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Abstract

We report the results of a sequence of magnetisation and magneto-optical studies on laser ablated thin
films of ZnCoAlO and ZnCoO that contain a small amount of metallic cobalt. The results are
compared to those expected when all the magnetization is due to isolated metallic clusters of cobalt
and with an oxide sample that is almost free from metallic inclusions. Using a variety of direct
magnetic measurements and also magnetic circular dichroism we find that there is ferromagnetism
within both the oxide and the metallic inclusions, and furthermore that these magnetic components
are exchange-coupled when aluminium is included. This enhances both the coercive field and the
remanence. Hence the presence of a controlled quantity of metallic nanoparticles in ZnAlO can
improve the magnetic response of the oxide, thus giving great advantages for applications in
spintronics.

1. Introduction

The possibility of integrating semiconductor function with magnetic storage has prompted a major research
effort to investigate dilute magnetic semiconductors (DMSs), with one of the main goals being to find a
semiconductor in which the mobile carriers are spin-polarised at room temperature [1, 2]. There has also been
much effort on oxides because of the range of material properties that they display coupled with the ease of
manufacture and because oxides can be grown together [3]. Since the ultimate aim is to integrate magnetic
storage with logic functions we also require that the ferromagnetic semiconductor should have a sizeable
magnetization and remanence. These qualities are present in GaMnAs, but at temperatures that are significantly
below room temperature [4]. This makes it interesting to explore other magnetic semiconductors with Curie
temperatures above 300 K, for example those based on oxides.

The study of oxide magnetism has developed very rapidly since the suggestion that doped ZnO should be
ferromagnetic at room temperature [5, 6]. Room temperature ferromagnetism has been observed in a range of
oxides, ZnO, SnO,, TiO,, In,O3 when doped with small percentages of transition metals [7]. However, there is
much controversy over whether the apparent ferromagnetic signal arises entirely from blocked particles of
nanophases, particularly metallic cobalt [8—11]. The role of spinodal decomposition in producing nano-clusters

©2016 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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that enhance the magnetism has been discussed extensively from first principles [12]. Moreover, the observation
of weak ferromagnetism in undoped oxides [13] raises new questions about the role of defects.

Theoretical models of doped DMS oxides have been built on carrier-mediated interactions between the
magnetic transition metal (TM) ion dopants that are added to induce the ferromagnetism. The carriers can be
either itinerant or bound to defects in magnetic polarons [14, 15] and ion-polaron coupling has been
demonstrated explicitly in colloidal Mn-doped ZnO particles [16]. A more sophisticated approach is to perform
afirst principles calculation of a random mix of transition metal ions in ZnO matrix including self interaction
corrections [17]. However, this picture has been challenged by a number of papers based on XMCD [18],
Maossbauer [19] and Andreev [20] studies that have shown that the moments on the TM ions do not participate
in the ferromagnetism although the sample is ferromagnetic. Furthermore, other workers failed to find any
ferromagnetism in epitaxial doped films [21, 22] and it has also been suggested that the magnetism resides on the
grain boundaries [19, 23].

Aside from the controversy about the origin of the ferromagnetism, potential applications motivate research
into ways to improve the magnetic properties, most notably the coercive field and remanence which, at the
present time, are invariably too small to be usable [7, 19]. In this paper, we demonstrate how to obtain a ZnO-
based ferromagnet that possesses both a large density of spin-polarised mobile carriers and a usable remanence.
We have achieved this by employing metallic Co nanoparticles to enhance the magnetic hardness of ZnCoAlO
through the phenomenon of exchange-coupling. This contrasts with work by other groups in which the aim was
to grow films without Co nanoparticles so as to be sure to observe true oxide magnetism [24—26]. We show that
the presence of Co nanoparticles is in fact extremely beneficial, provided that they are exchange-coupled to
robust magnetism within the oxide matrix. We compare a film containing very little metallic cobalt with two
films that both contained metallic cobalt, one with, and without co-doping with Al. Earlier work, both
experimental and theoretical, had shown that adding Al enhanced both the magnetization and the magneto-
optic response [ 14, 27, 28] via ferromagnetic coupling of Co nanoparticles through the ZnAlO matrix [29].
Evidence that polarised Co nanoparticles are able to polarise mobile electrons in ZnO and ZnCoO has been
presented recently [30].

