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Zinc-oxide (0001) single crystals with a 0.5 mm thickness were prepared, and then 80 keV Fe
ions with a dose of 3 × 1016 ions/cm2 were implanted into the ZnO single crystals at 350 ◦ C.
The implanted samples were post-annealed at 700, 800 and 900 ◦ C by rapid thermal annealing
in an N2 atmosphere for 5 min to remove the ion-implantation damage. The structure and the
magnetic properties of Fe-ion-implanted ZnO were investigated by using X-ray diffraction and
a superconducting quantum interference device magnetometer. The carrier transport properties
were measured in the range from 5 K to 300 K. The X-ray diffraction results showed an island
peak near 37 ◦ C, which was identified as ZnO2 . The magnetization curve showed hysteresis loops
at 5 K in the samples annealed at 700 and 800 ◦ C, showing ferromagnetism. Hysteresis loops
were observed at 300 K in the samples annealed at 700 ◦ C. The temperature dependence of the
magnetization was taken in field cooling (FC) and zero field cooling (ZFC) in the samples annealed
at 700 ◦ C. The difference magnetization (∆M ) between the FC and the ZFC magnetizations did
not converge to a zero value even at 340 K, showing ferromagnetism above room temperature. The
magnetoresistance (MR) curve showed negative curvature up to 150 K which could be explained
with the delocalized d state of ZnO implanted with Fe ions.
PACS numbers: 75.50.Pp
Keywords: Ferromagnetism, Fe-implanted ZnO

I. INTRODUCTION
Diluted magnetic semiconductors (DMS) have attracted great attention as semiconductor spin transfer
electronic (spintronic) devices focused on the manipulation of spin, rather than only electrical charge [1–4].
The first materials known to be DMS were II-VI and
III-V semiconductors diluted with transition metal ions
like Mn+2 , Cr+2 , Fe+2 , Co+2 , etc. [5] because such +2
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magnetic ions are easily incorporated into the host II-VI
crystals. As a typical material of II-VI semiconductors,
ZnO has emerged as an attractive material for DMS because of its wide band gap of 3.37 eV at room temperature [6]. According to Sato et al. [7], it shows ferromagnetism above room temperature. Ion implantation
can be used to dope transition materials into ZnO semiconductors and it has been quite effective in surveying
possible DMS systems with various transition metals [8,
9].
In this work, Fe-ion-implanted ZnO was prepared and
post-annealed at various temperatures. The difference
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magnetization (∆M ) between the field-cooled (FC) and
the zero-field-cooled (ZFC) magnetization obtained from
10 K to 340 K did not converge to a zero value, indicating
ferromagnetism above room temperature.
II. EXPERIMENT
Zinc oxide (0001) single crystals of 0.5 mm in thickness were prepared, and then 80 keV Fe ions with a dose
of 3 × 1016 ions/cm2 were implanted into the ZnO single crystals at 350 ◦ C [10–12]. The projected range (Rp)
of Fe ions was about 360 Å, and the maximum concentration near the Rp was about 8 atomic percent. The
implanted samples were post-annealed at 700, 800 and
900 ◦ C by rapid thermal annealing in a N2 atmosphere
for 5 min to re-crystallize the samples and to remove the
ion-implantation damage.
The crystalline structure was investigated by using Xray diffraction (XRD) with Cu-Kα radiation. In order
to extract information regarding the chemical states of
the elements, X-ray photoelectron spectroscopy (XPS)
was used with Al-Kα radiation (hν = 1486.6 eV). The
XPS spectra were calibrated to the C 1s photoelectron
signal at 285 eV. The Magnetic properties of Fe-ionimplanted ZnO were investigated by using a superconducting quantum interference device (SQUID) magnetometer as a function of temperature and magnetic field.
The magnetoresistance (MR) was measured with the Van
der Pauw technique at various temperatures with the
magnetic field parallel to the c-axis of the samples by using a magnetic property measurement system (MPMS).

