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We have studied the electronic structure of Fe-doped ZnO nanoparticles, which have been reported
to show ferromagnetism at room temperature, by x-ray photoemission spectroscopy, resonant
photoemission spectroscopy, x-ray absorption spectroscopy, and x-ray magnetic circular dichroism
(XMCD). From the experimental and cluster-model calculation results, we find that Fe atoms are
predominantly in the Fe** ionic state with mixture of a small amount of Fe>* and that Fe** ions are
dominant in the surface region of the nanoparticles. It is shown that the room temperature
ferromagnetism in the Fe-doped ZnO nanoparticles primarily originated from the antiferromagnetic
coupling between unequal amounts of Fe** ions occupying two sets of nonequivalent positions in
the region of the XMCD probing depth of ~2-3 nm. © 2010 American Institute of Physics.

[doi:10.1063/1.3294620]

I. INTRODUCTION

There is a growing interest in diluted magnetic semicon-
ductors (DMSs), where magnetic ions are doped into the
semiconductor hosts, due to the possibility of utilizing both
charge and spin degrees of freedom in the same materials,
allowing us to design a new generation spin electronic de-
vices with enhanced functionalities."” Theoretical studies on
the basis of Zener’s p-d exchange model have shown that
wide-gap semiconductors such as ZnO doped with transition
metal are promising candidates for room temperature ferro-
magnetic DMSs.? First-principle calculations by Sato and
Katayama—Yoshida4 have also predicted that ZnO-based
DMSs exhibit ferromagnetism using local-spin-density-
approximation (LSDA) calculation. Subsequently, a number
of experiments on ZnO-based DMSs in bulk, thin film, and
nanoparticle forms revealed ferromagnetic properties,s_10
and among them ZnO-based DMSs nanoparticles have at-
tracted much attention.'"'? Current interest in such magnetic
nanoparticle systems is motivated by unique phenomena
such as superpalramagnetism,13 quantum tunneling of
magnetization,14 and, particularly, magnetism induced by
surface effects.'” In the nanoparticle form, the structural and
electronic properties are modified at the surface as a result of

YElectronic mail: kataoka@wyvern.phys.s.u-tokyo.ac.jp.
YPresent address: Max Planck Institut Fur Festkorperforschung, Heisenberg-
strasse 1, Stuttgart D-70569, Germany.

0021-8979/2010/107(3)/033718/7/$30.00

107, 033718-1

the broken translational symmetry of the lattice or dangling
bond formation, giving rise to weakened exchange coupling,
site-specific ~ surface anisotropy, and surface spin
disorder.'®!” That is, the modification of the electronic struc-
ture at the surface of the nanoparticles plays a crucial role in
the magnetism of this system.

Recently, Karmakar et al. '8 have reported room tempera-
ture ferromagnetism in Fe-doped ZnO (ZnO:Fe) nanopar-
ticles in the proposed core/shell structure, where Fe?* ions
are situated mostly in the core and Fe®* ions in the surface
region. However, LSDA+U calculation' has indicated the
insulating antiferromagnetic state to be more stable than the
ferromagnetic state for ZnO:Fe system. Also, there has been
a considerable recent work*’ suggesting that structurally per-
fect ZnO-based DMSs do not exhibit ferromagnetic order.
These reportslg’20 imply that not only the magnetic dopants
themselves but also the defects are necessary for ferromag-
netism. In view of the presence of Fe** ions, as indicated by
local magnetic probes such as electron paramagnetic reso-
nance (EPR) and Mossbauer measurements, Karmakar et
al."® have proposed that the presence of surface Zn vacancies
that dope hole into the system will be more effective to sta-
bilize the ferromagnetism in this system. In order to under-
stand the ferromagnetic interaction in this system and to con-
tribute to new material design, experimental investigation of
the electronic structure of the ZnO:Fe nanoparticles is impor-
tant. However, correlation between the magnetic properties