The paper is organised as follows. After describing the experimental methods in section 2, we first present the
results obtained by magnetization measurements in section 3. Then, in section 4, we present magneto-optical
measurements. In section 5 we discuss the implications of our results and present a justification of our exchange
coupling model. Finally, in section 6 we give our conclusions.

2. Experimental methods

The samples were grown by pulsed laser deposition (PLD) on c-cut sapphire substrates purchased from CrysTec
GmbH. Before deposition, the substrates were cleaned ultrasonically in methyl alcohol and did not show any
substantial ferromagnetism [31]. Powders of ZnO and Co,0; and, where desired Al,Os, were first mixed in the
proportion to give the desired Co:Zn ratio and were then ground together using a pestle and mortar for 30 min;
this method was found to give a better mix than mechanical grinders. In each case the process of first grinding
and then sintering the mixture in air for 12 h was repeated for annealing temperatures of 400 °C, 600 °C, and
800 °C, before final pressing into a target mould and sintering at 1000 °C for more than 12 h; however the final
sintering of the target for sample B was performed at a higher temperature (~1150 °C) so that the target colour
changed to dark green, unlike the others that were a light grey green, indicating that a change in chemical
bonding had occurred in this anneal. Samples A and B, of thicknesses 131 nm and 136 nm respectively, were
made from a target that contained 10% cobalt and were grown at base pressure, 3 X 102 mTorr, witha
substrate temperature of 400 °C. Sample C was co-doped with 0.6% Al and was grown in an atmosphere of

10 mTorr oxygen and had a thickness of 140 nm. A Lambda Physik LEXTRA 200 XeCl excimer laser with an
operating wavelength of 308 nm and a 10 Hz repetition rate was used for the ablation of the target. The
concentration of Co in films A and B was measured by energy dispersive x-ray analysis and found to be 20.1%
and 14.5% of Co respectively and that for film C was ~25% as measured by particle-induced x-ray emission
(PIXE) measurements [25].

The relative amounts of metallic cobalt and Co®* ions were determined by x-ray measurements made on
beamline 20-1D-B (samples A and B) and beamline 20-BM-B (sample C) at the Advanced Photon Source as
shown in figure 1. Pre-edge measurements on Samples A and B, comparing them to both pure metallic Co and
also asample of ZnCoO that did not contain any metallic cobalt [24], showed that in Sample A 7% of the Co was
in a metallic environment in contrast to that on sample B where only a very small fraction of the Co ions were in
metallic cobalt. The data for sample C also showed that the fraction of Co ions in metallic Co was small and this
was confirmed by EXAFS where the fraction was found to be <2% [25]. The details of the three samples are given
in table 1. In each case the magnetisation that should be expected from the metallic cobalt clusters at 5 Kis
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Figure 1. The pre-edge region of the Co K-edge for (a) samples A and B compared to spectra from a Co doped ZnO film with no metal
content and also a sample of metallic Co. The region near 7712 eV is most sensitive to metal. The measurements were made with the
x-ray polarisation along the c-axis of the ZnO film. (b) The equivalent measurements for sample C that were made with the x-ray
polarisation in the a—b plane of the ZnO film. The insets show an enlarged plot of the most important regions.

calculated assuming that all the Co ions in the cluster carry the usual magnetic moment for bulk metal of 1.7 up
perion and the results are also included in table 1.

