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Local Co structure and ferromagnetism in ion-implanted Co-doped LiNbO;
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A ferromagnetic oxide Coy s(LiNb)( 9503_s was prepared by Co ion implantation into (104) LiNbO5 wafers.
Co is uniformly distributed to a depth of ~220 nm by implanting at three different energies and doses. Electron
energy loss spectroscopy and x-ray absorption near-edge structure (XANES) spectra reveal a solid solution of
cobalt in an implanted layer, where Co is not metallic but in the 2+ state. Furthermore, full multiple-scattering
ab initio calculations of Co XANES at the K edge clearly provide a structure fingerprint to determine Co
substitution at Li lattice sites rather than Nb. The Cogo5(LiNb)j¢503_s5 system exhibits room temperature
ferromagnetism of 1.3up/Co ion with an easy in-plane axis and a high Curie temperature of 710 K.
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Diluted magnetic semiconductors (DMSs) have received
much attention within the emerging field of spintronics.! By
employing some synthesis techniques, such as pulsed-laser
deposition,>® molecular beam epitaxy,* and magnetron
sputtering,’ a number of diluted magnetic systems have been
obtained.”® Ton implantation, which is known to introduce
species above the usual equilibrium solubility limit, provides
an alternative way to investigate DMSs.”!# Also, this tech-
nique is compatible with standard semiconductor processing.
However, the distribution and phase of the implanted ions
are critically influenced by the implantation parameter. Most
of the previous studies were performed by a single energy
and a certain ion dose, which lead to the Gaussian distribu-
tion of implanted ions.?~'3 The resulting magnetic properties
(i.e., ferromagnetism®'? and paramagnetism'?>!%) arising
from the high doping ions concentration or the low concen-
tration are ambiguous. It is hence of importance to achieve
uniform doping ions distribution by a series of designed en-
ergies and the corresponding doses of ion implantation.'*

LiNbO; (LNO) has been selected as a host of magnetic
oxides in this work for two reasons. First, LNO is a ferro-
electric crystal which is of particular interest for photorefrac-
tive devices, optical waveguide, and surface acoustic wave
filters.'>!° Taking into account of ferromagnetism intro-
duced by Co ion implantation, it could exhibit promising
multiferroic properties, similar to BiFeO;.?° Second, previ-
ous works revealed that impurities had an important effect on
the electro-optic properties of LNO.'6"!° To fully understand
the optical modifications introduced by the impurities, their
lattice locations were characterized by several methods, such
as electron spin resonance,'®!” extended x-ray-absorption
fine-structure,'®!® and Rutherford-back scattering.?! These
measurements indicate that the lattice location of transition-
metal (e.g., Mn, Fe, Ni) and rare-earth ions (e.g., Eu) show
trigonal C; symmetry and favor a particular site, i.e., Fe is
most likely to site in a Li position.'® Nevertheless the deter-
mination of the local geometry of impurities is generally
hindered by both Li and NbD sites that lie on a threefold axis
and by other special reasons such as the radii of Li* and Nb>*
are very close to each other.'®!” Clearly, there is a pressing
need for an in-depth reality check of the previous concepts
and a more accurate method to elucidate the hyperfine struc-
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ture. The X-ray absorption near-edge structure (XANES) is
currently of great interest due to its promise of providing
local chemical information in complex materials and it is
sensitive to subtle differences of local arrangement.”?> More
importantly, the XANES spectrum and its interpretation are
intimately related to ground-state electronic structure,??*
which is of help for better elucidation of the impurities sub-
stitution at Li (15*2s') or Nb (4d*5s").