© 2010 American Institute of Physics


http://dx.doi.org/10.1063/1.3294620
http://dx.doi.org/10.1063/1.3294620
http://dx.doi.org/10.1063/1.3294620

033718-2 Kataoka et al.

and the electronic structure of the ZnO:Fe nanoparticle semi-
conductors has not been clarified yet. In this paper, we have
investigated the electronic structure of ZnO:Fe nanoparticles
using x-ray photoemission spectroscopy (XPS), resonant
photoemission spectroscopy (RPES), x-ray absorption spec-
troscopy (XAS), and x-ray magnetic circular dichroism
(XMCD). RPES is a convenient tool to obtain the Fe 3d
partial density of states (PDOS) in the valence-band
spectra.21 By performing RPES in the Fe 3p-3d core-
excitation region, we have studied the electronic states in the
surface region with a probing depth of ~0.5—-1 nm (Ref. 22)
of the nanoparticles utilizing the surface sensitivity of the
technique. On the other hand, RPES in the Fe 2p-3d core-
excitation region is more bulk sensitive with a probing depth
of ~1.0-2 nm (Ref. 22) and enables us to study the elec-
tronic structure in both the core and surface regions of the
nanoparticles. XAS and XMCD, whose probing depth are
~2-3 nm, enable us to study the element specific electronic
structure of the ZnO:Fe nanoparticles. In particular, XMCD
is a powerful tool to study element-specific local magnetic
states. Based on our experimental results, we shall discuss
the origins of the ferromagnetic properties and magnetic in-
teractions in the ZnO:Fe nanoparticles.

Il. EXPERIMENTAL

Our samples, ZnO:Fe nanoparticles, were made of nano-
crystalline 10%-Fe-doped ZnO powder, which was synthe-
sized by using the chemical pyrophoric reaction method.'®
Structural characterization was carried out using x-ray dif-
fraction (XRD) and transmission electron microscopy
(TEM), demonstrating a clear nanocrystal phase. As ob-
served by TEM, the average particle size was around 7 nm
with the particle size distribution of 3—-30 nm. Magnetization
measurements on the same samples revealed a
ferromagnetic-to-paramagnetic transition temperature
>450 K. Details of the sample preparation were described
in Ref. 18. We measured a pressed pellet sample, which,
after grinding, had been calcined at 620 K. The ferromag-
netic moment per Fe, as deduced from the superconducting
quantum interference device (SQUID) magnetization data,
was ~0.05up at room temperature.18 XAS and XMCD mea-
surements were performed at the Dragon Beamline BL11A
of National Synchrotron Radiation Research Center
(NSRRC) in the total-electron-yield (TEY) mode (probing
depth ~2-3 nm). The monochromator resolution was
E/AE>10000 and the circular polarization of x-rays was
~55%. XPS measurements using the photon energy of hv
=1253.6 eV were performed at BL23-SU of SPring-8.
RPES measurements in the Fe 2p-3d and 3p-3d core-
excitation regions were performed at BL23-SU of SPring-8
and at BL-18A of Photon Factory (PF), respectively. For the
photoemission measurements, all binding energies (Ep) were
referenced to the Fermi level (Ep) of the sample holder
which was in electrical contact with the sample. The total
energy resolutions of the XPS and RPES measurements were
~400 and ~170 meV, respectively. All the experiments
were performed at room temperature.

J. Appl. Phys. 107, 033718 (2010)

T T T T T T
XPS
7ZnO:Fe nano-particles

Fe;0, (Fe?*, Fe¥*)

Intensity (arb. units)

Fe,0, (Fe*)

Fe 2p1/2 Fe 2p3/2
| | | | | |
725 715 705
Binding Energy (eV)

FIG. 1. (Color online) Fe 2p core-level XPS spectrum of the ZnO:Fe nano-
particles compared with the XPS spectra of a-Fe,O5 (Ref. 23), FeO (Ref.
23), and Fe;0, (Ref. 24).

