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Cobalt-doped vanadium oxide thin layers prepared by pulsed laser ablation are
investigated from the following points of view: (1) the chemical states by X-ray
photoelectron spectroscopy (XPS), (2) the local atomic order by X-ray absorption
fine structure at both vanadium and cobalt K-edges, (3) the morphology of the
films by atomic force microscopy (AFM) and (4) the magnetic properties by
magneto-optical Kerr effect (MOKE). The chemical composition of the host
matrix was found to be close to VO, at the sample surface, with V,O; in the bulk.
Co ions are found near the surface in high ionisation states Co*" (for the samples
synthesised in a high vacuum condition, denoted by VOI), or with Co“ 9%
(for the samples synthesised in an oxygen atmosphere, denoted by VO2),
whereas in the bulk, Co'>* is obtained for VO1 and Co** is obtained for VO2.
The AFM revealed nanoparticles with sizes 10-25 nm for VO1 samples, whereas a
few bigger nanoparticles are observed for VO2 samples. The VOI1 samples
presented high coercitive fields with a relatively low saturation magnetisation at
room temperature, superposed with a superparamagnetic component attributed
to the observed nanoparticles, whereas the VO2 samples presented double-loop
hysteresis curves, indicating the co-existence of two kinds of magnetic moieties
with antiparallel coupling at zero applied field. The proposed two magnetic
phases are Co-doped V,0; and VO,.

Keywords: vanadium oxide; pulsed laser deposition; X-ray photoelectron spec-
troscopy; X-ray absorption fine structure; atomic force microscopy; magnetic
properties

1. Introduction

The synthesis of diluted magnetic semiconductors (DMS) is amongst the outstanding
results of the past two decades in materials physics [1,2]. During recent years (2003—-2008),
DMS were successfully synthesised based on the (nonmagnetic) transition metal oxides
(ZnO, TiO;) doped with magnetic ions (Cr—Ni).
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In DMS, magnetic ordering is produced between isolated magnetic ions either (1) via
the double exchange or RKKY interaction [3], where the interaction between magnetic
ions is mediated by the charge carriers from the matrix or (2) by shallow donor electrons
that form bound magnetic polarons, which overlap to create a spin-split impurity band [4].
Hence, the possibility of controlling magnetic ordering via the density of the charge
carriers is provided by these systems. A wide range of applications may be foreseen
starting with this phenomenon, such as induced ferromagnetism by light irradiation [1],
DMS-based spintronic devices [2], ferromagnetism control via applied electric fields [5],
and the possibility of domain wall displacement by varying the charge density [6]. A novel
application was demonstrated in the possibility of ferromagnetic ordering by molecular
adsorption at surfaces [7], using the carriers donated by molecular species for mediating
ferromagnetism by double exchange.

This article deals with investigating the possibility of the synthesis of materials where
magnetic ions are isolated in matrices which exhibit Mott-Hubbard metal-insulator
transition (MIT) [8]. In this study, the chosen host materials are vanadium oxides,
where MIT can be achieved at temperatures interesting for applications, in the range
of 330-340K for VO, and 150-160K for V,03 [9,10]. This transition temperature may
also be tuned by varying the relative vanadium—oxygen composition ratio. Recently,
ultrafast light-induced MIT transitions were reported in VO, thin layers [11]. Also, the first
explorations revealed interesting magnetic properties, such as uniaxial magnetic
anisotropy, or persistent orbital currents on materials starting with doped vanadium
oxide [12]. The practical realisation of such materials would open the controlling
possibilities of the occurrence of ferromagnetic ordering through the strong variation of
charge density following the Mott-Hubbard transition from the insulating to the metal
state. Also, according to Ref. [11], one might expect that such a transition may be very fast,
therefore offering the possibility of ultrafast magnetic switches with a wide range of
technological applications.

2. Experimental

The materials were synthesised by pulsed laser deposition (PLD) in the National Institute
of Lasers, Plasma and Radiation Physics, Magurele. The targets were prepared by
sintering a mixture of vanadium oxide (VO,) and cobalt in various proportions. The PLD
was performed by using an excimer laser (KrF) at the value of 9J/cm?, in a controlled
atmosphere: (1) in vacuum (107> mbar=10"*Pa) and (2) in an oxygen atmosphere
(from 10> mbar~10"'Pa to 10~ 'mbar~10Pa). The depositions were realised on a
single crystal Si(00 1) and quartz SiO»(00 1). The substrates were heated during deposition
in order to improve crystallinity and to avoid the formation of macroscopic droplets.
The sample thicknesses were 1 pm (£8%), as determined from the number of laser pulses.
The system is calibrated periodically by profilometric measurements, so as to determine
the equivalent thickness corresponding, in average, to a given number of pulses.