(104) LNO wafers were implanted with a combination of
Co jons to 1.3 X 10' cm™2 at 300 keV, 0.54 X 10'° cm™2 at
110 keV, and 0.19X 10'° cm™2 at 30 keV, which is calcu-
lated by TRIM (transport and range of ions through matter)
beforehand. During implantation, no special heating or cool-
ing was provided to the sample holder (Cu foil). High reso-
lution transmission electron microscopy (HRTEM) imaging,
selected area electron diffraction (SAD), energy dispersive
spectrometer (EDS), and electron energy loss spectroscopy
(EELS) were used to study the structural characteristics. Co
K-edge XANES spectra were measured in the fluorescence
mode using synchrotron radiation with Si(111) double crys-
tal monochromator at the beam line 4W1B of the Beijing
Synchrotron Radiation Facility (BSRF). The storage ring
worked at a typical energy of 2.2 GeV with an electron cur-
rent of ~100 mA. The spectra were scanned in the range of
7.5-8.0 keV with steps of 0.5 eV and an energy resolution
of 1.5 eV. Common background subtraction was employed
in the data reduction and the data were normalized and cali-
brated to the edge of the Co metal foil. Magnetization studies
were carried out using a superconducting quantum interfer-
ence device (SQUID) magnetometer in the temperature
range of 5-350 K. High temperature magnetization (300
< T<750 K) was recorded using a vibrating sample magne-
tometer (VSM).

Co K-edge XANES spectra have been simulated via the
full multiple-scattering (MS) theory using the ab initio self-
consistent free energy force field (FEFF) 8.2 code with two
complementary modes: MS scattering and path analysis by
examination of only the most important scattering paths.??
Within the FEFF code, exchange parameters were adjusted to
correct for any offset in the calculated Fermi energy level,
generally a negative shift of 3 eV. For the exchange-
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FIG. 1. (a) The HRTEM imaging of the

Coy 05(LiNDb)( 9503_s/LNO cross section shows the interface (white

arrow) of the implanted layer and the wafer. Upper inset: The SAD

pattern of the LNO wafer. Lower inset: The SAD pattern of a Co-

implanted LNO layer. (b) The low magnification imaging of the

cross-section specimens of the Co:LNO layer (gray) on the LNO

wafer (dark gray). (c) The cross-sectional EDS. (d) The EELS show
the Co L, 3 of the Co-implanted LNO.

correlation part of the potential, we have used the energy-
and position-dependent optical Hedin-Lundqvist potential
with a muffin-tin radii overlap of 10% between contiguous
spheres to simulate the atomic bond. These conditions have
been found to produce good potentials for an accurate
XANES calculation of complex transition metal oxides.?>>*

The typical HRTEM imaging of the
Coypg5(LiND) 9503_s/LNO  cross-sectional specimen is
shown in Fig. 1(a). There is no observation for the presence
of Co metal (above 6 at. %) or Co-rich clusters in the overall
of the implanted layer. From the upper inset of Fig. 1(a), one
can see that the unimplanted LNO wafer is a single crystal. It
is noted that ion implantation results in the structure transi-
tion of the implanted layer, i.e., polycrystalline structure, as
shown in the lower inset of Fig. 1(a). This phenomenon in-
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FIG. 2. Co K-edge XANES spectra for Co-implanted LNO with
reference samples: Co metal and CoO.

dicates that the implantation process leads to the presence of
structural defects. Figure 1(b) is the low magnification imag-
ing of the cross-section implanted layer/wafer, revealing the
uniform image of the implanted layer. EDS data taken at a
number of locations throughout the specimens reveal a solid
solution of Co dissolved in LNO with Co concentrations
ranging from 4.4-5.3 at. %. As shown in Fig. 1(c), the
cross-sectional EDS data shows that Co is uniformly distrib-
uted to a depth of ~220 nm with an average concentration of
~5 at. %. EELS were employed to probe the bonding char-
acteristics. The EELS in Fig. 1(d) depicts the L, ; edge. Ow-
ing to the small concentration of the Co present in the film,
the signal-to-noise ratio is small. Using Gauss peak fitting, a
mixed valence state (2+ and 3+) of Co is found in the
sample.® No significant variations are observed in EELS
while performing line scans which indicate a homogeneous
distribution of Co ions in the lattice.