lll. RESULTS AND DISCUSSION

Figure 1 shows the Fe 2p core-level XPS spectrum of
the ZnO:Fe nanoparticles in comparison with those of
a-Fe,0; (Fe**)” FeO (Fe?*),” and Fe;0, (Fe’*—Fe?*
mixed—valence).24 The Fe 2p;;, peak of the ZnO:Fe nanopar-
ticles is split into two peaks at Egz~710 and ~708 eV, cor-
responding to the energy positions of a-Fe,O5 and FeO. The
XPS spectrum of the ZnO:Fe nanoparticles therefore reflects
an Fe3*—Fe?* mixed-valent state of the Fe ions in agreement
with the previous Mossbauer rf:port.18 In a Fe-doped ZnO
system, the valence state of Fe is expected to be 2+ if Fe
simply substitutes for Zn. The presence of Fe>* ions in this
sample has been suggested to be due to surface Zn
vacancies'® or excess oxygens of the nanoparticles.

In order to study the electronic states in the surface re-
gion of the nanoparticles, we performed RPES measure-
ments in the Fe 3p-3d core-excitation region. RPES in 3d
transition metals and their compounds are caused by interfer-
ence between direct photoemission from the 3d level and
Auger-electron emission following the 3p(2p)-3d core
excitation.”! Therefore, the difference between valence-band
spectra measured on and off resonance is used to extract the
resonantly enhanced Fe 3d contributions to the valence-band
region. Figure 2(a) shows the valence-band photoemission
spectra of the ZnO:Fe nanoparticles taken with various pho-
ton energies in the Fe 3p-3d core-excitation region marked
on the Fe 3p-3d XAS spectrum [see Fig. 2(b)]. In the Fe
3p-3d XAS spectrum, one can see that a peak appears at 58
eV, representing the Fe 3p-3d absorption. The same peak is
found at 58 eV for a-Fe,04 (Fe3*).” For FeO (Fe?*), on- and
off-resonance energies are reported to be 57 and 53 eV,
respectively.26 From this comparison, we conclude that
3p-3d absorption is mainly due to Fe’* ions. Figure 2(c)
shows a magnified view near the valence-band maximum. In
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FIG. 2. (Color online) Valence-band photoemission spectra of the ZnO:Fe
nanoparticles. (a) A series of photoemission spectra taken with photon en-
ergies in the Fe 3p-3d core-excitation region. Difference curves at the bot-
tom represent the Fe 3d PDOS. (b) Fe 3p-3d XAS and CIS (Ez~3.4 eV)
spectra. (c) Magnified view near the valence-band maximum.

Fig. 2(c), one can see that in going from the off-resonance
spectrum (hv=53 eV) to 58 eV, the tale at Ez~3—4 eV
grows in intensity. By subtracting the off-resonance spectrum
from the on-resonance ones of FeX*(hv=58 eV) and
Fe?*(hv=57 eV), respectively, we have extracted the Fe 3d
PDOS of Fe** and Fe?*, as shown in the bottom panel of Fig.
2(a). The Fe** 3d PDOS reveals a feature at Ez~3-4 eV.
On the other hand, the Fe2* 3d PDOS reveals no clear fea-
ture. For the Fe 3p-3d core-excitation region (hv
=53-58 ¢V), features due to Fe M,3M,sM,s Auger-
electron emission are observed around Ez>5 eV, > indicat-
ing that the enhanced features around Ez~3-4 eV in our
RPES spectra are not due to Auger emission but is due to
resonance photoemission. In addition, we note that the line
shape of the constant-initial-state (CIS) spectrum at Eg
~3.4 eV is similar to that of XAS spectrum [see Fig. 2(b)].
We therefore conclude that the Fe** ions are dominant in the
surface region of the ZnO:Fe nanoparticles probed by Fe
3p-3d RPES. This, together with the bulk-sensitive Fe 2p-3d
RPES result described below, may support the core/shell
model of the ZnO:Fe nanoparticles proposed in Ref. 18.
Figure 3(a) shows the Fe 2p-3d XAS and XMCD spec-
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FIG. 3. (Color online) Fe 2p-3d XAS and XMCD spectra of the ZnO:Fe
nanoparticles compared with those of other Fe oxides. (a) Fe 2p-3d XAS
spectra in magnetic fields of =1 T. XAS (o* and ¢7), XMCD and its
integral. The XMCD spectrum of Fe metal is shown for comparison (Ref.
27). (b) XMCD spectrum of the ZnO:Fe nanoparticles compared with the
XMCD spectra of y-Fe,05 (Ref. 28) and Fe;0, (Ref. 29).
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FIG. 4. (Color online) Valence-band photoemission spectra of the ZnO:Fe
nanoparticles. (a) A series of photoemission spectra for photon energies in
the Fe 2p-3d core-excitation region. Inset panel shows the Fe 2p-3d XAS
spectrum. (b) CIS spectra at Ez~4.2 (circle) and 2 (triangle) eV, respec-
tively. (c) Magnified view near the valence-band maximum.