A SQUID magnetometer was used to measure the hysteresis loops and the field cooled (FC) and zero field
cooled (ZFC) magnetisation. The raw data for the hysteresis loops obtained from the SQUID includes a large
contribution with a negative slope (diamagnetic). This was subtracted from the raw data to obtain the plots
shown in figures 2(a)—(c) as the saturation magnetisation is then clear. The value of the negative susceptibility
that was necessary to include in order to obtain saturation was compared to that from a blank substrate and it
was found that the films had a small residual positive susceptibility. We have included plots of this residual
paramagnetic susceptibility in figures 2(d)—(f). The ratio of the residual susceptibility at 5 and 300 K is not equal
to 60 for any of the samples which indicates contributions that do not follow Curie’s law. It may be due to dimers
and larger clusters of CoO, clusters of metallic Co that are too small, <1 nm, to be saturated at 300 Kand 1 T,
and, for the 5 K data, a contribution from free spins on Co”" ions as was seen in (InCo),05 [32]. The results for
the FC/ZFC magnetisation shown in figures 2(g)—(i) have been corrected by subtracting the FC/ZFC plots of a
blank substrate.

Magneto-optical data were obtained in Faraday geometry using a photo-elastic modulator over an energy
region of 1.5-3.4 eV. Since this energy range is below the band gap of ZnO at ~3.4 eV, magneto-optical
responses probe the magnetic polarisation of any gap states. The imaginary part of the off-diagonal dielectric
constant was deduced from the measured magnetic circular dichroism (MCD) according to:

MCD:ﬂlmefgf , &
cn
where wis the angular frequency, L is the thickness of the film and n its refractive index. Further experimental
details are given elsewhere [14, 29, 33].

Three types of MCD measurements were taken: a spectrum that was obtained by subtracting the measured
ellipticity in a large negative field from that taken in a large positive field; a remanence spectrum that was taken at
zero field after first saturating the sample at large field and a hysteresis loop at a definite energy. In the cases of the
spectra taken in field and the MCD hysteresis loop, equivalent measurements taken from a blank substrate were
subtracted from the data that is presented here.

3. Magnetization measurements

This section describes detailed magnetisation measurements made on the three samples as shown in figure 2:
sample A where the magnetization is dominated by the contribution from metallic cobalt, sample B where very
little metallic cobalt was detected by x-ray spectroscopy and is a good example of a sample whose magnetisation
is due to ZnO doped with Co®", and sample C that shows some effects that are characteristic of both samples A
and B. The focus of this paper is to discuss sample C but we discuss samples A and B first as they exemplify the
behaviour expected when the samples is and is not dominated by nano-inclusions of metallic cobalt.

3.1. Magnetization of sample A
Sample A has behaviour that is characteristic of a magnetic sample dominated by cobalt nanoparticles [34-36].
Atlow temperatures, where these particles are blocked, they give rise to the large value of the coercive field,

3



Table 1. Summary of structural and magnetic measurements.

Saturation
magnetisation M,
emu cm > Coercive field H. Oe
% Co % of Co in film presentas metallic Saturation magnetisation M, emu cm > at 5 K due to Ratio remanence to saturation ratio

Sample  Thickness nm in film cobalt metallic Co 5K 300 K 5K 300 K at5K
A 131 20 7+£2 9+£3 13£1 9+1 800 £ 50 165 £ 50 0.5 + 0.1
B 136 14.5 Verylittle ~1 49 £5 40 £ 5 100 £ 50 50 £ 50 0.2 &£ 0.1
C 140 ~25 242 34+3 15+ 1 101 600£50 100 + 50 0.45 £+ 0.1
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Figure 2. (a) (b) and (c) show the hysteresis loops at 300 K and at low temperature for samples A, B and C respectively where the
contributions of both the diamagnetic substrate and the residual paramagnetism, have been subtracted. The residual paramagnetic
susceptibility is shown in figures (d), (e), (f). The zero-field-cooled and field-cooled magnetizations are shown in figures (g), (h) and
(i). Samples A and B were measured in 100 Oe and sample Cin 200 Oe.

