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Synthesis of ZnFe;O4 nanomagnets by Fe-ion
implantation into ZnO and post-annealing*
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Fe ions of dose 8x10'6 ¢cm~—2 are implanted into a ZnO single crystal at 180 keV. Annealing at 1073 K leads to
the formation of zinc ferrite (ZnFe2Oy4), which is verified by synchrotron radiation X-ray diffraction (SR-XRD) and

X-ray photoelectron spectroscopy (XPS). The crystallographically oriented ZnFe2Oy4 is formed inside the ZnO with
the orientation relationship of ZnFesO4 (111)//ZnO (0001). Superconducting quantum interference device (SQUID)
measurements show that the as-implanted and post-annealing samples are both ferromagnetic at 5 K. The synthesized

ZnFepOy4 is superparamagnetic, with a blocking temperature (T = 25 K), indicated by zero field cooling and field

cooling (ZFC/FC) measurements.
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1. Introduction

Diluted magnetic semiconductors (DMSs) are ex-
pected to play an important role in spintronic applica-
tions such as the injection of spin polarized currents.
In particlular, ZnO-based DMS has attracted exten-
sive attention due to the the fact that Dietl et al.l’
predicted that ferromagnetism at above room tem-
In the last decade, a
large number of research groups reported on the fer-

perature could be obtained.

romagnetism in ZnO-doped transition metals (TMs)
(from Sc to Ni) fabricated by various methods.l>~7!
In contrast to these results, other groups reported on
the observations of antiferromagnetism,® spin-glass
behaviour,!?! and paramagnetism!%!1 in TM-doped
Zn0. Moreover, superparamagnetic Fe, Co, and Ni
nanoclusters were formed by ion implantation into
ZnO,[12-15] geparately. Therefore, the origin for the
reported ferromagnetism in ZnO-based DMS remains
very questionable. One of the main obstacles in creat-
ing DMS materials is the formation of secondary phase
because of the solid-solubility limit of magnetic ions
in semiconductor hosts. The synchrotron radiation
X-ray diffraction ( SR-XRD) is a powerful tool to de-
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tect small precipitates, e.g., metallic TM nanocrystals
and secondary phase in TM-implanted ZnO.[16:17] In
this paper, employing the SR-XRD, X-ray photoelec-
tron spectroscopy (XPS) and superconducting quan-
tum interference device (SQUID), we study the struc-
ture, the chemical bonding state, and the magnetic
property of Fe-implanted ZnO. Moreover, the possibil-
ity to form superparamagnetic ZnFe;O4 nanocrystals

embedded in ZnO is demonstrated.

2. Experiment

Commerical ZnO bulk crystal was implanted with
57Fe ions at an energy of 180 keV, with a fluence
of 8x10'6 cm~2 at room temperature. The injected
range was calculated using the TRIM code (Fig. 1),
showing that the implantation depth at the maxi-
mum density is R, = 81 nm, with straggling AR, =
+35 nm. After being analysed, the as-implanted sam-
ples were annealed at 1073 K for 30 min under vac-
uum.

Structural analysis was performed by SR-XRD
at the National Synchrotron Radiation Laboratory
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(NSRL, Hefei, China) with an X-ray wavelength of
0.153981 nm. 6-26 scans were used to identify crys-
talline precipitates. The chemical bonding states were
analysed by Kratos Axis Ultra X-ray photoelectron
spectroscopy with monochromatized Al K« radiation
(1486.8 €V) and Cls (E = 284.8 e¢V) level serving
as the internal standard. The magnetic properties
were measured with a SQUID magnetometer (Quan-
tum Design MPMS) in a temperature range of 5 K-
350 K, which is capable of detecting a magnetic mo-
ment as small as 10® emu. By magnetic measure-
ment, virgin ZnO was found to be purely diamag-
netic, with a susceptibility of —2.65 x 10~7 emu/Oe-g
(1 0e=79.5775 A/m).
tracted from the magnetization data. To measure the

This background was sub-

temperature-dependent magnetization separately, af-
ter zero field cooling (ZFC) and field cooling (FC),
the samples were cooled in zero field from above room
temperature to 5 K. Then a 50-Oe field was applied.
The ZFC curve was measured with temperature in-
creasing from 5 K to 350 K, after which the FC curve
was measured in the same field with temperature de-
creasing from 350 K to 5 K.
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Fig. 1. Depth profile of Fe in ZnO, calculated by TRIM

code.