tra of the ZnO:Fe nanoparticles for opposite magnetization
directions recorded using circular polarized x-rays, their dif-
ference spectrum, i.e., XMCD spectrum, and its integration.
Here, the XAS spectra obtained in the magnetic field of +1
and —1 T are denoted by o* and o7, respectively. The bot-
tom panel shows the XMCD spectrum of Fe metal.”’” In the
XMCD spectrum of the nanoparticles, three sharp peaks
around hv=708.5, 709.7, and 710.5 eV, denoted by A, B, and
C, respectively, are observed. The XMCD spectral line shape
of the ZnO:Fe nanoparticles is different from that of Fe
metal, indicating that the magnetism in this sample is not due
to segregation of metallic Fe clusters but due to the ionic Fe
atoms with localized 3d electrons. We note that the line
shape of the XMCD spectrum recorded in point by point
with reversing fields (not shown here) agreed with the one
recorded in the two opposite magnetization directions re-
ported here.

Figure 3(b) shows the Fe 2p-3d XMCD spectrum of the
ZnO:Fe nanoparticles in comparison with those of y-Fe,03
nanoparticles,28 where Fe®* ions are both at the tetrahedral
(T,) and octahedral (0,) sites, and Fe;0,,%’ where Fe?* ions
at the T, and O, sites and Fe?* ions at the O, sites coexist.
The XMCD spectrum of the Fe;O,4, which displays the over-
lapping contributions from the Fe** and Fe?* ions, is differ-
ent from that of the ZnO:Fe nanoparticles. On the other
hand, the spectral line shape of the y-Fe,O; nanoparticles,
where XMCD signals are due to Fe*, is similar to that of the
ZnO:Fe nanoparticles. This indicates that the magnetism of
the ZnO:Fe nanoparticles originated mainly from Fe** ions
and contribution from Fe?* ions appears to be small. By
comparison with the Fe 2p-3d XMCD spectral shape of the
v-Fe, O3 nanoparticles, peaks B and C for the ZnO:Fe nano-
particles are assigned to Fe** ions at the T, and O, sites,
respectively. Although it is likely that peak A arises mainly
from Fe**(0,) ions, the present Fe 2p-3d RPES result, which
is described below, suggests that peak A may be attributed
not only to Fe**(0,,) but also to a small amount of Fe**(T,)
ions.