800 Oe, as shown in figure 2(a). This is confirmed by the FC/ZFC cooled magnetisation plots shown in
figure 2(d), where a blocking temperature is clearly visible at 30 K, which is indicative of blocking of ~3.4 nm
nanoparticles of cobalt metal below that temperature. Above 30 K, there is no discernible difference between the

FC and ZFC magnetisations, and the magnetisation may be fitted by a Curie-Weiss plot, M = ?Hg, where

C = 4.2 x 10 ®emudeg ' and f = 66 K, indicating antiferromagnetic coupling between the nanoparticles.
The ratio of the remanence to the saturation magnetisation at 5 K is close to 0.5 which is the value expected for an
isotropic array of nanoparticles with uniaxial anisotropy [34]. However the saturation magnetisation observed at
5 Kis larger than that expected to result from metallic cobalt alone, as calculated using the measured values of the
total cobalt concentration and the fraction of Co ions in a metallic environment (see table 1). Moreover, the
coercive field did not drop to zero above the blocking temperature as expected if the magnetisation was
dominated by superparamagnetic nanoparticles [9, 34, 35]; these results together suggest that even for this
sample there is also a magnetic contribution from the ZnO doped with 85% of the Co®" ions. The paramagnetic
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Figure 3. Low-field susceptibilities (a) for sample A and (b) for sample C. Black open squares, as measured directly from the hysteresis
loop; red circles, from the ZFC plot; blue triangles, as calculated from the measured values of the remanence using equation (2).
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Figure 4. The temperature variation of the coercive field, Hc, (triangles) and the reduced remanence, M,/M,, (squares) for samples A
in (a) and Cin (b). The symbols are data derived from SQUID magnetometry. The curves are obtained from the theoretical model of
independent Co particles this is presented in appendix with parameters chosen to fit H..

contribution at 300 K, shown in figure 2(d), probably arises from the small nanoparticles that contributed to the
measured saturation magnetisation, in 1 T, at 300 K but not at 5 K. The large value of the paramagnetic
susceptibility at 5 K is actually considerably smaller than that expected if all the spins on the Co*" ions followed
Curie’s law.

We can obtain further insight by analysing the low field susceptibility for sample A. This quantity can
extracted either from the ZFC magnetisation via x,¢. = M,¢/H or from the hysteresis curve directly using
Xioop (1) = (OM /OH )y~ _p.. Both plots are shown in figure 3(a) and are in good qualitative agreement. These
experimental curves are compared to a model that assumes that the observed hysteretic magnetism is entirely
due to blocked nanoparticles, and hence that the low field susceptibility is related to the temperature dependence
of the remanence [36—39]. In this model some of the nanoparticles, Np,.,(T) will be unblocked below T and
hence behave superparamagnetically; the remaining particles will be blocked. The low-field susceptibility is
dominated by the part of the magnetisation, Np,ra( T)Miyster> that is due to superparamagnetic particles with
average magnetization, Mseer» While the remanence is related to the fraction of the nanoparticles that are
blocked. Assuming that the superparamagnetic particles obey a Curie law and that the blocked particles have an
average cluster magnetization Mg, that follows Stoner—Wohlfarth theory which relates the remanence to half
the saturation magnetization [34, 36, 37], we then find:

Mczus er 2 Mr 5K) — Mr T
luser /o = M()Mcluster ( ( ) ( )) . (2)
3kBT 3kBT

Xcal (T) = Npara (T)

The qualitative agreement between the experimental data for the zero-field susceptibility and the model is
apparent in figure 3(a). In particular the experimental peak at the blocking temperature, 30 K, is well reproduced
by this model.

The temperature dependence of the coercive field and the remanence are shown in figure 4(a) and the data
agree well with theory from a model of magnetic non-interacting nano-particles given in the appendix, thus
confirming that the magnetic properties of this film are well described by assuming that the magnetisation is due
to non-interacting magnetic nanoparticles. Thus the data on sample A are consistent with the magnetisation
being predominantly due to the metallic cobalt nanoparticles that act independently.
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3.2. Magnetization of sample B

Sample B has an overall Co concentration of 14.5% and its saturation magnetization is particularly high
although there was hardly any presence of metallic cobalt detected from the near edge absorption measurement
of the EXAFS. It is therefore an example of a sample with negligible metallic cobalt. Consequently, its magnetic
properties are very different to those of sample A. The shape of the hysteresis loops at 300 K are almost
unchanged from those taken at 5 K (see figure 2(b)) with only a small reduction in the saturation magnetisation
atroom temperature as given in table 1; the remanence is also low.