Both Co?* ions incorporating into the LNO lattice and
CoO clusters may contribute to the Co?* state in EELS re-
sults. In order to clarify the origin of the Co®* state and infer
something about the local structure, we have employed a Co
K-edge XANES, which is much more sensitive to the local
structure than a Co L-edge XANES.’ Co K-edge XANES
spectra from the Co:LNO and various reference materials
(Co metal, CoO) are shown in Fig. 2. The plateau at E—E|,
=3 eV (E;=7708.8 eV) in the Co metal spectrum is unique
to Co” and can be effectively used to determine the presence
of Co metal, as marked in Fig. 2. This plateau is different
from the weak pre-edge resonance observed at E—E;=0 eV
of the Co:LNO spectrum, which is not due to small quanti-
ties of Co?, but rather to a 1s to 3d transition which is strictly
dipole forbidden, but partially allowed when Co 3d and O 2p
character in the first unoccupied state in the conduction
band.>!? Besides, the absorption edge of the Co metal is a
poor match to the Co:LNO due to the much lower threshold
energy corresponding to the Co® state. Furthermore, an ob-
vious difference of the XANES spectra between Co:LNO
and CoO indicates that in a Co:LNO layer Co is not in the
CoO form. From this comparison of a Co K-edge spectrum,
we demonstrate that there is no evidence of Co metal and
CoO throughout the implanted layer and Co** solutes into
the LNO lattice.

The qualitative analysis of XANES spectra is sufficient to

172412-2



BRIEF REPORTS

(a) Experiment

(b) Co at Li site

Absorption (arb. units)

(c) Co at Nb site

0 10 20 30 40 50
E-E, (eV)
FIG. 3. (a) Co K-edge XANES spectrum for Co-implanted
LNO. The MS calculations of the Co K-edge XANES spectra in (b)
and (c) for center Co replacing Li and Nb sites, respectively.

explain the state of Co in LNO; it is, however, not sufficient
to confirm the local geometry of Co?*. Fortunately, the near-
edge fine structures of the K-edge absorption spectra are the
fingerprints of the local geometry around the absorbing atom,
since it is driven by multiple correlation functions beyond
the mere pair one.?? The experimental Co K-edge XANES of
Co-implanted LNO is compared in Fig. 3 with the ab initio
calculated XANES using full MS theory. Figure 3(b) shows
the calculated XANES spectrum of a Co atom replacing cen-
tral Li. This is produced by a finite large cluster which con-
tains 203 atoms within a radius of an 8 A sphere from the
central Co atom. The most interesting result here is the cal-
culated spectrum displays three main features accurately rep-
licating those of an experimental XANES spectrum, denoted
by A, B, and C in order of increasing photon energy. In
contrast to a Co atom substituting for central Li, we use a
different atomic arrangement for the XANES spectrum in
Fig. 3(c), i.e., Co substitution at central Nb. This spectrum
corresponds to a cluster which contains 197 atoms within a
radius of an 8 A sphere from the central Co atom. One can
see that the two main peaks at E—E)=18.4 eV and E-E,
=33.6 eV are very clearly different from the three features in
Figs. 3(a) and 3(b). Therefore, it is concluded that the Co**
in LNO lies in a well-defined lattice position: the Li* lattice
sites rather than Nb>*. In addition, the XANES analysis con-
firms that the Co is surrounded by a distorted octahedral
configuration, which is composed of two trigonal
subshells.!”!8

In general, the ferromagnet should have a high Curie tem-
perature (7) above 500 K so that it can be used in a wide
range of applications without temperature control.>> Figure
4 presents the ferromagnetic behavior of Co:LNO recorded
by a SQUID magnetometer for 5<7'<<350 K and a VSM for
300<T<750 K. As seen from this normalized (M;/M5 )
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FIG. 4. The normalized (My/Msyg) M-T curve of
Cog 05(LiND)(95s03_s The inset is the magnetic hysteresis loops at
300 K with the magnetizing field parallel (//) and perpendicular (L)
to the implanted layer.