III. CRYSTALLOGRAPHIC AND
ELECTRONIC STRUCTURE
Crystallographic data are given below. These results
show that Fe- ion-implanted ZnO has almost a hexagonal
wurtzite ZnO structure. The XRD measurements were
carried out on all samples annealed at 700, 800, and 900
◦
C, including as-implanted samples in the grazing mode
using Cu-Kα radiation at room temperature. Standard
θ-2θ scans were used to verify the hexagonal wurtzite
structure.
Figure 1 shows representative XRD results for (a) asimplanted sample and (b) sample annealed at 900 ◦ C.
The XRD pattern shown in Figure 1 indicates that the
films have a hexagonal wurtzite ZnO structure with a
very small island peak (*) near 37◦ . This peak is a second
phase peak and doesn’t match with Fe compound like
FeO, Fe2 O3 , and Fe3 O4 , even with the ZnFe compound,
ZnFe2 O4 . The Fe or ZnFe compound doesn’t have a peak
near 37◦ . The peak does correspond to the (200) main
reflection of cubic ZnO2 [13]. The XRD graph was drawn
again on logarithmic scale and was magnified to identify
the small ZnO2 peaks. The inset in Figure 1 shows the

Fig. 1. X-ray diffraction data for (a) as-implanted samples and (b) samples annealed at 900 ◦ C measured at room
temperature. The graph shows a standard θ-2θ XRD scan.
The symbol * indicates a peak coming from ZnO2 (200).The
inset in Figure 1(a) shows the XRD intensity plotted on a
logarithmic scale from 30 to 38◦ .

enlarged XRD graph in the range from 2θ = 30 to 38◦ .
The main peak of ZnO2 can be seen clearly, and there
is another tiny peak between 31 and 32◦ . It is identified with a ZnO2 (111), which is the second highest peak
of ZnO2 . The ZnO2 peak did not disappear after postannealing at high temperature. As can be seen in Figure
1 (b) there are no second phases related with Fe, except
for those ZnO2 peaks, in all the films. The ZnO2 peak
seems to originate from Fe ions after ion implantation.
The surplus oxygen could form ZnO2 when Fe ions are
substituted with oxygen during ion-implantation. The
XRD rocking curve of annealed samples was measured at
ZnO (002). The value of the full with at half maximum
decreased from 0.24 to 0.17◦ with increasing the annealing temperature from 700 to 900 ◦ C due to recovery of
the crystal structure. The X-ray data provide evidence
that the present Fe-ion-implanted ZnO films still have
a hexagonal wurtzite ZnO structure, including a small
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Fig. 2. XPS spectra of Fe 2p core levels. The first peak is
Fe 2p 1/2 at 720 eV, and the second peak is Fe 2p 3/2 at 707
eV. The peaks were identified as Fe metal, FeO, and Fe3 O4 .

amount of ZnO2 .
XPS data were obtained in samples annealed at various temperatures. Figure 2 shows Fe 2p spectra for
the sample annealed at 700 ◦ C. Fe 2p core level spectra were convoluted with a Gaussian-Lorentzian function into three pairs of subpeaks, corresponding to Fe
metal (Fe 2p = 706.9 eV), FeO (Fe 2p = 710.2 eV), and
Fe3 O4 (Fe 2p = 708.2 eV). The peaks indicate that the
materials mainly included Fe metals. These Fe compositions could affect the magnetic properties because these
materials have very high Curie temperatures compared
to room temperature. Thus, we could expect the Curie
temperature of all samples to be very high. The magnetization curves were measured for all samples to investigate the magnetic properties of Fe-implanted samples.

IV. MAGNETIC AND TRANSPORT
PROPERTIES
The static magnetization M was measured as a function of a static externally applied field H and the temperature by using a SQUID produced by Quantum Design. The Data from all the samples were obtained in
the plane applied field configuration. Figure 3 (a) shows
the magnetization of the samples annealed at 700 ◦ C
as a function of the external magnetic field. The diamagnetic component was subtracted from the original
data. The inset indicates low data, at 300 K without the
diamagnetic component subtracted. It exhibits a conventional ferromagnetic hysteresis loop with a coercive
force of about 458 Oe, saturation at an applied field of
800 Oe at 5 K, and with a coercive force of about 143 Oe,
saturation at an applied field of 800 Oe at 300 K. The
saturated magnetization M s decreased from 7.5 × 10−5
to 4.5 × 10−5 emu with increasing temperature from 5 K
to 300 K. The ferromagnetism was still there even at 300

Fig. 3. (a) Ferromagnetic hysteresis loops of the samples annealed at 700 ◦ C are shown for 5 and 300 K. The
diamagnetic component was subtracted. The inset indicates
low data, at 300 K without the diamagnetic component subtracted. (b) Ferromagnetic hysteresis loop of the samples
annealed at 700 ◦ C and diamagnetic loop of the samples annealed at 900 ◦ C.

