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Abstract

Zny_yMnxO (0 < x < 0.1) thin films were grown on sapphire substrates by pulsed laser
deposition and rf magnetron sputtering methods. As a target source ceramic pellets prepared by
mixing ZnO and MnrO,4 powders were used. The shift of the absorption edge due to increase the
energy band gap with increasing Mn content was observed in optical absorption spectra of the
Zn1_xMnxO thin films. Magnetic susceptibility and magneto-optical Faraday rotation experiments
show paramagnetic behavior and absence of ferromagnetic ordering in the studied films.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Semimagnetic semiconductors or diluted magnetic semiconductors are attractive
materials because of exhibition of the sp—d exchange interaction between the localized
magnetic moments and the spins of the band carriers. The unique spin-dependent
phenomena in these semiconductors can introduce new functionality to spintronic
devices. Recently the family of semimagnetic semiconductors was increased by addition
of the semiconducting oxideslPp]. Initially interest in oxide-based semimagnetic
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semiconductors was stimulated by the theoretical prediction of Dietl et3hlthpat
ZnO would exhibit ferromagnetism at room temperature after doping with 5% Mn ions.
Ferromagnetism in ZnO doped with magnetic ions was theoretically studied by ab initio
calculations based on the local density approximat&n\Vang et al. 5] by using first
principle calculations based on the density functional theory and generalized gradient
approximation show that the ground state of Mn doped ZnO thin film changes from
antiferromagnetic to ferromagnetic when codoped with N.

Until now several research groups attempted to obtain experimental evidence for such
ferromagnetism in powder, bulk and thin film forms of ZnO doped with transition metals.

So far studied thin films of ZnO-based semimagnetic semiconductors were grown
by the spin coating method], sol-gel method 7,8], metallorganic chemical vapour
deposition 9], radio frequency magnetron sputtering0] and pulsed laser deposition
technique 11-14. It should be noted that in most of the studies the obtained material
was the n-type. Fukumora et al.1] have shown that the Mn content in ZxMn,O can
reachx = 0.35 whereas the equilibrium solubility limit is only = 0.13. For these films
large magnetoresistance has been revealed but no evidence for ferromagnetism. On the
other hand, recently Jung et al7 found ferromagnetism in Zn yMnyO epitaxial films
with a Curie temperature of 45 K. Sharma et dlg][reported ferromagnetism at room
temperature for Zn xMnyO films with small content of Mx = 0.02. Thus, as one can
see, the results have been rather controversial. It is obvious that the magnetic properties for
oxide films are extremely sensitive to the sample preparation conditions.

In our previous work different methods for growth of the single crystals and,&nn,O
thin films were presentedLf]. In the present work, we focus on the preparation and
characterization of Zpn xMnyO thin films.

2. Experimental

The depositions of the Z2nyMnyxO (0 < x < 0.1) thin films were performed in a
stainless-steel chamber under vacuum of°1Pa. A XeCl pulsed excimer lasek (=
308 nm,r = 30 ns) with a fluence of (7-3Q)/cn? has been applied. The number of
pulses was set at 30000 for each deposition. The ablated material was collected on a
substrate located in a plane parallel to the target surface and 30 mm apart from it. The
films with a thickness of several hundred nanometers were deposited on sapphire(0001)
substrates at 360C. The Zn_yMnyO targets were fabricated by mixing the appropriate
amount of ZnO and MgO4 powders and preparing of ceramic pellets. For this purpose the
mixture of ZnO and MO, powders was first calcined at 43Q for 7 h, then the pressed
pellet was sintered at 920C for 10 h in flowing oxygen. Similar targets were applied
also in the technique of radio frequency (rf) magnetron sputtering. The sputtering was
performed under a mixture of Ar ando@ases in order to compensate oxygen vacancies
in the obtained films.

The crystal structure of the deposited films was studied by X-ray diffraction (XRD)
measurements using a Cy-Kadiation. The magnetic susceptibility was measured by the
Faraday method using an electronic balance at temperatures of 80-300 K and magnetic
fields up to 1.0 T. Optical absorption and Faraday rotation spectra were measured on a



A.l. Savchuk et al. / Superlattices and Microstructures 38 (2005) 421-427 423

140+ R
120+

100 |-

80
. (0004)
60 -

Intensity (a.u.)

20+

0 IR TS NS NS B A SR
20 30 40 50 60 70 80 90

20 (degree)

Fig. 1. XRD patterns o€-oriented ZR_xMnyO films.

set-up with a grating monochromator for wavelengths (200-2200) nm and a water-cooled
electromagnet with maximal magnetic field of 5 T, and temperatures of 5-300 K.

3. Resultsand discussion

As shown inFig. 1, the grown films showed (002) and (004) peaks of wurtzite structure
in X-ray diffraction spectra, indicating that the films arexis oriented.

