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Oriented Co nanoparticles were obtained by Co ion implantation in crystalline ZnO thin films

grown by pulsed laser deposition. Transmission electron microscopy revealed the presence of

elliptically shaped Co precipitates with nanometer size, which are embedded in the ZnO thin films,

resulting in anisotropic magnetic behavior. The low-temperature resistance of the Co-implanted

ZnO thin films follows the Efros-Shklovskii type variable-range-hopping. Large negative

magnetoresistance (MR) exceeding 10% is observed in a magnetic field of 1 T at 2.5 K and the

negative MR survives up to 250 K (0.3%). The negative MR reveals hysteresis as well as

anisotropy that correlate well with the magnetic properties, clearly demonstrating the presence of

spin-dependent transport. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4815877]

I. INTRODUCTION

Magnetic semiconductors (MSs) and related hybrid sys-

tems have attracted intensive research interest in recent years

due to their promising applications in spintronics.1–4 At the

crossing between semiconductor physics, magnetism, and

magnetoelectrics, MSs provide multifunctional properties for

next generation devices. Granular systems are interesting

candidate materials for obtaining MSs. Their spin-dependent

transport has first been demonstrated in metallic systems,

such as the immiscible Cu-Co system,5,6 as an alternative for

the multilayer giant magnetoresistance (GMR) system.

Consequently, it appears appealing to extend this research to

granular ferromagnetic grains embedded in a semiconducting

or insulating matrix, as this opens opportunities for combin-

ing spintronics with well-established semiconductor based

electronics. A number of investigations have been reported

so far including investigations on Ni-SiO2,7 Fe-Si,8 Mn-Ge,9

and Ni-LaSrMnO3.10 Among the possible choices granular

ZnO-based MSs doped with 3d-transition metals are of par-

ticular interest due to the many excellent properties of ZnO,

including piezoelectricity, optoelectronic response, as well

as non-toxicity and abundance in nature.11 Thus, finding a

good magnetoelectric response may pave the way to develop

ZnO-based spintronics. Various methods have been used to

fabricate ZnO-based MSs, including pulsed laser deposition

(PLD),12 sputtering,13 ion implantation,14–16 and electro-

chemical deposition.17 In terms of applications ion implanta-

tion offers a convenient way to control dopant species and

concentration. In previous studies of the ZnO:Co system the

magnetic properties have been investigated in detail,18 while

the magnetotransport and, in particular, the anisotropy have

been less covered. Most of the reported magnetotransport

properties turned out to be complicated or controversial and

lacked spin-dependent signatures.19–22

Here, we rely on high-fluence Co implantation to obtain

Co nanoparticles embedded in a ZnO matrix. Using magne-

toresistance (MR) and magnetization measurements we

obtain clear evidence for spin-dependent transport with ani-

sotropic properties up to room temperature.

II. EXPERIMENTAL DETAILS

ZnO thin films with a thickness of 100 nm were grown

by PLD on Si/SiO2 substrates with a top layer of 300 nm

thermally grown silicon oxide. Next, Co was implanted at a

fluence of 1.0� 1017 ions/cm2 and an energy of 80 keV. The

crystallographic structure of ZnO and Co-implanted ZnO

were characterized by x-ray diffraction (XRD, PANalytical

X’Pert PRO MRD system). Surface characterization was per-

formed using atomic force microscopy (AFM) in the tapping

mode of operation (Dimension 3000, Veeco Instruments).

The microstructure was characterized by transmission elec-

tron microscopy (TEM) on a cross section specimen cut per-

pendicular to the surface. The specimen was prepared using

the focused ion beam (FIB) technique on a Helios NanoLab

650 machine. In order to preserve the surface layer of the

sample, a carbon protective layer was deposited prior to the

sample preparation. TEM investigations were performed

with a FEI Tecnai G2 (200 keV, EDAX system) and a

Philips CM30-FEG (300 keV, post-column GIF200 system)

microscope. MR measurements were performed in a helium-

4 flow cryostat with a superconducting magnet (Oxford

Instruments) using an ac resistance bridge (SRS SIM921)

and a four-point collinear geometry. The magnetic field H is
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oriented either parallel or perpendicular to the film surface,

while the current is always applied perpendicular to the mag-

netic field for the MR measurements. The MR ratio is

defined as (R(H)-R(0))/R(0)� 100%, which is smaller than

the MR ratio inferred from the peak value in the hysteresis

loop. The magnetization was measured with a superconduct-

ing quantum interference device (SQUID, Quantum Design

MPMS XL) for fields parallel and perpendicular to the sam-

ple surface.