The coercive field is very small at all temperatures; however, hysteretic behaviour is seen in the FC/ZFC plot
shown in figure 2(e) in the applied field of 100 Oe over the whole temperature range. There is no region in which
the ZFC magnetisation plot has the inverse temperature dependence characteristic of a Curie Weiss plot; hence
we conclude that in this case the FC/ZFC magnetisation has been obtained entirely within the ordered,
ferromagnetic, state. The weak kink in the ZFC plot near the Neél temperature for bulk CoO, namely 291 K,
might indicate that the sample contains a small amount of antiferromagnetic CoO (too small to be clearly
detected by EXAFS). This does not affect the main conclusion that the sample is in an ordered ferromagnetic
state over the entire temperature range studied.

3.3. Magnetisation of sample C

Sample C contains 25% cobalt, with 2% of the Co in the metallic state. This sample also contains 0.6% Al, which
has been shown to give a ferromagnetic exchange between cobalt nanoparticles in ZnAlCoO, unlike the
antiferromagnetic exchange found between Co nanoparticles in ZnCoO [29]. The magnetic properties of this
film are shown in figures 2(c) and (f) and have some features in common with both A and B. The large value of
the coercive field and the remanence at low temperatures followed by a greatly reduced values at 300 K (see

table 1) are similar to those of film A. However, there is no peak in the FC/ZFC plot corresponding to a blocking
temperature and no region below 350 K where a Curie Weiss behaviour was detected. The low temperature value
of the saturation magnetisation ~15 emu cm > was also considerably larger than that expected from metallic
cobaltalone, ~3 emu cm > and no region below 350 K where a Curie Weiss behaviour was detected. The low
temperature value of the saturation magnetisation ~15 emu cm ™ was also considerably larger than that
expected from metallic cobalt alone, ~3 emu cm .

Hysteresis loops were measured at a range of temperatures using SQUID magnetometry. As the temperature
isincreased the coercive field drops smoothly and can be fitted by a model of a distribution of non-interacting
nanoparticles with uniaxial anisotropy as is shown in figure 4; the details of the model, as discussed for sample A,
are in the appendix. However the same model fails to fit the measured temperature dependence of the
remanence. The experimental data is unlike anything that is normally given by microscopic modelling as it is
normal for the remanence to fall more slowly than the coercive field at low temperatures whereas in this data the
initial rates of change are very similar [38, 39].

Plots of the various expressions for the low field susceptibility for sample C are shown in figure 3(b). The
calculated value taken from data shown in figure 4(b) shows a strong peak at ~60 K; however no peak is found
near this temperature in susceptibility taken from the ZFC magnetisation data nor in the susceptibility found
from the hysteresis loops.

4. Magneto-optic spectroscopy

The imaginary part of the off-diagonal dielectric constant, Im €, (w), may be deduced from MCD spectra using
equation (1). Thisis a very interesting quantity because it gives information about the polarisation dependence
of the absorption at each individual energy. The MCD signal is found by measuring the total ellipticity induced
by the sample after polarising in a direction along the light path and then subtracting the measurement taken
after the sample is polarised in the opposite direction. This measurement is particularly important in samples
that contain metallic cobalt and spin polarised ZnO because their contributions dominate at different energies.

The cobalt nanoparticles are known to give a disproportionably large contribution to the MCD relative to
their magnetisation [40] and are discussed first. The Maxwell-Garnett (M—G) theory has been used extensively
to analyse Co nanoparticles in non-magnetic hosts [41-43]. We have extended the theory to the case in which
both the nanoparticle inclusion, Co, and the host ZnCoAlO are magnetic and therefore contribute to the MCD
through E%,) , gzxyo' In this case, the effective dielectric function for light propagating along the direction of
magnetization, z, is given by,
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metallic nanoparticles using Maxwell-Garnett theory, and the blue line shown in (c) is a Gaussian centred at 3.4 eV, which
corresponds to the ZnO band edge signal. The dashed line is the sum of the two fitting curves. The data for samples A and B was taken
inanapplied field (12 kOe) and that for sample C at remanence.
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where fis the fraction of the sample occupied by the Co inclusions, and L, is the demagnetising factor of the
metallic inclusions. For energies below the band gap we can replace the diagonal part of the dielectric tensor of
ZnCoAlO, £42°, by the (energy dependent) refractive index squared, n° [44].

