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Magnetization of Transition Metal Doped Z~O by Mechanical Milling 
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PossibiJities of V and Fe doping into ZnO by mechanical milling of the mixed poWders of ZnO and V 20s or 
y -Fe203 were suggested from the results of x-ray powder diffraction measurements. Milled powders of 

nominal Vo.osZno.9sO did not show the ferromagnetism, but nominal Feo.tZno.90 powders showed room 
temperature ferromagnetism, suggesting that this system is the diluted magnetic semiq)nductor. 
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1. INTRODUCTION 
Transition metal (TM) doped diluted magnetic semi­

conductor (DMS) {TM)..,Zn1_x0 has been studied by 
many authors to realize the new room temperature 
ferromagnetic materials for the spirttronics devises [1]. 
!he II-VI semiconductor of ZnQ has a wide band gap of 
about 3.4 eV and a stab!~ wurtzite crystal structure. It is 
transparent in visible region and becomes a good 
conductor by doping of metallic elements. Therefore 
transitiol). metal-doped ZnO has been expected as the 
multifunctional material with magnetic, conductive and 
optical properties. 

The ab initio calculations for the properties of ZnO, 
doped with the 3d transition metals, were performed by 
Korringa-Kohn-Rostoker (KKR) Green function method 
[2], and it was concluded that the V, Cr, Fe, Co and Ni in 
ZnO stabilized the f~rromagnetic sta,te with extremely 
high Curie temperature T0 by the carrier mediated double 
exchange mechanism. 

In the- present study, TM-dopings ifl:tO ~nO were tried 
by mechanical milling using planetary ball mill fr'om 
oxide precursor~ ofTM and Zn. 

2. SAMPLE PREPARAl'ION AND EXPERIMENTAL 
Commercial TM oxides (V20 5, V02, Crz03, Cr02, 

Fe30 4, a -Fez03, y -Fe20 3, CoO, Co304, and NiO) and 
Wurtzite-ZnO, were used as the precursor for 
(TM)_.Zn1_x0 samples. The powder mixtures of 
TM-oxide and ZnO with the value ofx between 0.05 and 
0.20 were milled by the planetary ball mill (Fritch 
Pulverisette-7, Germany) with WC vials. The inner 
diameter anc\ volume of eaqh vial were 40 mm and 45 
cm3

, r~spectively, and the we balls with 15 mm diameter 
were used as the grinding media. About 2 g of powdyr 
mixture was the starting material. The volume ratio of 
balls and powder was about 50 : 1. Rotation speed and 
rotating time were kept at 500 rpm and 15 min, 
respectively. 

The composition of milled powders were characterized 
by the CuK a ,x-ray powder diffraction (XRD). Th~ super­
conducting quantum interference devise (SQUID) were 
used for the magnetization measurements, 

3. EXPERIMENTAL RESULTS AND DISCUSSION 
3.1 Mechanical milling effect for ZnO powder 

X,RD patterns of ZnO powder milled by WC vial and 
balls are shown in Fig. 1. Each pattern showed that of 
hexagonal Wllrtzeit ZnO with the lattice parameters of a = 
0.3253 tm1 and c = 0.5213 nm [3]. By mechanical milling, 
diffraction peak intensity decreased as the rotation speed 
increased between I 00 rpm and 500 rpm. At 600 rpm, 
XRD patterns were same as that of 500 rpm. 
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Fig. 1 XRD patterns of wu.rtzeit ZnO powder before and 
after milling at 500 rpm for 15 minutes. 

From the half width qf each diffraction peak, the mean 
crystallographic correlation length d of ZnO powder was 
estimated by &herrer's formula. The rpmrdependence of 
ZnO p~icle diameter is shown in Fig. 2. The d of 
commercial ZnO powder was about 45 nm, and it 
rrionotonoqsly decreased as the rotation speed ofball mill 
increased, At 500 rpm, d decreased to about 10 run. 
Above 500 rpm, d was nearly constant at 10-nm. 
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From the above results, it could be assumed that the 
mechahical milling produced ZnO nano-particles or 
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partially amorphous ZnO. Unchanged crystal symmetry 
ofwurtzite type showed the possibility of transition metal 
doping into ZnO by the mechanical milling method. 
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Fig. 2 Rotation speed-dependence of particle diameter of 
ZnO powder milled for 15 minutes. 

