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This work reports on transition metal doped ZnO nanoparticles and compares the effects doping
with different transition metal ions has on the structural, optical, and magnetic properties. Zn;_ M, O
(M=Cr, Mn, Fe, Co, or Ni) nanoparticles were prepared by a chemical process for x=0.02 and 0.05
in powder form. The powders where characterized by x-ray diffraction (XRD), spectrophotometry,
and magnetometry. The Zn,_,M,O samples showed a strong correlation between changes in the
lattice parameters, bandgap energy, and the ferromagnetic saturation magnetization. Unit cell
volume and bandgap, determined from XRD and spectrophotometry respectively, were maximized
with Fe doping and decreased as the atomic number of the dopant moved away from Fe. Bandgap
was generally lower at x=0.05 than x=0.02 for all dopants. The saturation magnetization reached
a maximum of 6.38 memu/g for ZnggsFejps0. © 2010 American Institute of Physics.

[doi:10.1063/1.3360189]

Ferromagnetism above room temperature has already
been predicted theoreticallyl*3 and reported exper-
imentally“_6 for transition metal dopants in ZnO in both
powders and thin films. Various reports have argued that the
ferromagnetic properties of transition metal doped metal ox-
ides strongly depend on the metal oxide host system, surface
defects, particle size, transition metal dopant type, and
concentration.”” Interestingly, Venkatesan et al’ have
shown that in transition metal doped zinc oxide thin films,
the highest magnetic moment is observed for Co doping;
however, these reports focus only on thin films and not nano-
particle powders as in this work . Recently, others have
claimed that ferromagnetism can be obtained at room tem-
perature in thin films or nanoparticles of pure nonmagnetic
metal oxides, and that the ferromagnetic properties do not
depend on the transition metal dopant.lo_13 Because of these
conflicting reports, we have prepared a series of doped ZnO
nanoparticles using a chemical route and compared the fer-
romagnetism of Zn;_ M, O nanoparticles as a function of the
transition metal dopant type (M=Cr, Mn, Fe, Co or Ni)
while leaving the preparation method, surface structure, par-
ticle size, dopant concentration (2% and 5%), and host sys-
tem unchanged. Our studies clearly suggest that the ferro-
magnetic properties of Zn;_M,O nanoparticles strongly
depend on the transition metal dopant and that the ferromag-
netic moment is strongest for Fe doping, details of which are
presented below.

The synthesis method has been reported elsewhere
but was extended and modified in some parts.14
Zn(OOCCHj;),-2H,0, LiOH, and transition metal nitrates
were dissolved in 100 ml of ethanol, heated, and then main-
tained at 70 °C for 90 min. The solution was then allowed to
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cool for 120 min before adding 100 ml of N-Heptane. The
mixture was then aged for 24 h, after which the particles
were removed by centrifugation and washed in a water-
ethanol-water cycle to remove any unwanted reaction
byproducts.15 After washing, the samples were dried in an
oven for 12 h at 50°C. The amount of
Zn(OOCCHj;), - 2H,0 and transition metal nitrates used were
regulated to maintain the total ion concentration in solution .

X-ray diffraction (XRD) was performed using a Philips
X’Pert MPD diffractometer in Bragg—Brentano geometry.
The system uses a Cu K, x-ray source (A=1.5418 A). Dif-
fuse reflectance was measured on a Varian Cary 5000 UV-
Vis-NIR spectrophotometer from 200-800 nm. Magnetom-
etry was performed at room temperature using a Lakeshore
7404 vibrating sample magnetometer (VSM). Powder
samples were tightly packed into a clear straw and mounted
to the VSM.

Samples were prepared for x=0.02 and 0.05, three times
for each dopant, in order to obtain a statistical average and to
demonstrate repeatability. The resulting powders were stud-
ied by XRD, spectrophotometry, and magnetometry to rule
out the presence of any impurity phases and to characterize
their structure, morphology, electronic, and magnetic proper-
ties.

XRD patterns, shown in Fig. 1(a), demonstrate the struc-
ture to be single-phase wurzite ZnO with no evidence of any
secondary phases. Crystallite sizes for all samples were esti-
mated to be about 6.9 £ 1.4 nm, as determined by the Scher-
rer relation using the (102) peak of ZnO. This confirms that
any variation in the properties of the Zn;_,M,O samples with
different transition metal ions is not due to any differences in
the crystallite sizes. Unit cell volume gave a maximum for
Fe, as seen in Fig. 1(b), dropping down as the atomic number
of the dopant moved away from that of Fe. The observed
changes were dominated by changes in lattice parameter a.
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FIG. 1. (Color online) (a) Representative XRD patterns for Zng¢sM sO
(M=Ni, Co, Fe, Mn, and Cr), along with pure ZnO nanoparticles made by
the same method. Drop lines show reference peak positions and relative
intensities for ZnO. (b) Unit cell volume for Zng¢sM 15O and Zng gsM .0
(M=Ni, Co, Fe, Mn, and Cr). Error bars shown are standard deviations,
after taking average of three independently prepared samples. Connecting
lines shown for visual aid.