Figure 4(a) shows the valence-band photoemission spec-
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tra of the ZnO:Fe nanoparticles taken with various photon
energies in the Fe 2p-3d core-excitation region. The Fe
2p-3d XAS spectrum in the same energy region and the CIS
spectra at Ez~4.2 (circle) and 2 (triangle) eV are shown in
Figs. 4(a) and 4(b), respectively. The photoemission spectra
were taken using photon energies denoted by A, B, and C in
Fe 2p-3d XAS spectrum and at off-resonance (hv
=706.0 eV). For all the spectra, no photoemission intensity
was observed at Ef, indicating the localized nature of the
carriers. The off-resonance spectrum of the ZnO:Fe nanopar-
ticles is similar to that of ZnO showing a sharp peak at about
Eg~11 eV due to the Zn 3d states, as well as a broad fea-
ture at Ez~4-9 eV due to the O 2p band.* If the photon
energy is tuned to peak A (hv=708.5 eV), one can see a
feature at Ez~2 €V in the on-resonance spectrum [see Fig.
4(c)], indicating that the intensity of photoelectrons arising
from Fe* jons (the minority-spin state of Fe?* jons)®' is
enhanced. For the spectra excited by photon energies corre-
sponding to peaks B (hv=709.7 eV) and C (hv
=710.5 eV), one can see a broad structure around Ej
~3-8 eV [see Fig. 4(a)]. The spectral line shapes excited
by photon energies corresponding to B and C are similar to
each other, indicating that on-resonant spectral line shape
strongly depends on the valency of Fe ions rather than coor-
dination as anticipated. Features due to Fe L;M,sM,;s
Auger-electron emission are marked by vertical bars in Fig.
4(a). Since these features in the on-resonance spectra are
observed around Ez> ~8 eV, the enhanced features around
Ep~2-8 eV in our RPES spectra are not due to Auger
emission but is due to resonance photoemission. Indeed, the
line shape of the CIS spectrum (triangle) is similar to that of
the calculated Fe** XAS spectrum, while the other one
(circle) is to that of the Fe’* [see Fig. 6(a)]. To clarify the
electronic structure associated with the Fe 3d ion in each
valence state and crystallographic site in the ZnO:Fe nano-
particles, we have performed configuration-interaction
cluster-model calculations to deduce the Fe 3d PDOS of each
component.32’3 3

Figure 5 shows the Fe 3d PDOS (open circles) of the
ZnO:Fe nanoparticles, which has been obtained by subtract-
ing the off-resonance spectrum from the on-resonance ones
of Fe’*(0,), Fe**(T,), and Fe>*(T,), respectively. Calculated
spectra (solid curves) are also shown in the same figure.
Electronic structure parameters used in the calculations are
listed in Table 1. For the Fe** (T, and O, sites) ions in the
ZnO:Fe nanoparticles, the values of the on-site 3d-3d Cou-
lomb energy Uy, and the 3d-2p Coulomb energy U, on the
Fe ion have been taken from the literature on the photoemis-
sion study of Fe304,29 where Fe®* ions at the T, and O, sites
and Fe’* ions at the O, sites coexist. In addition to this,
based on the RPES results, we have chosen values for the
charge-transfer energy A of the Fe** (T, and O, sites) ions.
The electronic structure parameters (U,,, U, and A) of the
Fe?*(T,) ions were appropriately chosen to reproduce the
RPES result since there is no information in the literature
about the electronic structure parameters of the Fe?*(T))
ions. The A value of the Fe>*(T,) ions thus employed is large
compared to those of the Fe’*(T,) ions, consistent with the
systematic decrease in the A value as the ionic charge

J. Appl. Phys. 107, 033718 (2010)
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FIG. 5. (Color online) Differences between the on-resonance spectra taken
with photon energies marked by A, B and C in Fig. 4(a) and off-resonance
one corresponding to the PDOS of the Fe ion in each valence state and
crystallographic sites. Open circles represent experimental data and thin
solid curves indicate calculated spectra.

increases.™ The calculated spectra have been broadened with
a Gaussian having a full width at half maximum (FWHM) of
0.6 eV and with a Lorentzian having a FWHM of 0.2 eV. The
spectral line shapes of the calculated results agree with those
of experimental results, confirming the presence of the
Fe**(0,), Fe**(T,), and Fe>*(T,) ions.