III. RESULTS AND DISCUSSION

In Fig. 1 we present the XRD patterns of an as-grown

and a Co-implanted ZnO film. Both patterns are very similar,

revealing that the Co-implanted ZnO retains its structure,

even after a high-fluence implantation. The positions of the

ZnO peaks and their intensity distribution indicate that the

film crystallizes in the hexagonal wurtzite structure with

strong (002) preferential orientation. An extra peak appears

in the XRD pattern of the Co-implanted sample around

2h¼ 44�, which can be attributed to the formation of crystal-

line metallic Co nanoparticles. The peak can be indexed ei-

ther as the (002) peak of HCP Co or the (111) peak of FCC

Co. It has been observed before that Co nanoparticles

implanted in bulk ZnO single crystals crystallize into an hex-

agonal structure with a Co(002)kZnO(002) preferential ori-

entation with respect to the host matrix.14 Presumably, a

similar orientation occurs in our present study. The broaden-

ing of the Co peak is consistent with a small crystal size,

which is calculated to be 6 nm using the Scherrer formula:

d¼Kk=(b cos h), where d is the average crystallite grain

size, K is a numerical factor (�0.9), k is the wavelength of

the x-rays, h is the Bragg angle, and b is the full width at

half maximum of the peak at 2h in radians. However, it

should be pointed out that the actual crystal size may be

underestimated by the Scherrer formula due to additional

broadening of the Bragg peak resulting from strain in the

hybrid Co/ZnO system.

AFM measurements reveal that our ZnO films have a

rather rough surface with a root-mean-square (rms) rough-

ness around 3 nm for a surface area of 5� 5 lm2. The

“bombardment” effect of the high-fluence implantation

slightly increases the rms roughness to around 4 nm.

The microstructure of the Co-implanted ZnO thin films

is investigated by TEM. The overall composition of the film

is analyzed using energy dispersive x-ray (EDX) analysis. It

is found that the Co concentration (Co/[CoþZn]) is

43 6 5 at. %. Direct visualization of the element distribution

is possible by energy filtered transmission electron micros-

copy (EFTEM). In Fig. 2 we present the bright field TEM

image of the cross section specimen of the thin film along

with the corresponding elemental maps recorded at the Zn-L,

Co-L, Si-K, O-K absorption edges and a colored map com-

posed of them. A part of the TEM sample preparation proce-

dure was the protection of the surface by the carbon layer.

Therefore the C map is shown in grey on the colored map,

but not as a separate map. The Co map reveals that Co is

embedded into the ZnO matrix in two different forms, i.e.,

evenly distributed in the ZnO matrix and in the form of

Co-rich nanoprecipitates concentrated closer to the surface.

The size of the precipitates in the film varies from about

5–20 nm with a mean value around 10 nm. The surface accu-

mulation of Co nanoparticles occurs because of the com-

bined effect of the ion implantation, which results in a

Gaussian implantation profile of the Co, and the bombard-

ment of the surface. Some of the Co nanoparticles appear in

the SiO2 substrate as well, which is unavoidable for a high-

fluence implantation process. However the size of those

nanoparticles which is less than 5 nm is considerably smaller

than the precipitates in the film. This may influence the mag-

netization to a certain extent, but not significantly because

the amount of Co in the substrate is small when compared to

the amount of Co in the ZnO film. On the other hand, the

Co in the SiO2 should not affect the electrical transport

behavior, since the implanted SiO2 remains an insulator.

FIG. 1. XRD of a ZnO and a Co-implanted ZnO thin film on Si/SiO2 sub-

strates. The peaks marked with an asterisk are background peaks resulting

from the strong doping of the Si.

FIG. 2. Bright field TEM image of a Co-implanted ZnO thin film (upper

left) and the corresponding elemental maps recorded at the Zn-L, Co-L,

Si-K, O-K absorption edges and the colored map composed of them.
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Comparing the elemental maps of Co and O, we find that the

O map has dark spots at the position of the Co nanoparticles

in the ZnO film as well as in the substrate, which indicates

that in both cases the nanoparticles consist of metallic Co.