Fig. 2shows the absorption spectrum which was extracted from the transmission spectra
for Zng.gMng 10 crystalline samples of different thickness. The observed absorption band
at 2.8 eV is due to the presence of Mn ions because it is absent for undoped ZnO.
This structure is interpreted by d—d crystal-field transitions between multiplets%f 3d
configuration of the Mfit ions. According to the calculations using the cluster mog#l [
the ground state of the M1 ions is?A1. The d—d transitions fro®A1 to the lowest excited
terms*Ty, #T», *E, and*A1 give energies 2.55, 2.85, 2.97, and 2.99 eV, respectively. Since
the intensity of*T; is weak compared to those ®F», “E, and*A; we can assign the broad
absorption band around 2.8 eV to the transitions ffémto *T», *E, and*A.

Investigation of the Zp xMnyO thin films allows us to study absorption spectra in the
region of higher absorption coefficients and at shorter wavelengths. The observed shift of
the absorption edge to the high photon energy side is due to the increase of the energy
band gapEg with x. In order to determine the energy band dgap the data for the
Zn1_xMnyO thin films with different values of are plotted in dependence on the square of
the absorption coefficient® versus photon energy, as showtfrig. 3. In this case the value
of Eq4 can be estimated from the intersection of the extrapolated lines with the horizontal
axis. The estimated values for the:ZgMnO Eg are 3.26, 3.35, and 3.40 eV fer= 0.0,

x = 0.06, andx = 0.1, respectively. The obtained variation with Mn content is in good
agreement with the expressigig = 3.273+ 1.32x (eV) from [11].



424 A.l. Savchuk et al. / Superlattices and Microstructures 38 (2005) 421427

1 05 X T x T ¥ T L] T ¥ T
-
/
10*F o .
/
e/e
3 9/
T 10°F e’e/ T
&
\(.E')/ e/e’e,e’e
S 102} 4 .
e
e/
eﬂes
10"+ oseoo i
1 1 1 1 1
1.6 2.0 2.4 2.8 3.2 3.6

Photon energy (eV)

Fig. 2. Absorption spectrum of ZmyMng 10 extracted from transmission data of single crystal samples with
different thickness.
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Fig. 3. Absorption spectra of Zn,MnyO films with different Mn content (the curves 1, 2 and 3 correspond to
x = 0.0,x = 0.06,x = 0.1, respectively).

The temperature dependence of magnetic susceptibilighown in Fig. 4 clearly
demonstrates paramagnetism of the studied material. The diamagnetic contribution of pure
ZnO is equal toyg = —0.38 x 10°® emuyg. Magnetic susceptibility data fits well to
an expression of = Cn(T — Op)—l, whereCy is the molar Curie constant arsg
is the Curie-Weiss temperature. The negative sigfpoindicates on antiferromagnetic
interaction between Mt ions in the Zn_yMnyO.

The study of the Faraday effect in semimagnetic semiconductors is useful from the
point of view of a probe into the microscopic magnetic properties of these materials and
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Fig. 4. Temperature dependence of the magnetic susceptibility for,&myO (the curves 1 and 2 correspond
to x = 0.06 andx = 0.1, respectively).

can thus give additional data to improve their understandi8@()]. For instance, by using

the Faraday rotation one can estimate exchange interaction betweenthédvs and the

band electrons. In addition, information about type of magnetism can be extracted from the
magnetic field dependence of the Faraday rotatioRidn5the spectral dependence of the
Verdet constant is shown for a £eMng 10 single crystal sample. The main feature is the
change in the sign of the rotation from positive to negative when we go from pure ZnO to
semimagnetic oxide. This is a typical situation for semimagnetic semiconductors which is
attributed to the domination of the sp—d spin exchange contribution to the Faraday effect.
An advantage of using thin films to investigate the Faraday rotation lies in the possibility
to measure the oscillatory behaviour showrFig. 6. The oscillatory behaviour can be
described by a simple dielectric model which takes into account the fact that light circularly
polarized asoy and o_ propagates through a material with velocities corresponding
to refractive indicesny and n_, respectively. For semimagnetic semiconductors the
difference in refractive indicesiC — n1) which gives its main contribution to the Faraday
rotation angle is much larger than in nonmagnetic materials. The corresponding large
difference between the refractive indiaes andn_ is due to large excitonic spin splitting
(giant Zeeman effect) which is enhanced in semimagnetic semiconductors by the sp—d
spin-exchange interaction. According to the recent calculati®fistie magnitude of the

p—d exchange constant in ZxMnyO is much larger than that in other II-VI- and IlI-V-
based semimagnetic semiconductors.

4, Conclusion

In conclusion, thin films of oxide semimagnetic semiconductor ZMn,O (x < 0.1)
were fabricated by pulsed laser deposition and rf magnetron sputtering. From optical
absorption spectra the energy band gap was found to increase with Mn content and
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Fig. 5. Spectral dependence of the Verdet constant fgrgEing 1O single crystals.
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Fig. 6. Spectral dependence of the Verdet constant fgrgEing 1O films.

the absorption band is interpreted in the framework of d—d transitions. The temperature
dependence of the magnetic susceptibility suggests paramagnetic behaviour for the studied
material. The magneto-optical Faraday effect ofiZtMny,O thin films demonstrates
features which are typical for l1I-VI-based semimagnetic semiconductors.
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