Since the above results were reproducible for thy 
samples with different milling time above 15 minutes, 
we adopted the shortest milliq.g time of 15 minutes in the 
following sample preparations. Increasing temperature of 
milling vial and balls was evident for the rotation speed 
higher than 400 rpm. Therefore we could not neglect the 
heating effe<;t for the following experimental results. 

We tried tQ dope V, Cr, Fe, Co and Ni, but only V and 
J'll! showed the possibility of doping into ZnO by 
mechanical milling. Therefore, here we introduce the 
experimental results ofV and Fe doped ZnO. 

3.2 Nominal system of V o.osZno.9s0 
The XRD results for nominal V0 05Zn0_950, wh~ch 
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Fig. 3 XRD patterns of nominal V0_05Zn0. 950 before and 
after milling at 500 rpm for 15 minutes. 

means the mixed and milled powder of 0.025V20 5 + 
0.95Zn0, are shown in Fig. 3. The asterisks show 
diffraction peaks of orthorhombic V 20 5, which has the 
lattice parameters of a""' 0.4383 nm, b = 0.3571 nm and c 
= 1.1544 nm [4]. Comparing the profile of the sam(Jle 
before milling (0 rpm), the milled samples at 500 rpm for 
15 minutes only show the broadened diffraction peaks of 
pure ZnO with d of 9-10 nm and no diffraction peak of 
VzOs. 

The XRD patterns of V 20 5 before and after mi\)ihg at 
500 rpm for 15 minutes are shown in Fig. 4. Since the 
milled powder ofV20 5 shows XRD pattern of pure V20s 
with d of about 20 nm, it is confirmeq that amorphous 
phase ofV20:, is not produced by mechanical milling of 
pure V 20 5• For the mixed and milled p~wder of 
0.025V20 5 +0.95Zn0, the XRD peak ofV20s completelY 
disappeared, as shown in Fig. 3. It is hard to consider that 
XRD -pattern of V 20 5 can not be seen due to the 
production of amorphous V 20 5 phase by mixing and 
milling togeth~r with ZnO powdeJ:. Therefore we assume 
that the V-doping into ZnO may be realized by the 
mechanical milling at 500 rpm for 15 min. 
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Fig. 4 XRD patterns of V20 5 before and after milling at 
500 rpm for 15 minutes. 

Though the room temperature ferromagnetism was 
reported for the conductive thin fi!Jlls ofV-doped ZnO [5-
7}, our milled powder of nominal V0_05Zn0.950 was 
insulatiqg and showed no response to strong magnetic 
field. If ferromagnetism of VxZn1_xO thin films is 
mediated by carriets, there is also a potential for our 
milled powde.t: of V 0_05Zn0_950 to show ferromagnetism 
by carrier doping . 

3.3 Nominal system ofFeo. 1Znq_90 
The XRD results for nomina1 Fe0.1Zn0.90, which means 

the mixed and milled powder of0.05( y -Fe20 3) + 0.9Zn0, 
are shown in Fig. 5. Comparing the ptofile of the sample 
before milling (0 rpm), the milled samples show only 
broadened diffraction peaks of pure ZnO with the siz~ of 
9-10 urn. After milling at 500 rpm for 15 min.. the 
diffraction peaks of cubic y -Fe20 3, which has the lattice 



Yoshihide Kimishima et al. Transactions of the Materials Research Society of Japan 32[4] 1215-1218 (2007) 

parameters of a= 0.83539 nm [8), disappeared. 
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Fig. 5 XRD patterns of nominal Fe0.1Zn0.90 before and 
after milling at 500 rpm for 15 minutes. 