Inclusions of Co that are spherical on average would produce L, = 1/3. However, thereisareport[11] ofa
film grown with 30% Co that contained some spherical inclusions, but also a small fraction of needle-like
inclusions growing along the z-axis, giving rise to an average value of L,, = 0.41. Hence, in what follows, we
treat L., as a fitting parameter. The real and imaginary parts of the dielectric constants of bulk Co metal, ££° and
5%", are known, but they are not appropriate for Co nanoparticles. We therefore follow the practice of fitting the
bulk dielectric constants to a Drude model [40] and then treating the relaxation time, 7, as an adjustable
parameter [41-43, 45, 46]. The value of Ime,, (w) is negative for low energy and then crosses zero at an energy
that depends on Ly, (1 — f),butisbetween 2.5and 3.5 eV [46] . We note that in the fitting data to equation (3)
there are three parameters, f, L, and 7. The overall strength of the signal is dominated by f, the crossing point by
L, and the width of the curve by 7 thus aiding the determination of each parameter separately [46].

The spectrum of a sample dominated by magnetism in the oxide due to a polarised donor band is very
different from the M—G spectrum and is characterised by a strong dip near the band gap at ~3.4 eV [14, 47, 48].
The relative size of the band edge signal and the response due to metallic Co nanoparticles enables us to quantify
the relative strengths of the oxide and metallic cobalt in each sample.

The MCD spectrum of sample A, taken in field, is fitted very well by equation (3) as shown in figure 5(a)
where the value of Imaiﬁ,f obtained from equation (3) is compared with that obtained from the MCD using
equation (1). The fitting parameters are given in table 2. The fraction of the volume of the film that is occupied by
metallic Cowas found tobe fyqcp = (3 £ 1) X 1072 which may be compared with what is expected from the
measurements of the Co concentration and the fraction of Co ions that have a metallic environment, as obtained
from x-ray data and given in table 1, which gives fyuee = (7 £ 1) x 10°. The larger value obtained from the
x-ray data implies that not all the Co atoms that have metallic valence are contributing the full magneto-optic
response of bulk cobalt. There is a slight deviation close to the band edge that may be coming from a polarised
defectin the oxide and also some evidence for the dispersive feature between 1.7 and 2.3 eV due to a d—d*

transition of Co?* [49].
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Table 2. Fitting parameters used in figures 5(a) and (c).

Lxx T (eV7 1) fMCD f;truct.
A:ZnCoO 0.36 0.16 31 x107° 7 x 1077
C:ZnCoAlO 0.4 0.22 1.4 x 107° <25 x 107°
1.0}
— 19eV
:.9 05} — 33eV
c
)
g 0.0
—
8
n 0.5
=
-1.0F
-10 -5 0 5 10
Field (kOe)
Figure 6. MCD hysteresis loops measured at room temperature for sample C at energies 1.9 and 3.3 eV. The paramagnetic
contribution due to the MCD from the substrate has been subtracted from the plots and the plots scaled to the same value at
saturation.

The MCD spectrum for sample B in figure 5(b) is dominated by the strong signal below the band edge that is
characteristic of a magnetic oxide; its large size occurs because of the high magnetization in this sample. The
weak negative signal at 2.1 < E < 3 eV corresponds to part of the d—d” dispersive transition that has been
broadened by disorder.