magnetization versus temperature (7) curve, the higher tem-
perature (>300 K) magnetization shows a non-Brillouin-like
behavior.3 More interestingly, the Co:LNO system shows a
high T~ of ~710 K. The inset of Fig. 4 shows magnetic
hysteresis loops of Co:LNO measured at 300 K in a mag-
netic field (H) up to 10 kOe in a parallel direction and
18 kOe in a perpendicular direction to the implanted layer. It
is useful to mention here that the magnetic properties of the
unimplanted LNO and the sample holder are measured first
with diamagnetlike magnetization, which are subtracted au-
tomatically by a computer during the measurement of
Co:LNO. From the figure, one sees that the doping LNO
show an in-plane easy axis of magnetization. Moreover, the
magnetic moment is rather robust of 1.3 up/Co-ion to the
presence of structural defects, and parallel direction satura-
tion magnetization is attained at 5 kOe with a coercive field
at 660 Oe. Similarities to magnetic ordering were observed
at temperature =250 K in three perovskites, BaTiO;,
SrTiO3, and KTaOz when doped with Mn or Co by direct ion
implantation. %26

The magnetism can be explained by the interaction be-
tween bound magnetic polarons (BMP) in the case of either
low carrier density or equivalently, strong carrier
localization.®?> As indicated by the calculation of a XANES,
the Co is mainly substitutional at Li sites, and HRTEM re-
sults show that the nonequilibrium process of ion implanta-
tion makes it possible that defects in the implanted layer are
located throughout the lattice at arbitrary distances with re-
spect to Co sites. According to Ref. 27, a donor spin of the
defect strongly correlates with Co®* within its orbit and can
mediate effective interactions between them based on a
Heisenberg exchange Hamiltonian. Consequently, the donors
try to shape the BMP, coupling Co®* within their orbits. Fur-
thermore, the orbits tend to sufficiently spread out to overlap
and interact with adjacent BMP to realize magnetic
ordering.?® In addition, in terms of the BMP mechanism, TC
of dilute ferromagnetic oxides is described by

Te=[(S+ 1)s>x /3120, (r 1ro) kg, (1)

where S and s are the spin of the Co** and the donor, respec-
tively, x is the doping concentration, & is the donor concen-

172412-3



BRIEF REPORTS

tration, J;; is the s-d exchange parameter, f, is the oxygen
packing fraction for the oxide (LiNbO5), %/ is the effective
cation radius, and kj is the Boltzmann’s parameter. Using the
parameters in the present case: S=3/2, s=1/2, x=0.05, J;;
=3.8 eV, f,=0.6, 6=0.01, r'=0.20 nm, ry=0.14 nm;>>>
the To given by Eq. (1) is then roughly estimated to be
786 K, which is close to the experimental results of 710 K.

It is well known that the LNO crystals show strong room
temperature spontaneous polarization of 70 uC/cm?, and fer-
roelectricity of LNO crystals can exist up to very high ferro-
electric transition temperature 7 of 1483 K.!5 On the other
hand, a high ferromagnetic Curie temperature 7. of 710 K
are observed in Co:LNO. Accordingly, ferromagnetism and
ferroelectricity may coexist in the present Co-implanted
LNO system, similarly to the known multiferroic materials
(e.g., BiFeOj3), possess promising ferromagnetic, ferroelec-
tric properties, and a coupling between them.?>?8 More de-
tailed work on the multiferroic properties of Co-implanted
LNO with and without post-implant annealing is now in
progress and will be reported separately.

In summary, employing the designed ion implantation, we
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have prepared a ferromagnetic oxide Co-doped LNO, where
Co?* is uniformly distributed to a depth of ~220 nm. Using
complementary characterization and full multiple-scattering
ab initio calculations of Co K-edge XANES spectra we un-
ambiguously provide a structure fingerprint that Co** re-
places Li* rather than Nb>*. High temperature ferromag-
netism (T-~710 K) and rather robust ferromagnetism of
1.3 up/Co with an easy in-plane axis are observed in Co-
implanted LNO. Ferromagnetism with a high T is realized
in LNO which is already a material of great interest to ap-
plication for ferroelectric devices, photorefractive devices,
and surface acoustic wave filters. This may offer new ap-
proaches to the design of multifunctional ferromagnetic ox-
ide that would facilitate the fabrication of new components
in spintronic devices.
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