The overall oxidation state of Co can be estimated using

electron energy loss spectroscopy (EELS). The ratio of the

L3 and L2 line intensities in the EELS spectra collected from

the complete film (data not shown) indicates that part of the

Co is oxidized. Thus, Co is present in the sample in the form

of metallic Co nanoparticles and evenly distributed cobalt

oxide.

The metallic Co nanoparticles are discernible on the

bright field TEM images. They can be distinguished from the

intrinsic features of the ZnO microstructure due to character-

istic moir�e fringes (see Fig. 3). The periodicity and the orien-

tation of the fringes are defined by the mismatch between the

cell parameters of the precipitates and the matrix and the mu-

tual orientation of their lattices. The fringes of most of the

particles are oriented parallel to the ZnO (001) plane, which

is consistent with the results of the XRD analysis and con-

firms that Co nanoparticles crystallize in hexagonal structure

with the preferential orientation Cohcp(002)kZnO(002).

Bright field TEM images also provide detailed informa-

tion on the shape of the Co nanoparticles. Most of the par-

ticles are isolated. They have almost spherical shape,

although there is a certain degree of elongation in the direc-

tion perpendicular to the surface of the film. On the other

hand, relatively large particles have a complex irregular

shape and seem to be composed of several crystallites. This

observation is confirmed by the difference of the apparent

size of the particles (5–20 nm) on the TEM images and the

crystallite size estimated by the Scherrer formula (approxi-

mately 6 nm). The constituent crystallites of the large par-

ticles are slightly elongated perpendicular to the surface as

well. Concerning the Co nanoparticles embedded in the sub-

strate, the question on their crystallinity is open, since they

reveal no lattice fringes on the HRTEM images and do not

contribute to the electron diffraction patterns.

In Fig. 4 we plot the temperature dependence of the re-

sistance of a Co-implanted ZnO thin film. The resistance

changes slowly at high temperature but reveals typical ther-

mally activated hopping behavior below 20 K. In our granu-

lar Co-ZnO material the conductivity is expected to be

dominated by carriers that are hopping between localized im-

purity states when the temperature becomes sufficiently

low.23 Mott’s variable-range-hopping (VRH) predicts

R(T)/ exp[(T0/T)p] with p¼ 1/4 and 1/3 for a three-

dimensional and a two-dimensional system, respectively.24

On the other hand, long-range electron-electron interactions

reduce the density of states at the Fermi energy, resulting in

the formation of a so-called Coulomb gap. The Coulomb gap

manifests itself through a modified hopping law where p
increases to 1/2,23 usually referred to as Efros-Shklovskii

type VRH. The least-squares fitting of our data below 20 K

(inset of Fig. 4) yields p¼ 0.50 6 0.01, which is consistent

with the theoretical value p¼ 1/2. We conclude that the elec-

tron transport in our Co-implanted ZnO thin films becomes

dominated by Efros-Shklovskii type VRH at low

temperature.

Next, we turn to the spin-dependent electrical transport

based on the MR and SQUID measurements, where the

magnetic field is applied parallel as well as perpendicular to

the sample surface for both measurements. In Figs. 5(a) and

5(b) we present the typical MR at 5 K for the Co-implanted

ZnO, revealing hysteretic negative MR. On the other hand,

a clear anisotropy of the MR is present, where the MR is

enhanced for the perpendicular field geometry. In Fig. 5(c)

we present the magnetization at 5 K for both parallel and

perpendicular field. A striking feature is that the M-H curves

in Fig. 5(c) exhibit a good correlation with the MR

(Figs. 5(a) and 5(b)). The hysteretic MR becomes peaked at

the coercive field, while the MR tends to saturate when the

magnetic moment reaches saturation. The coercive field is

larger when H is perpendicular to the sample surface than

when H is parallel to the surface. Correspondingly, the MR

peaks have a larger separation for the perpendicular geome-

try. The correlations between magnetism and MR point

towards a pronounced spin-dependent electron transport in

our Co-implanted ZnO.