Figures 6(a) and 6(b) show the Fe 2p-3d XAS and
XMCD spectra of the ZnO:Fe nanoparticles compared with
the calculated spectra of the Fe**(0,), Fe**(T,), and Fe**(T)
ions. The calculations have been made using parameters
listed in Table I. One observes shifts of the peaks in the XAS
and XMCD spectra for the three kinds of the Fe ions,
Fe’*(T,), Fe**(0,), and Fe>*(T,) ions. The center of gravity
of each spectrum is affected by Madelung energy, U,; and
U,. at the Fe site, whereas the peak position may be shifted
by crystal-field splitting.29 Therefore, both the coordination
and the valence state of the Fe ion affect the XAS and
XMCD peak positions. Thus, one can clearly distinguish be-
tween the valence and crystal-field of Fe ion [Fe’*(T),),
Fe’*(0,), and Fe**(T,)]. In Fig. 6(a), the weighted sum of
the calculated Fe**(0,: ~65%), Fe’*(T,:~15%), and
Fe?*(T,;: ~20%) XAS spectra shown at the bottom of panel
(a) approximately reproduces the measured XAS spectrum.
These ratios indicate that Fe ions are predominantly in the
Fe* state with mixture of a small amount of Fe?*. Since the
nanoparticles are expected to have a relatively thick (
~0.5-1 nm) surface region of the particles and large sur-
face area, the XAS and XMCD signals come mainly from
the shell (Fe**) region of the nanoparticles. In Fig. 6(b), the
weighted sum of the calculated Fe**(0,,: ~65%), Fe**(T:
~25%), and Fe**(T,;: ~10%) XMCD spectra shown at the
bottom of panel (b) approximately reproduces the measured
XMCD  spectrum. However, the feature around hv
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TABLE I. Electronic structure parameters for the ZnO:Fe nanoparticles used in the cluster-model calculations
in units of eV. The charge-transfer energy A, the on-site 3d-3d Coulomb energy U,,, and the 3d-2p Coulomb
energy U,. on the Fe ion, the hybridization strength between Fe 3d and O 2p pdo, and the crystal-field 10Dq.

A Uga Uye pdo 10Dg
Fe**(0,) 2.0 6.0 7.5 =32 0.9
Fe*(T,) 35 6.0 7.5 -1.7 -0.7
Fe2*(T,) 6.5 55 6.9 -13 07

~724 eV (2p;,) in the measured XMCD spectrum is
weaker than the calculated one, indicating that the orbital
magnetic moment due to the Fe ions in the ZnO:Fe nanopar-
ticles is not negligible.27 The sizable contribution of the or-
bital moment to the magnetic moment is a distinct trend of
nanoparticle systems.35 They have reported that the enhance-
ment of orbital magnetism is largely determined by the con-
tribution of surface atoms and the larger spin-orbit coupling
of the electrons at surface atoms in the nanoparticle can af-
fect the magnetic ordering in the nanoparticles.35

Figure 7(a) shows the Fe 2p-3d XMCD spectra of the
ZnO:Fe nanoparticles measured at various magnetic fields.
One can observe the XMCD intensity down to H~0.1 T, as
shown in Figs. 7(a) and 7(b), indicating that the ferromag-
netism in this sample is originated from the ionic Fe atoms.
The difference between the XMCD spectra at H~ 1 and 0.5
T reflects the paramagnetic (PM) components, as shown in
Fig. 7(c). From the line shape of the PM components ana-
lyzed with the cluster-model calculation, we conclude that
the paramagnetism in the ZnO:Fe nanoparticles is originated
from the Fe** ions (0,: ~75% and T,: ~25%) and contri-
butions from the Fe?* ions are negligible, consistent with the
proposal by Karmakar et al. 18 According to Ref. 18, the mag-
netization was saturated at quite high magnetizing fields (H
~12 T) in the SQUID measurements. Also, we note that
one can rule out the possibility of thermal-energy induced
spontaneous magnetization reversal which may happen in an
assembly of single-domain particles leading to superpara-
magnetic behavior.'® The ferromagnetic (FM) components
obtained by subtracting the PM components from the XMCD