The unit cell volume of pure ZnO nanoparticles of similar
size made by the same chemical method was measured at
47.83+0.04 A3, while bulk ZnO has a unit cell volume of
47.58 A3.'° All of the nanoparticle samples show an expan-
sion of the crystal lattice relative to the bulk sample, while
Fe causes the most additional expansion. As the percentage
of dopant increases the unit cell volume shift more propor-
tional to the ionic radii [see Fig. 1(b)]; Mn (0.8 A) and Fe
(0.77 A) having larger ionic radii than Zn (0.74 A), and Cr
(0.73 A), Co (0.72 A), and Ni (0.69 A) have smaller radii
than Zn."""® Others have also reported seeing similar defor-
mation of lattice structure as a result of doping ZnO nano-
particles with transition metals.'"!

Bandgap was measured using diffuse reflectance spec-
troscopy [see Fig. 2(a)] following the Kubelka-Munk
method.”** For both 2% and 5% M doping concentrations,
there is a peak in bandgap energy observed for Fe doped
samples. The 5% M doped samples all demonstrated lower
bandgaps than their 2% M counterparts [see Fig. 2(b)], while
maintaining a maximum for Fe. The peak at Fe in bandgap is
very similar to the observed changes in the unit cell volume
The trend observed here between unit cell volume and band-
gap may be explained by the bandgap being directly propor-
tional to interatomic separation, although it is also possible
that new states are being introduced by the dopant presence.
However, without knowing the oxidation state, coordination
numbers, or if the dopant is interstitial or substitutional it is
difficult to explicitly determine the effect on structure.
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FIG. 2. (Color online) Optical data collected on transition-metal-doped
ZnO. (a) Representative Kubelka—Munk transformed diffuse reflectance data
collected in air at room temperature on powders of Zng¢gMj O (M=Ni,
Co, Fe, Mn, and Cr). (b) Bandgap as determined from diffuse reflectance
data for 2 and 5 at. % transition-metal-doped ZnO. Error bars shown are
standard deviation after taking average of three independently prepared
samples. Connecting lines shown for visual aid.

Magnetization M versus magnetic field H, measured at
room temperature for x=0.02, revealed that weak ferromag-
netic behavior is evident in all the transition metal doped
ZnO particles. All the doped samples show open hysteresis
loops, with Fe-doped ZnO showing the most prominent loop,
and Ni and Cr showing the weakest, as seen in Fig. 3(a). The
ferromagnetic properties are stronger for 5% doping and the
relative strength with respect to each dopant mirrors the be-
havior observed for the 2% doping. This data shows that Fe
is the most effective dopant for producing ferromagnetism in
nanoparticles of ZnO at 2 and 5 at. % as seen in Figs. 3(b)
and 3(c). This is a clearly visible trend, showing that the
closer the atomic number of the transition metal acting as the
dopant is to that of Fe, the larger the magnetization. Previous
studies on Fe doped SnO, (Ref. 24) and Ni doped CeO, (Ref.
25) have shown evidence of interstitial dopant ions. Depend-
ing on the extent of interstitial doping and the oxidation state
of the doped transition metal, free electron capture and hole
doping might play a major role in varying the free electron
concentration in the host system.26 Since the observed mag-
netism is generally believed to be carrier (electron) mediated,
the extent of magnetic coupling between the doped ions
(and, therefore, the net magnetization) will depend on the
availability of the free electrons and not just the magnetic
moment of the dopant alone.

This peak at M=Fe corresponds to the similar peaks
observed for unit cell volume and bandgap energy discussed
above, suggesting that the observed changes in structure,
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FIG. 3. (Color online) (a) Representative room temperature M vs H data on
7Zng 9sM; 0,0 (M=Ni, Co, Fe, Mn, and Cr). Saturation magnetization M and
magnetic remanence M, for (b) ZnjogM(,O and (c) ZngosMgosO. Also
shown in (b) is the value of the saturation magnetization measured for pure
ZnO synthesized by the same method. Inset (i) shows the M vs H data near
the origin to demonstrate the loops are open. Error bars shown are standard
deviation after taking average of three independently prepared samples.
Connecting lines shown for visual aid.

bandgap and magnetism are related and dependent on the
transition-metal dopant. Similar correlations between magne-
tism, microstructure, and/or optically determined bandgap
have been reported on other transition-metal doped metal-
oxide systems.24_27 Such strong correlation of the ferromag-
netic properties and the systematic changes in the structural
and optical parameters of the host semiconductor confirms
that, whether the change in magnetism is an indirect result of
the dopant affecting the bandgap or structural properties or
directly related only to dopant type, the observed ferromag-
netism is ultimately transition metal dopant driven.

The above results suggest that the dopant type plays a
crucial role in the physical properties of the Zn;_M,O nano-
particles investigated here. The systematic variation in dop-
ant type (while maintaining size, synthesis method, surface
structure, and dopant percentage) and the repeatability of
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these experiments demonstrates that the effect is related to
the intended transition-metal dopant, and cannot be attrib-
uted to any unaccounted impurity. The maximum magnetiza-
tion corresponds to a similar maximum in unit cell volume
determined by XRD and bandgap energy determined by dif-
fuse reflectance; suggesting a strong correlation between the
structural, optical, and magnetic properties as a function of
transition-metal-dopant in ZnO nanoparticles.
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