The spectrum of sample C, shown in figure 5(c) was taken at remanence, it was taken after the field was
reduced to zero after first saturating the sample in each direction; it is weaker than that taken in field by a factor
of M,/M;but also the d—d* transition of Co" is suppressed because it is largely paramagnetic. It has a
combination of the features of samples A and B. The M—G fitting works well at low energies but is unable to
account for the signal near the band edge. Thus this spectrum contains the signature of both the oxide and the
metallic magnetism. We have fitted the spectra to the result from equation (3) over the energy range 1.5-2.5 eV,
where the magneto-optical response from the ZnO is expected to be negligible [47, 48] using f, L, and 7 as free
parameters; the fitting parameters are given in table 2. We find fycp = (1.4 & 1) x 10, which may be
compared with fe < (2.5 £ 0.8) % 107 obtained from the measurements of the Co concentration and the
fraction of Co ions that have a metallic environment. Again the MCD measurement, detecting the volume
fraction that behaves optically like metallic Co, gives a value that is somewhat lower than that from the fraction
of Co with the metallic valence of Co’.

We have measured hysteresis loops with MCD for sample C at the two energies, 1.9 and 3.3 eV, marked by
arrows in figure 5(c) and scaled the results so that the saturation values coincide. These energies were chosen
because the contribution from the polarised Co nanoparticles dominates at 1.9 eV while the ZnO matrix
contribution dominates at 3.3 eV. The results are shown in figure 6. It can be seen that the coercive field is the
same at both energies. This indicates that the magnetisation of the two components are coupled.

Previous measurements have been made of the hysteresis loops at temperatures between 10 K and 300 K
obtained from the SQUID and MCD measurements made at six different energies for ZnCoAlO which was
grown from the same target as sample C [50]. The coercive field shows a dramatic drop from ~1000 to ~100 Oe
over this temperature range and the MCD and SQUID results remain compatible over the whole temperature
range. This shows that the magnetic behaviour of the oxide is following that of the Co nanoparticles. Since the
spectra from Co nanoparticles and oxide magnetism are so different, these plots indicate that the coercive field is
essentially the same for both components even as it varies with temperature. This can only occur if they are
exchange-coupled to each other.
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5. Discussion

5.1. Estimation of Co nanoparticle size and their average separation for sample C
The size of magnetic nanoparticles, d, can normally be determined from the superparamagnetic blocking
temperature Ty via the relationship V & 25kg Ty /K., where V is the average particle volume, and K.g1is the
anisotropy parameter for fcc cobalt, Kege = 5 x 10° J m ™ [51]. In our case the determination of Tg is not
straightforward, since we are dealing with a coupled system. We fitted the theory to the plot of H, as shown in
figure 4(b) to obtain T ~ 250 K, which gives V ~ 175 nm’, d ~ 7 nm. The exact value of K ¢ is somewhat
uncertain since it depends on the particle size as surface, shape and strain anisotropies play a role [30].

The nanoparticle separation, R, can be deduced from the value of Vand the film composition according to
R> = V /f, where fis the fraction of the sample occupied by the Co inclusions. Using V ~ 175 nm” estimated
above and the value of f = 0.0025 deduced by PIXE and EXAFS, we arrive at R ~ 44 nm for our sample.
Knowledge of the average nanoparticle spacing and magnetization allows us to estimate the dipolar interaction
energy between the clusters. For two clusters separated by ~44 nm, this energy is very small (less than 1 K), and
so will have a negligible effect on the magnetic properties.

5.2.Justification of exchange coupling model

The exchange-coupling mechanism that we propose will be valid if the exchange length, I, is comparable or
larger than R/2, where R is the distance between the Co nanoparticles estimated in section 5.1 above. The
exchange length can be estimated from o, = A/, Mg, , where M, is the saturation magnetization at low
temperatures, and A is the exchange stiffness of the oxide matrix [52]. The latter can be estimated

from A = 0.0754(Mqy (0)/gup)" *ks 0, where 0* characterises the rate of change of the saturation
magnetization with temperature of an oxide sample in the spin-wave model according to

Mo (T) = My (0)(1 — (T/6*)*/?) [53]. We want to evaluate the exchange stiffness of the oxide magnet so we
use the magnetisation data at 5 K and 300 K for sample B to estimate §* ~ 810 K, indicating a very high
exchange-stiffness and hence along exchange length. This, when combined with the experimental value of
M;.(0), gives I, ~ 21 nm, which should be compared to R/2 ~ 22 nm deduced from the blocking temperature
and the film composition. We thus find that the estimated exchange length, I, and inter-particle separation, R,
are, indeed, comparable in this film, as required for strong exchange-coupling. This naturally leads to the
determination of the material properties required for the exchange coupling to be effective. The oxide
magnetism must have substantial exchange stiffness and a sufficiently high concentration of Co nanoparticles.