T T T T T T T T T T
ZnO:Fe nano-particles ZnO:Fe nano-particles
(a) Fe 2p-3d XAS (b) Fe 2p-3d XMCD  H=1.0T
—_ Fe 2py, Fe2p,,
0 2
- £
g g
= 2
2 | Z
5 8
i —o— Fe’* (0)):65% | S "
i’:’ === Fe3* (T,): 15% 8_ A Ad
> Fe2" (T,):20% | 3
< —e— Fe¥* (0,): 65%
---- Fe¥ (T):25%
Fe2 (T,): 10%
1 1 1 1 1 1 1 1 1 1
710 720 730 710 720 730

Photon energy (eV) Photon energy (eV)

FIG. 6. (Color online) Fe 2p-3d XAS (a) and XMCD (b) spectra of the
ZnO:Fe nanoparticles compared with the calculated one using the cluster-
model. Calculated spectra of the Fe**(0,), Fe**(T,) and Fe**(T,) ions at the
bottom of each panel have been added to be compared with experiment.
Parameters used in the calculations (Table I) were obtained from the analy-
sis of the Fe 2p-3d RPES spectra.

spectrum at H~0.5 T is shown in Fig. 7(d). From the line-
shape analysis, we conclude that the FM components are
originated from both predominant Fe** and a small amount
of Fe?* ions, where the composition ratios of the Fe**(0,,),
Fe**(T,), and Fe?*(T,) are about ~60%, ~25%, and ~15%,
respectively. In Fig. 7(d), peaks due to the Fe** ions at the T
and O, sites occur in the opposite directions. This clearly
implies the presence of Fe**(T,;)—Fe**(0,) antiferromagnetic
coupling. Therefore, it is possible that this sample exhibits
“weak ferrimagnetism” due to the Fe’* ions occupying two
sets of nonequivalent positions (T, and O,, sites) in unequal
numbers and in antiparallel configurations so that there is a
net moment.*® That is, the ferromagnetism is mainly due to
the difference in the electron numbers between up and down
spins at T,(0,) and O,(T,) sites. In addition to this,
Fe?*—Fe?*, Fe**—Fe’* exchange interactions and Fe**—Fe?*
double exchange interaction are considered to exist.

From the experimental and cluster-model calculation re-
sults, we have estimated the relative abundance of the mag-
netically compensated (MC), FM, and PM components of
the Fe ions [Fe3*(0,), Fe**(T,), and Fe**(T,)], as shown in
Fig. 8. The MC components are considered to be originated

- T T T 1 lL.Sp———7———
(a) ZnO:Fe nano-particles (b) FeZp—SJdXMCD ‘
Z | Ry z
=) =l
: s 1f 1
o) )
& E
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Photon energy (eV) Magnetic field (T)
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(c)PM Fe3* (0,) : 15% (d) FM Fe3* (0,) : 60%
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FIG. 7. (Color online) Fe 2p-3d XMCD spectra of the ZnO:Fe nanopar-
ticles. (a) Fe 2p-3d XMCD spectra of the ZnO:Fe nanoparticles measured at
various magnetic fields. (b) Fe 2p-3d XMCD related magnetic moment as a
function of magnetic field, obtained using the XMCD sum rule. PM (c) and
FM (d) components obtained from the XMCD spectra at 1 and 0.5 T. Open
circles represent experimental data and thin solid curves indicate calculated
spectra.
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FIG. 8. (Color online) Relative abundance of the MC, FM, and PM com-
ponents of the Fe ions [Fe**(0,,), Fe**(T,), and Fe**(T,)] in the ZnO:Fe
nanoparticles.