K. Figure 3 (b) shows the magnetization data measured
at 300 K in the samples annealed at 700 ◦ C and 900 ◦ C
to compare the magnetization in both samples, but the
ferromagnetism at 300 K disappeared in the samples annealed at 900 ◦ C. There is no hysteresis anymore, and
only linear behaviors indicating diamagnetism are seen.
In order to observe the ferromagnetic state at temperature over 340 K, the temperature dependence of magnetization was taken in ZFC and FC. The 500 Oe magnetic
field was applied in a plane during the measurement. Figure 4 show the magnetization data as a function of annealing temperature (a) 700 ◦ C, (b) 800 ◦ C, and (c) 900
◦
C. As can be seen in Figure 4 (a), the difference of magnetization ∆M between FC and ZFC did not converge
to zero even at 340 K. The ferromagnetic state remains
above 340 K, which is the limit of the SQUID magnetometer. However, the ∆M goes to zero at 270 K in
Figure 4 (b). That is why the hysteresis loops aren’t observed at 300 K in the samples annealed at 800 ◦ C. With
further increases in the annealing temperature, the magnetization goes to negative values in both the FC and the
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Fig. 5. Normalized magnetoresistance measured at various
temperatures: 5, 10, 30, 70, 150, and 300 K. The applied
magnetic field is parallel to the c-axis.

Fig. 4. Temperature dependences of FC and ZFC magnetizations for samples annealed at (a) 700 ◦ C, (b) 800 ◦ C, and
(c) 900 ◦ C.

ZFC measurement, indicating diamagnetism as in Figure
3 (b). Ferromagnetism isn’t seen even in 5 K for a sample annealed at 900 ◦ C. The ferromagnetic properties get
weak with increasing annealing temperature. According
to the XPS spectra, Fe metal was mainly included. If
Fe metal contributes to the ferromagnetism, the Curie
temperature should be very high because the Curie temperature of Fe metal is more than 1000 K. Therefore, the

magnetic properties are not due to pure Fe metal even
for the samples annealed at 700 ◦ C. If both the electronic
structure results and the magnetic data for the Fe-ionimplanted films are considered, the M s values indicate
that a fraction of Fe atoms are magnetically active, but
that is not due to the Fe metal. The ferromagnetic state
remains above 340 K in the samples annealed at 700 ◦ C.
Isothermal MR was measured at various temperatures
from 5 K to 300 K to study the s-d exchange interaction between the conducting s band electrons and the
d electron spins localized at the Fe impurity in the Feion-implanted samples. The magnetic field was applied
parallel to the c-axis. Figure 5 shows normalized MR
curves measured at various temperatures. One could obtain the MR curves to 300 K, and a negative curvature
was seen in the temperature range from 5 K to 150 K.
The MR data show a behavior similar to that reported
by Jin et al. [14, 15] at this temperature range. It is
known that the magnetotransport properties of magnetic
semiconductor strongly depend on the charge carrier concentration [16, 17], which are electrons in intrinsically
n-conducting ZnO. With decreasing electron concentration, at the metal-insulator transition, the character of
the wave function changes from delocalized state to localized [18]. In the Fe-ion-implanted samples, the MR is
negative, which can be explained with delocalized state
due to the metallic behavior of ZnO implanted with Fe
ions in the temperature range from 5 K to 300 K. The
signal obtained at 300 K showed a positive curvature
with a very weak signal. Considering the negative curvature from 5 K to 150 K, the positive curvature at this
temperature cannot be understood at this time.
V. SUMMARY
Magnetic and transport properties of Fe-ion-implanted
ZnO were investigated. All samples included very small
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amounts of ZnO2 . Ferromagnetic properties were observed above room temperature for samples annealed at
700 ◦ C. The MR curve showed negative curvature below
150 K, which is originated from delocalized d states of
metallic ZnO.
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