gap of ~1.3 eV for spin-up electrons near the Fermi level. This strongly suggests that
the good conductivity of NiCo,O4 can be attributed to e, electron hopping within Ni (B sites)
and Co (A sites). Furthermore, the calculated moment is an integer and 2 pB/f.u, which
perfectly agrees with our experimental results as well as previously reported values."""! The

calculation results indicate that NiCo,Qy is a half-metal.

3. Conclusions
In summary, a rather large LFMR was observed in self-assembled nanocrystalline

NiCo,0, synthesized using the hydrothermal method. Superparamagnetism is observed in
8
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NiCo,04 nanocrystals with a blocking temperature of 137 K. The surface spin-glass was
confirmed by the shifts of the y" peak toward higher temperature with increasing frequency
and bifurcation between the ZFC and FC magnetization even as high as 5 T. A MR of -50%
was observed at 2 K. We attribute the large LFMR to the fast magnetization rotation of core
nanocrystals. The weak saturation of MR at high fields is attributed to the surface spin-glass.
Compared to the as-synthesized sample, LFMR is reduced in annealed NiCo,0, due to non-
ideal intergrain tunnelling and the presence of APBs. The half-metallicity of NiCo,O4 was
confirmed by our first-principle calculation. We demonstrated the large LFMR in simple

spinel oxides NiC0,04, a non-peroskite-type oxide adding to the family of LFMR materials.

4. Experimental Sections

Sample Fabrication: Nanostructured powders of spinel NiCo,O, were synthesized by the
hydrothermal method. Typically, 8 mmol of Co(NO3),'6H,0, 4 mmol of Ni(NO3),"6H,0 and
15 mmol of urea were dissolved in 80 ml deionized water to form a clear pink solution. This
solution was subsequently transferred into a Teflon-lined autoclave and kept at 120 °C for 4 h.
After cooling down to the room temperature, the resultants were obtained and washed with
deionized water and ethanol. After drying, these powders were annealed at 350 °C for 2 h at a

rate of 3 °C min™ to acquire inverse spinel NiCo0,04.

Characterization of Structure and Physical Properties: The structure was analysed by x-ray
diffraction (XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The magnetic properties were measured using a magnetic property
measurement system (SQUID-VSM, Quantum Design). The transport properties ewere

studied through cold-hydraulically pressing self-assembly nanocrystalline NiCo,04 into a
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pellet (5x5x1 mm) at a pressure of 2.322 GPa. The magnetotransport properties were

measured with a physical property measurement system (Dynacool, Quantum Design).

Calculation method: Calculations made within the framework of density function theory
were performed using the Vienna Ab-initio Simulation Package.”””’ The wave functions of the
inner electrons consisting of orbitals up to (and including) the 3p levels for A and B as well as
the 1s level for O were described by the projector augmented wave method (PAW).®
Calculations were carried out on a spinel cubic cell containing 56 atoms (8 A and 16 B and 32
O) in the reciprocal space of the cell and computed with a Monkhorst-Pack grid of 4x4x4 k

points.m] The optimized parameters of the 56-atom highly symmetrical unit cell were

Hubbard corrected ( U.=5.5 (Ni) and 1.5 eV (Co)).
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Figure 1. a) Typical -26 XRD pattern of NiC0,04. b) The crystal model of inverse spinel
NiC0,04. ¢) SEM images of self-assembled urchin-like NiCo,04. Insets show 3 different
scales. d) Typical TEM image of a NiCo,04 nanotube obtained through an ultrasonic process.
e) High resolution TEMR image of NiCo,O4 nanocrystals. f) SAED pattern of NiCo,04

nanocrystals.
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Figure 2. a) NiCo,0,4 temperature dependence of ZFC and FC magnetization at H=10 Oe. b)
Hysteresis loops of NiCo,0y at different temperatures. ¢) Temperature dependence of the out-
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magnetic fields.
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Figure 3. a) Resistance and LFMR of NiCo0,0,4 at 2 K. And the red and blue arrows give the

scan direction of magnetic field. b) The MR of NiCo0,04 at different temperatures. c) Plot of

resistivity p = of NiCo,O4 versus T, d) Plot of resistivity p_ of NiC0,Oy4 versus T,
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Figure 4. a) Field-dependent MR of NiCo,0, for different annealing times. The inset shows

the MR ratio (H=9 T) as a function of temperature. b) Plot of resistivity p of annealed

NiC0,04 versus 7% . The inset shows the relation of p.. with T, c) Temperature-

dependent ZFC and FC magnetization of annealed NiCo0,04 under a field of 10 Oe. d) The

hysteresis loops of NiC0,04 with different annealing times at 2 K. e) Comparison of magnetic

hysteresis loops of as-synthesized and annealed (12 h) NiCo,0., recorded after field-cooling

to 2 K with a magnetic field of 5 T. f) Typical HRTEM image of annealed NiCo,0, with an

antiphase boundary.
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Figure 5. Comparison of normalized MR and —(M / M) of as-synthesized and annealed

NiCo,0; at different temperatures: a) 2 K, as-synthesized, b) 2 K, annealed, c) 200 K, as-

synthesized and d) 200 K, annealed.
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Figure 6. Calculated density of states of NiCo,04 (solid line) and partial density of states of

Co and Ni (red and blue dashed line).
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A large low field magnetoresistance of -20% at 0.5 T and a MR of -50% at 9 T are
observed in self-assembly nanocrystalline NiCo,04, which is a non-perovskite-type based
system. This work demonstrates the feasibility of spinel oxide half metal in spintronics and
opens another door for the family of low field magnetoresistance materials.
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