We may account for the observed negative MR at low

temperature in terms of a hopping version of spin-dependent

scattering, which may be analogous to the well-known spin-

dependent transport in granular GMR/tunnel magnetoresist-

ance (TMR) systems. However, a detailed theoretical model

of spin-dependent hopping still needs to be developed. It has

been reported for Nd0.52Sr0.48MnO3 that the resistance

decrease in a magnetic field can be accounted for by aFIG. 3. Bright field TEM image of a Co-implanted ZnO thin film.

FIG. 4. Temperature dependence of the resistance of a Co-implanted ZnO

thin film. The inset illustrates the fitting to the Efros-Shklovskii type VRH

below 20 K.
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lowering of the hopping barrier due to alignment of relative

magnetic moments at the hopping sites.25 In a similar way

the negative hysteretic MR in our samples may be explained

in terms of a lowering of the hopping barrier between local-

ized states that are confined to the Co nanoparticles. We note

that we do not observe the hysteretic MR in samples

implanted at low fluence (data not shown), in which the for-

mation of Co nanoparticles is significantly suppressed. We

therefore further confirm that the spin-dependent hopping

comes from Co nanoparticles.

In Fig. 6 we present magnetization curves measured at

300 K as well as the zero-field-cooled/field-cooled (ZFC/

FC) temperature dependence of the magnetization at differ-

ent magnetic fields. The magnetization reveals a superpara-

magnetic behavior with “blocking” occurring at lower

temperatures.26 By comparing the magnetization at 300 K

(Fig. 6(a)) and at 5 K (Fig. 5(c)), we find that both the coer-

civity and remanence decrease with increasing temperature.

The disappearance of the remanent magnetization is con-

sistent with the existence of very small, unblocked super-

paramagnetic Co nanoparticles at higher temperatures. In

Figs. 6(b) and 6(c) the splitting between the ZFC and FC

curves, which vanishes at higher temperatures, is another

manifestation of the superparamagnetic behavior for both

field directions. At moderate magnetic field (smaller than

the saturation field), the ZFC magnetic susceptibility gradu-

ally increases (particles become unblocked) until reaching

the average blocking temperature TB, while the FC curve

decreases with increasing temperature. The slow change of

the curvature around TB points towards a rather broad size

distribution of the superparamagnetic clusters, which gives

rise to a distribution of TB for different cluster sizes.26 The

results for the magnetization are consistent with the results

of the TEM investigations, which indicate a size of the

nanoparticles varying from about 5–20 nm. One should

note that the magnetization of a nanoparticle is much larger

than that of the individual atoms (evenly distributed (oxi-

dized) Co).27,28 We therefore assume that the observed

magnetic behavior is dominated by the metallic Co

nanoparticles.

As indicated above, another interesting observation is

the anisotropy of both the magnetization and the MR. This

anisotropy may be accounted for by the fact that the easy

axis of the Co nanoparticles aligns with the film normal,

while the hard axis is in the film plane. This is consistent

with what has been observed before in Co-implanted ZnO

bulk crystals.14 From Figs. 6(b) and 6(c) we conclude that

TB tends to shift to lower temperatures when the applied

magnetic field increases. This is not unexpected since a

larger magnetic field further reduces the energy barrier

that blocks the fluctuation of superparamagnetic moments,

allowing them to become thermally unfrozen at a lower

temperature.29–31 The above mentioned anisotropy also

shows up in the shift of TB, with a larger shift to low tem-

perature for the parallel geometry. From Figs. 6(b) and

6(c) it becomes clear that at 0.2 T the parallel magnetiza-

tion already appears to have no blocking behavior down to

5 K (no splitting of the ZFC and FC curves), while the per-

pendicular magnetization still reveals a blocking tempera-

ture (see arrow in Fig. 6(c)). The anisotropy can be related

to the mechanisms that are discussed in more detail below

and results in different energy barriers for thermal fluctua-

tions in the parallel direction and in the perpendicular

direction.