from strongly antiferromagnetically coupled Fe ions and are
dominant in this sample. The PM components are due to the
uncoupled Fe** (T, and O, sites) ions and contributions from
the Fe?* ions are negligible. On the other hand, the FM com-
ponents are originated mainly from Fe** (T, and O,, sites) as
well as from a small amount of Fe**(T,) ions. Now, we dis-
cuss the origin of the Fe**(T,)-Fe**(0,) antiferromagnetic
coupling, which plays a leading role in the ferromagnetism
of this sample. One possibility is secondary phases such as
v-Fe,03, because the room temperature weak ferromag-
netism of y-Fe,05 is due to Fe’*(T,)-Fe**(0,) antiferro-
magnetic coupling.37 However, from the line-shape analysis
of the EPR spectlra,]8 the probability of large amounts of
secondary phase such as Fe,Oj; is expected to be very small.
In addition, recent experimental study38 has shown that for a
doping percentage of up to 10%, the ferrite formation prob-
ability is unlikely in this system. The other possibility is
surface-vacancy-induced ferromagnetism.18’39 We speculate
that the surface Zn vacancies and excess oxygen may create
the Fe**(T,) and Fe’*(0,) ions, respectively, and
Fe’*(T,)—Fe**(0,) antiferromagnetic coupling occurs. If Zn
vacancies, which dope the system with holes, are present
near Fe?*(T,) ions substituting Zn sites, the Fe**(T,) ions
will be converted to Fe3*(T,)."®*° This will occur mostly in
the surface region of the nanoparticles, where the probability
of the creation of vacancies is higher.18 Based on the earlier
theoretical study40 and XAS measurements’' of nanopar-
ticles, we suggest that the presence of the Fe’*(0,) ions is
due to excess oxygen at the surface of the nanoparticles.
According to the literature about the molecular dynamics
simulations of Fe,05 nanoparticles,40 to achieve local charge
neutrality, it is expected that oxygen atoms have a tendency
to concentrate on the surface of the ZnO:Fe nanoparticles. If
there are excess oxygen atoms, the Fe ions in the surface
region of the ZnO:Fe nanoparticles would be coordinated to
a larger number of oxygen atoms as if they were at the O,
sites. Indeed, Chen et al.*' have reported that Fe(T,) ions in
the surface region of Fe;0, nanoparticles have a tendency to
be converted to Fe(0,). Note that the presence of Fe(O,)
ions due to interstitial impurities has been excluded by EPR,
XRD, and Mossbauer measurements on the same sample.18

IV. SUMMARY

We have performed XPS, RPES, XAS, and XMCD mea-
surements on the ferromagnetic ZnO:Fe nanoparticles. The

J. Appl. Phys. 107, 033718 (2010)

XPS and RPES results suggest that the Fe ions are in mixed-
valence (Fe?* and Fe3*) states and the Fe* ions are dominant
in the surface region of the nanoparticles. XMCD signals due
to ferromagnetism and paramagnetism were observed at the
Fe 2p absorption edge. Based on the line-shape analysis of
the FM components using the cluster-model calculation, it is
found that the FM components mainly originated from both
predominant Fe** (T, and O, sites) and a small amount of
Fe?*(T,) ions, and it is likely that the room temperature fer-
romagnetism in the ZnO:Fe nanoparticles primarily origi-
nated from the Fe’*(7,)-Fe’*(0,) antiferromagnetic cou-
pling. From the line shape of the PM components analyzed
with the cluster-model calculation, we find that the PM com-
ponents are due to the Fe** ions (7, and O, sites) and con-
tributions from the Fe?* ions are negligible. The MC compo-
nents are due to the strongly antiferromagnetic coupled Fe
ions and are dominant in this sample. Considering that the
Fe** ions are dominant in the surface region of the nanopar-
ticles probed by Fe 3p-3d RPES and ferromagnetism in the
ZnO:Fe nanoparticles is primarily originated from the
Fe**(T,)—Fe**(0,) antiferromagnetic coupling, it is impor-
tant to consider the surface effects of the nanoparticles for
understanding of the ferromagnetism in the ZnO:Fe nanopar-
ticles.
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