6. Conclusion

We have presented a detailed study of the magnetic and optical properties of a ZnCoAlO thin film sample that
contained a significant fraction of Co nanoparticles. We deduce that we have a ferromagnetic system in which
the nanoparticles contribute only a small fraction of the total magnetisation but, nevertheless, cause the whole
sample to exhibit a large coercive field at 5 K and remanence through the exchange-coupling mechanism. The
presence of the Al seems to be crucial in mediating this exchange because it provides extra carriers, although
coupling over a distance of 40 nm through pure ZnO has also been detected recently [30]. Thus at low
temperatures, where the nanoparticles are blocked, the small fraction of metallic Co is able to hold up the
magnetism of the entire sample. If this were not so, the very different hysteresis loops seen at low temperatures
for samples A and B would result in sample C showing a low remanence and a two component hysteresis loop at
low temperatures. The results imply that a larger blocking temperature and hence a usable remanence at room
temperature, could be obtained by using larger nanoclusters, provided that the concentration is sufficiently high
for exchange-coupling to occur. Furthermore, the MCD data imply that the conduction band in the magnetised
ZnCoAlO is spin-polarised, and hence that the system should serve as a highly useful source of spin-polarised
carriers for injection into other semiconductors. The startling conclusion of this study is that incorporating
controlled quantities of cobalt nanoparticles can be extremely beneficial in the search for useful oxide devices.
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Appendix

In this appendix we describe the model that is used to generate the fits in figure 3. The model assumes a non-
interacting system of single-domain particles where the particle diameters are given by a log-normal
distribution, f(y). Because of the dispersion of intrinsic particle properties, in general the particles exhibit the
whole range of magnetic properties from thermal equilibrium (superparamagnetic) behaviour to thermally
stable (hysteretic) behaviour; the latter giving rise to the coercivity and remanence. Taking into account the
dispersion of particle volumes we can write the average magnetization, (M), in terms of the saturation
magnetization, Mg, , the external field, H, and the temperature as [36, 38]:

(M) A ¥, (H) o0
il A L(y, H, T - , A.
Mo j; (v )f (n)dy fy p fydy + fy p(H)f (»dy (A.la)
where
1 _(nyy?
f(y)z—maye 207 . (A.1b)

Here y, = D,,/Dy, with D, the critical volume for superparamagnetic behaviour and D,,, the median diameter;
yp(H) is the critical volume in the applied field H which can be shown to be given by Y, (H) = Yy (1 — H/Hy)*?
where Hx = 2 K/M is the anisotropy field. In equation (A.2a) the first term on the RHS is the contribution of
the superparamagnetic particles where L(y, T, H) is the Langevin function for particles of metallic Co of
diameter, y. The second and third terms represent respectively those particles which reverse in the field H and
those which remain stable. All the magnetic properties are derivable from equation (A.1a).

The remanence and the coercive field are given respectively by,

M, x 1 T
M, ==1- , =—In—, A.
e i IR S (A-20
Yy }/p(H:) o]
0= [TLonHaDfF iy = [T fordy+ [ fdy. (A2b)
0 Yy ¥, (He)

The concentration of the nanoparticles is sufficiently low that dipolar interactions between the nanoparticles
are too weak to play a role near the observed blocking temperature and so the theoretical calculations were
performed assuming a log-normal distribution of non-interacting Co nanoparticles [36] with anisotropy and
magnetisation appropriate for fcc cobalt, the data for H, was fitted by choosing ¢ = 0.35 for sample A and
o = 0.1 forsample C.
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