The XRD patterns of pure )' -Fe20 3 before and after 
milling at 500 rpm for 15 minutes are shown in Fig. 6. 
Milled powder of pure y -Fez03 shows the broadened 
XRD patteni of y -Fe20 3 with d of about 15 nm ancl 
a -Fe203 [9] with d of about 10 nm. For the mixed arid 
milled powdet of 0,05( y -Fe20 3) + 0.9Zn0, the XRD 
peak of y ·Fe20 3 completely disappeared and no 
a -Fe20 3 phase appeared. It cannot be considered that 
XRD pattern pf )' -fe2d3 disappeared d1.1e to the 
production of amorphous y -,Fe20 3 phase by mixing and 
milling with ZnO powder. Therefore we expected that the 
Fe-doping into ZnO may be also realized by the 
mechanical milling. 
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Fig. 6 XRD patterns of y -Fe20 3 before and after milling 

at 51)0 rt>m for 15 minutes. 

3.4 Magnetic property ofFe0.1Zn0.90 
Field and temperature dependent magnetizations of 

milled powders of Fe0.1Zn0.90 an,:} pure y -Fez03 are 
shown in Figs. 7, 8 and 9, where the magnetization values 
were taken per unit weight of y ·Fe20 3• The saturation 
magnetization M. of milled Feo.1Zno.90 are about 15 and 
30 emu/g at 300 K and 5 K, respectively. Meanwhile M. 
of milled y -Fe20 3 are about 7 and 8 emu/gat 300 K and 
5 K, respectively. 

Room temperature ferromagnetism were reported for 
pure FexZn1_xO thin film [10;11] and bulk [11-14]. 
However room temperature ferromagnetism by secondary 
phase such as y -Fe20 3 [15}, a -Fe [16], FezO [17] were 
also reported for thin film and bulk s~stem . 
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Fig. 7 Magnetization curves of milled powders of 
Feo.1Zn0.90 and y -Fe20 3 at 300 K. 
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Fig. 8 Magneti~tion curves of milled powders of 
Fe0.1Zno.90 and y ·Fe203 at 5 K. 

As for the present results of magnetizatioq of nominaf 
Fe0.1Zn0.90, we suggest some possibilities. More gradual 
m\lgnetization process of milled Fe0.1Zn0.90 than t~at of 
milled y -Fei03 in Fig. 8 shows that Fe0.1Zno.90 includes 
super•paramagnetic nano-particles, which is also 
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confirmed by thl! Curie-Weiss like part of M-T curve in 
Fig. 9, especially below 100 K. However, If we subtract 
the super-paramagnetic contribution Msp from the M-H 
and M-T curves, residual magnetizations, Ll M= M-Msp• 
of about 15 emu/g exist between 5 and 300K. The Ll M of 
nominal Fe0.1Zn0_90 is two times farger than the M.-8 
emu /g of milled l' -Fe20 3• Therefore we can assume that 
the Fe-doping into ZnO realized and large Ll M was 
induced from the doped Fe. The mechanically Jllilled 
Fe0.1Zn0.90 powder is expected to be one of the 
candidates of diluted magnetic semiconductors. 
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Fig. 9 Thermo-magnetic curves of milled powders of 
Feo.1Zn0_90 and l' -Fe20 3 between 5 and 300 K 
under 5 kOe. 

CONCLUSION 
Doping of V and Fe into ZnO !(an be expected for the 

mechanically milling of the mixed powders of ZnO and 
V 20 5 or Y -Fe20 3• Milled powders of nominal 

V o.osZno.9sO did not show the ferromagnetism, but 
nominal Fe0.1Zn0.90 powders showed roorp temperature 
ferromagnetism, which sugge~ted the possibility of 
diluted magnetic semb:onductor in the system of 
Feo.1Zno_90. It is a problem to identify the contributions 
of super-paramagnetic nano· y ·Fe20 3 particles and doped 

Fe into Zn.O by transmitted electron microscopy (TBM) 
and energy dispersive x-tay analysis (EDX). These 
experimental results shall be reported in the near furure. 
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