3. Results and discussion

Figure 2 show the SR-XRD patterns for the
For the as-
implanted samples, crystalline a-Fe was observed,

as-implanted and annealed samples.

and no other crystalline Fe-oxide (FeoOg, Fe3Oy, and
ZnFe;0,4) particles were detected. After 30-min an-
nealing at 1073 K, the Fe (110) peak almost disap-
peared and the sample already shows three peaks of
ZnFe; 04 (222), (333), and (444), which means that
the crystallites of ZnFesO4 are highly oriented with
respect to the host matrix. The inset shows the XRD
w-rocking curve of ZnFe;Oy (333) peak, demonstrat-
ing the single crystal quality of the nanocrystal with a

full width at half maximum (FWHM) of 0.963°. Since
XRD peak positions of FesO4 and ZnFe;O4 match
closely, it is difficult to identify the phase using XRD
pattern only. We will discuss this further while analyz-
ing XPS data. The average crystallite size of ZnFesOy

(8 nm) was calculated using the Scherrer formula,!®]

d=0.9\/(Bcosb), (1)

where ) is the wavelength of the X-ray, 6 is the Bragg
angle, and 3 is the FWHM of 20 in radians. The pa-
rameter of ZnFeyOy is found to be 0.8439 nm, slightly
smaller than the 0.8443 nm value reported for bulk
zinc ferrite (PCPDF No. 89-4926). When the particle
size decreases to the nanometer-sized scale, the sur-
face area greatly increases, which enhances the energy
of the system, making these nanometer-sized ZnFeo Oy
particles contracted in the lattice. This is consistent
with the other observation.[**]

Note the symmetry of the ZnO (0002) and (0004)
diffraction peaks of the as-implanted sample in Fig. 2.
Shoulders on the right side (smaller lattice constant)
are clearly observed. These shoulders can be related to
lattice damage or ZnO substituted with Fe. In view of
a detailed study of Co ion implantation into ZnO,?2%
the shoulder (on the right side) is interpreted in terms
of ternary Zn;_,Co,O, formed due to the incorpo-
ration of Co into the Zn sublattice of the ZnO host
crystal. We rather attribute the observed right-side
shoulders to Zn substituted with Fe. After 30-min an-
nealing at 1073 K, zinc ferrite started to form, there-

fore these shoulders disappeared.
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Fig. 2. SR-XRD patterns for the as-implanted (up) and
annealed at 1073 K (down) samples. The inset shows the
w-rocking curve of ZnFe204(333) peak.

Figure 3(a) shows typical results of the ¢-scans for
the sample annealed at 1073 K, revealing the crystal-
lographical orientation relationship between ZnFesOy
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and the ZnO matrix. The azimuthal coordinate (¢) is
the angle of rotation about the surface normal. As a

the sample normal. x can be calculated by the the
following equations: for cubic structure,

standard approach, for an XRD ¢-scan one first tilts Bty + Eyks + 11l

VB2 +E+13) (B3 + k3 +13)

(2)

cosy =

the sample by the angle x from the sample surface and
fixes the Bragg angle 6. Subsequently the spectrum

is recorded during azimuthal rotation with respect to  for hexagonal structure,

hiho + kiko + (hlkg + hgkl)/Q + 3&21112/(462)
V(B2 B2+ hoky + 30212/ (4¢2)) (h2 + k3 + hoky + 30212/ (4c2))’

where x is the angle between the diffraction plane of interest (hsksls) and the sample surface (hikily). As

(3)

cosy =

expected from the crystalline symmetry, the ZnO (0001) and ZnFesO4(111) show six-fold symmetry at the
same azimuthal position (note that the measurements were only performed with ¢ ranging from 0° to 180°).
Therefore, we can conclude that ZnFe;Oy is crystallographically oriented with respect to the ZnO matrix. From
all the above diffraction data, the surface orientation relations between the ZnO and the ZnFe;O4 are ZnFe, Oy
(111)//ZnO (0001). Due to the hexagonal structure of six-fold symmetry of ZnFe;O4 viewed along the [111]

direction, it is not difficult to understand their crystallographical orientation onto hexagonal ZnO.
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Fig. 3. (a) SR-XRD ¢-scans of ZnO (1011) and ZnFe2O4 (311) for the sample annealed at 1073 K, revealing the in-
plane orientation relationship for ZnFesO4 with respect to ZnO. (b) ZnFeaO4 (111) showing six-fold symmetry viewed

along the [111] direction.