Our TEM analysis suggests a few possible mechanisms

for the observed anisotropic response. First, the larger

nanoparticles are mostly located quite close to the sample

surface, and a considerable fraction of Co nanoparticles are

elliptically shaped with their long axis along the film nor-

mal. This will induce an easy axis along the long axis due

to shape anisotropy. Second, although the TEM images pro-

vide only a two-dimensional projection of the specimen,

the Co nanoparticles on these images seem to be further

apart in the direction parallel to the surface. This provides a

possible explanation for the anisotropy in terms of the mag-

netic exchange interaction. The increased distance between

nanoparticles in the parallel direction will result in a weak-

ened magnetic exchange interaction, leading to a lower bar-

rier for thermal fluctuations. Third, the anisotropy can be

related to the crystal structure of the magnetic Co

FIG. 5. Hysteretic MR loop of a Co-implanted ZnO thin film at 5 K for par-

allel (a) and perpendicular (b) field geometry; the red and black curves are

for field forwards and backwards, respectively. (c) M-H curves at 5 K.
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nanoparticles. From the XRD results we concluded that the

Co nanoparticles appear to be crystallized along the c-axis

with the same (001) preferential orientation as for the ZnO

host. This will give rise to magnetocrystalline anisotropy,

which originates mainly from spin-orbit (spin-lattice) inter-

action.32 On the other hand, it should be pointed out that

there also exist small nanoparticles whose exact shape and

structure cannot be identified by XRD or TEM. Therefore,

the influence of shape and magnetocrystalline anisotropy is

not yet completely clear and requires further investigation.

Moreover, the fact that the nanoparticles are close to the

surface may also result in an additional surface induced ani-

sotropy. Anyway, the good correlation between the SQUID

and MR data confirms the existence of an anisotropic

magnetic behavior, either due to one of the above men-

tioned anisotropies or a combination thereof. The anisot-

ropy of the superparamagnetic system may be of

technological importance for stabilizing fluctuations in

applications such as magnetic recording media.

In Figs. 7(a) and 7(b) we plot the evolution of the nega-

tive MR and coercive field as a function of temperature. The

negative MR ratio dramatically decreases with increasing

temperature for both field directions, which is typically also

observed in GMR/TMR systems. When temperature

increases, more inelastic scattering processes such as

electron-phonon scattering will contribute to the resistivity.

This will result in a destruction of the spin-dependent trans-

port at higher temperatures. On the other hand, the coercive

field, which is inferred from the hysteretic peak positions of

the MR curves, also decreases with increasing temperature,

consistent with the superparamagnetism that is inferred from

the SQUID data. Note that the coercivity reveals an anoma-

lous reduction at 2.5 K. This is probably due to the fact that

the ZnO matrix film itself has an intrinsic non-hysteretic

MR whose contribution considerably increases at low

temperature.

Although the MR ratio strongly decreases at high temper-

atures, the peaked MR curve survives up to 250 K, as illus-

trated in Figs. 8(a) and 8(b). The MR ratio is reduced to

around 0.3%, but the hysteretic behavior is still clearly

observed for both parallel and perpendicular geometry. The

room temperature spin-dependent transport is of particular in-

terest for magnetic sensors and spintronics. We believe there

is still room for further increasing the room-temperature MR

FIG. 6. (a) M-H curves of a Co-implanted ZnO thin film at 300 K. In (b) and

(c) we present the ZFC/FC magnetization curves at different magnetic field

for parallel and perpendicular field geometry, respectively. The substrate

signal has been subtracted, and the curves are shifted vertically for clarity.

Note that for a perpendicular field TB is only marked for a field of 0.2 T. For

0.1 T TB is above 300 K.

FIG. 7. MR ratio at 1 T and the coercivity inferred from the MR curves at

different temperatures for parallel (a) and perpendicular (b) field geometry.
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ratio by suppressing the spin-independent transport mecha-

nisms, including, in particular, the intrinsic conductivity of the

ZnO host.

IV. CONCLUSIONS

In summary, we obtained oriented and elliptical Co

nanoparticles embedded in ZnO thin films by combination of

pulsed laser deposition of ZnO and Co ion implantation.

This hybrid system displays a magnetic anisotropy, whose

origin can be identified based on XRD and TEM microstruc-

ture analysis. The negative hysteretic MR is attributed to

spin-dependent hopping at low temperature. In addition to

the magnetization the MR also reveals anisotropy, which

correlates well with the magnetization behavior. The mag-

netic and transport properties as well as the strong correla-

tion between them may be used for the development of

spintronic-based devices.
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