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Abstract. [Co(0.6 nm)/ZnOf nm)lge (x= 0.4nm, 3nm) films were deposited on glass
substrats then annealed in a vacuum. The magnetisation of the films increased witingnneal
but not the magnitude of the magnefatical signals. The dielectric functiof® &, for the
films were calculated using the MCD spectaMaxwell Garnett theory of a atallic Co/ZnO
mixture is presented. The extent to which this explains the MCD spectraciaktbe films is
discussed.

1. Introduction

Magnetically doped semiconductors are one of the most actively studied areagnefism. It is not
always known the exteério which the observed magnetism is doéerromagneticmangarticles that

give an apparent ferromagnetic signal below their blocking temperature. For saingleO doped

with cobalt the nanoparticles of interest are metallic cobalt [1]. Magimtosis a very powerful
technique to investigate this problem as the analysis of the optical response ofosiompdium,

the Maxwell Garnett theory (MG), is well established and known to be accurate for a wide frange o
concentration§2]. It was recently suggested that the Magnetic Circular Dichroism (MCD) bhafi
Zn0:Co containing some metallic cobalt was proportional to the magtietisfrom the metallic
inclusions [3].

In this paper we investigate the effects of nanoparticles on the magnetic and oppealigs of
Co/ZnO multilayer thin films [4] because this is a system that may be stodibdvith and without
demonstrable cobalt metal nanoparticles. After deposition such samples havefntiost Co
deposited in the lattice and show magnégtd dependent variable range hopping conductivity [4].
The magnetisation and coercive field of the samples increases dramatically aftalingnand
nanoparticles of cobalt are detected [5].

The magnet@ptics of cobalt nanoparticles have been extensively studied in other oxides, MgO,
AlI203 and ZrQ@, all in the visible region 1.5<E<4.5€e}8,7]. We investigate here the extent to which
MG theory also works for our system. Deviations from the MG thedt occur if the ZnO lattice
has become magnetic hence this analysis will enable us to determine the extent to s/isctothn
interesting difference between the previatsidies and our investigation of cobalt in ZnO is the
relative positions of the oxide band gajn ZnO this is at E~3.4eV which is in the range that is



studied and hence both the intrinsic magregitic effects due to a polarised lattice and the extrinsic
effects from the nanoparticles may be studied together. All the other oxides hdvgapdurtherin
the ultra violet.

2. Samples and experimental methods.

Co/zZnO multilayeffilms were grown on glass substrates by magnetron sputteringaf@ontarget and
aZnO target at room temperatu@urrentregulated DC power and RF power were appliethédCo
target and ZnO target, respectively. The sputtering chamber pressure was red8dd (d Pa
before deposition. The sputtering was undergone iAra@mmosphere at a pressure of 0.8 Rter
deposition, the samples were annealed in vacuum corslitioter gpressure of x10* Pa

at 400°C for 120 min.The asdeposited structure wSo(0.6 nm)/ZnOx nm)]so (x= 0.4, 3), i.e.
sixty repetitions of a 0.6nm Co layer followed by either a 0.4nm ZnO layer or a 80rtayer. These
samples are referred to as the 0.4nm and 3nm sampiesiéne on.

Magneteoptical measurements were made at room temperature using a method tleat #reab
simultaneous measurement of thedeéay rotation and ellipticity [8,]9The method uses a pair of
polarisers and a photoelastic modulatdrXenon lamp ad monochromator were used to vary the
photon energy between 1.6eV and 3.9¢eV.

3. Theoretical modelling of the magneto-optical signals

A magneteoptic signal arises when there is unequal absorption of left and right circultatyspd
light. TheMCD measurs this directly while the Faraday rotation is present at a given frequéncy
there is unequal absorption at other frequencies. Both these effects can be ascribdil tiatpenal
terms in the dielectric constanthich for an isdropic medium magneted in the direction, may be
defined ag10],

&y &y, O
&=|-gy, ¢, 0. 1)
0 0 ¢

Using the definition above ane,, << ¢, the refractive indices for left and right circularly polarised

light are faund

8Xy
ni: gxxigxy n_% (2)

wheren= /¢, . All the quantities in the above equation will be complex for a film that absorbs light.

I

The MCD,n, and Faraday rotatiof, are given for a film of thickness, at frequency» in terms of
n, by,

ﬂ=a2’_|;|m(n+—n)and6?=a2)—|C_Re(n+—n)- 3)

These equations are solved fg where we assumed thafor ZnO was real below the band gap [9].
The MG equation for theffective value of,y is given in terms of the dielectric functions for bulk
Co, &, &y, , the dielectric function of ZnOgZ°, shape factors, (=1/3 equal to for spherical
particleg and the fractionf, of the sample that is metallic cobalt.
fos

&0
&gy = s A=1+ Lx(l—f)[gzno— j (4)
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We use the dielectric functions for cobaiﬁ< €4 » as fitted by Drude theory [10] amfx from the
refractive indexof ZnO[11].



In figure 1 we show a plot of the effective dielectric functitmef;f for Ly =0.33 andf=0.3 for

different values of the relaxation time, Previous work had found that the dataCo nanopatrticles
could be fited by reducing the value afto ~0.2(eV)*. We seehatreducingt reducesand flattens

the plot ofthe dielectric functions but does not change the enexgyat Whichlmg)f;f (0)=0. This
a

n’(1-a)+a

andw,=9.74eV, the plasma frequency for Co.

may be shown to occur@ﬁ = a)ﬁ wherea= L,(1-f) , nis the refractive index of ZnO
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Figure 1. Effective dielectric functiondm 555 calculated in MG theory fdr,=0.33 and=0.3 and

different,z and the variation oto, with L,(1-f) .

4. Experimental resultsand discussion
In figure 2, we present room temperature magnetisation loops angdatculated from MCD
spectrabefore and after annealinfhe MG theory, which works well for Co nanoparticles in other
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Figure 2. Room temperature hysteresis loops of thdesosited and annealed sample&pD.4nm
sampleand(b) 3nm samplelm &, calculated frommagneteoptic spectra ofc) 0.4nm sampland(d)
3nm sample



oxides [6] is not fitting this data. Theory predicts that the magnitudi@ e, is directly proportional

to the fraction of metallic Co. This is not observed. The magtietizincreases after the anneal,

however there is not a corresponding increase in the valuesf. Me see a substantial signal in both

samples before annealing when the magnetic and structural data indicate that Getalladsenin

measurable cantrationsA clear Xray signature of metallic Co is present in the 0.4nm sample after

the anneal [5] and yet the magnitude ofdgnhas decreased for all energies below 3eV. For the 3nm

film, the ZnO wurtzite structure is preserved gndvideda barrier to large Co cluster formation

during the annealing [5]. In both cases annealing resulted in the multilayer strcitdimging to a

granular structure with either inclusions of Co inclusions in ZnO or ZnO inclusions in Co.
Furthermore, the theory predica significantly lower value obx than is observed. If the Co

nanoparticles are oblate rather than spherical this will reduce the valyaraf hencdurther reduce

the predictedox. We note that increasing the fraction of Co nanopatrticles also reduces the predicted

wx. Interestingly this crossing energy is around the band gap for zinc okige.4eV. A (negative)

MCD signal around 3eV from a magnetic ZnO lattice would increase the energy at mhighkQ.

The magnetaptic spectra observed here can only be fitted by a model that also includes a

contribution from the Co dispersed in the ZnO lattice as was observed previously [12].
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