of F6304
ZnFe;04 are quite similar (their lattice parameters

Since the crystal structures and
are 0.8395 nm and 0.8433 nm, respectively), the pos-
sibility of the presence of Fe304 (magnetite) cannot be
ruled out only by the X-ray diffraction patterns. To
confirm the phases of ZnFe;O,4 presented in the sam-
ple, the X-ray photoelectron spectroscopy was per-
formed to analyse the chemical bonding states of el-
ements. In ZnFe;O,4, Fe and Zn atoms exist in the
lattice with more than one chemical state (A-sites or
B-sites ), bringing about several different contribu-
tions with different binding energies in the X-ray pho-
toelectron spectroscopy spectra. Figure 4(a) shows
the detailed analysis of the Zn 2psz,, peak: experi-
ment date (square) and the fitting using two Gaus-

sian functions for decomposition into two major peaks
at 1021.8 eV and 1021.5 eV with widths 1.2 eV and
2.2 eV respectively. Bear et al?Y have found the
Zn 2p3/; comes from two parts in mixture of ZnO
and ZnFe;O4. Druska et al?? have reported that
the binding energy of Zn 2p3/, is around 1023.0 eV
in ZnTiO3 where zinc occupies the octahedral sites.
The peak at 1021.5 eV is consistent with the X-ray
photoelectron spectroscopy recorded for the standard
ZnFe,0, materials.[23] Hence we assume that the peak
at 1021.5 eV is ascribed to the formation of zinc ferrite
with the zinc atom occupying only tetrahedral sites.

The other peak at 1021.8 eV should be due to ZnO.
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Fig. 4. X-ray photoelectron spectra for the samples an-
nealed at 1073 K: (a) Zn 2p, (b) Fe 2p, (c) O 1s.

The Fe 2p3 /5 photoelectron peak is always related
to the background, which makes the analysis of the
peak complicated. Due to spin—orbit coupling, the Fe
2p core level splits into 2p;/, and 2p3z/» components.
Figure 4(b) shows the Fe 2p peaks at binding energies
of 725.6 eV and 711.5 eV, with a shakeup satellite at
719.0 eV. The binding energy for Fe 2p3 /5 in ZnFe; Oy
is 711.5 eV, which matches well with the value re-
ported in Ref. [21]. In magnetite (Fe3O4), the Fe 2p3 /9
peak is contributed from 2Fe?t and 1Fe?*t ions. The
Fe 2p3 /5 binding energy values for Fe** and Fe** are
709.2 eV and 711.1 eV, respectively.?* Fe?t is the
dominant species in magnetite, and the peak centre
was observed at the higher binding energy side, i.e., at
710.6 €V in comparison to the Fe?* binding energy at
709.5 eV.[24 In the case of zinc ferrite, the system does

not contain any Fe?*t, so the binding energy increases
to 711.5 eV in comparison to Fe3Oy4. In Fe3Oy, the
satellite peak associated with 2ps/, of Fe is not seen
or it may be absent because of the superposition of
the satellites.[?>) The XPS analysis confirms that the
ZnFey0y is formed in the post-annealed sample.

The O 1s XPS spectrum shows a broad asym-
metric curve which is fitted by two peaks, with bind-
ing energies at 530.9 eV and 529.6 eV in Fig. 4(c).
The peak at 529.6 eV is characteristic of oxygen in
the (Zn/Fe)-oxygen framework, and the other peak
at around 530.9 eV is ascribed to the oxygen in the
adsorbed OH™ groups on the sample surface.[26:27]

The bulk zinc ferrite belongs to the normal
spinel type and behaves paramagnetically at room
temperature.[?8) However, recent experiments revealed
that Zn ferrite in the nanometric range presents fer-
romagnetic behaviour below a blocking temperature
(Tg).1?~31 Figures 5(a) and 5(b) show the variations
of magnetization with applied field at 5 K. Magnetic
hysteretic loops are observed for the as-implanted
sample and the annealed sample at 1073 K, and at-
tributed to a—Fe and ZnFe;O4 nanoparticles, respec-
tively.

In order to confirm the superparamagnetic prop-
erty of the embedded ZnFe; 04 nanoparticles, the mea-
surements of ZFC/FC magnetization versus tempera-
ture were performed using SQUID. Figure 5(c) shows
the temperature dependences of magnetization by the
ZFC and FC procedures from 5 K to 350 K in an
The ZFC curve

shows a gradual increase at low temperatures, and

applied magnetic field of 50 Oe.

reaches a plateau at a particular temperature of Ty,
while the FC curve continues to increase with de-
creasing temperature. In this paper, the tempera-
ture (Tp) at the maximum of the ZFC curve is taken
as the average blocking temperature. The shapes
of the ZFC/FC curves are the typical characteristics
for magnetic nanoparticle systems with a broad size
distribution.®2:33] The broad peak in the ZFC curve is
due to the size distribution of ZnFesO4 nanocrystals.
The discrepancy between the ZFC and the FC curve
at a lower magnetic field demonstrates that ZnFesOy
nanocrystals are superparamagnetic, with an appar-
ent blocking temperature (I = 25 K). Below this
temperature, an expected ferromagnetic response be-
comes evident as reflected in Fig. 5(b) for M—H mea-

surements at T < 25 K.
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