The X-ray photoelectron spectroscopy (XPS) was performed by using a VG-ESCA
MK II installation (upgraded with a Specs X-ray gun and electron flood gun and with a
Pfeiffer quadrupole mass spectrometer) in the National Institute of Materials Physics
(NIMP), Magurele. The X-ray gun was operated with Al K, radiation (1486.7¢V). The
photoelectrons were detected using a hemispherical electron analyser with 100 mm radius
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operating at a pass energy of 100eV for survey spectra and at 50¢V for individual
core level spectra. The samples were not sputtered to remove the contamination layer
prior to measurements as it was demonstrated that sputtering affects the stoichiometry
of the samples (the samples are oxygen depleted) [13] and this point is crucial for our
investigations.

Magneto-optical Kerr effect (MOKE) measurements at room temperature were
performed in NIMP Magurele by using a AMACC Anderberg & Modéer Accelerator
MiniMOKE system with He—Ne laser radiation. The X-ray absorption fine structure
(XAFS: extended X-ray absorption fine structure EXAFS and X-ray absorption near-edge
structure XANES) measurements were performed at the Doris storage ring facility
in Hasylab, Hamburg, Germany (Al beamline), by using a Si(111) double crystal
monochromator. The measurements on Co-doped vanadium oxide thin layers were
performed in fluorescence mode by using a Si—Li detector and selecting the channels
corresponding to the fluorescent radiation of interest (Co or V K,). For consistent
data interpretation, standards of metallic Co and V, of Co(IT)O and of vanadium oxides:
V5,05, VO,, V,0;5 (Aldrich) were measured in the same run, in the transmission mode
on a Spum Co foil for the metal and of pressed pellets of powders mixed with cellulose
for the oxides. The atomic force microscopy (AFM) was performed in the University of
Iasi by using home-made equipment, operating in tapping mode.

3. Results and discussion

Although several investigations were performed, we mainly discuss the differences
presented by the samples prepared in high vacuum conditions (10> mbar ~ 107> Pa) and
in an oxygen atmosphere (oxygen pressure of 107> mbara0.1Pa), with a nominal Co
concentration of 10% in the target. All the samples discussed here were deposited on the
substrate held at 450°C.

3.1. X-ray photoelectron spectroscopy

Figure 1 presents the survey of XPS spectra on two samples (VOI, synthesised at
10> mbar and VO2, prepared at 10> mbar). One notices the presence of V, O and Co
photoelectron and Auger electron signals and of carbon contamination from the inherent
contamination layer. A first observation is that the carbon contamination visibly decreases
when the synthesis is performed in an oxygen atmosphere; at the same time, in this case,
the Co 2p, V 2p and O s signals show a noticeable increase.

One also observes the presence of Cu and, for the VO1 sample, of Zn. This is connected
to the copper or brass plates on which the samples were mounted. The most intriguing
result here is the presence of the N 1s level in both samples. Usually, this level does not
come from the contamination layer. Therefore, it may be inferred that in this case nitrogen
is present in the sample itself, integrated by the sputtering procedure as a possible
contaminant of the gas inlet. The integral amplitude of this level is 4.5+£0.5% from the
oxygen level. Therefore, the synthesised samples are nitrogen doped from the very moment
of preparation.

Figure 2 presents the V 2p and O 1s core level electron distribution curves (EDC).
The spectra were deconvoluted by using the Voigt profiles accounting for the Lorentzian



11:10 15 January 2011

Downl oaded At:

512 C.M. Teodorescu et al.

{0 W U T W N W U W T W T 0
100x10°
VO,:Co, 10%:
—— VO1, 107 mbar
80
m
o
S 60
2
‘B
c
&
=
v 40—
o
>
20 —
T T e N T e T o o SR
0 200 400 600 800 1000 1200

Binding energy (eV)

Figure 1. Survey XPS scan of the two samples VOI and VO2, synthesised at different values of the
oxygen pressure.

widths, which originate from (1): the natural width of the X-ray excitation line and (2):
from the inner-level core hole width — and form a Gaussian width, assumed to originate
from the electron energy analyser. The analytical approximation used is taken from
Ref. [14]. A Voigt profile obtained from the convolution of a Lorentzian line shape with
full width at half maximum (FWHM) W} and of a Gaussian line shape with FWHM Wg
will be denoted by F(Wy, Wg, x). Each core level also has an associated background due
to the inelastic scattering processes of the photoelectrons. This background is simulated
with an integral (primitive of the Voigt function) of step unity P(Wi, Wg,x)=
ffoo F(Wy, Wg, x')dx’, which is also parameterised in Ref. [13]. Hence, each core level
situated at the binding energy, BE, is simulated by a combination of the Voigt profile and
its integral G(Wy, W, BE,IB; x) = F(W, Wg,x —BE)+ 1B x P(W, Wg, x — BE), where
IB represents the inelastic background coefficient. The use of separate inelastic
background coefficients for different core levels allows one to investigate whether the
atoms responsible for the respective components are situated in the bulk or at the sample
surface (in the latter case IB yielding a very low value), as was reported the first time
in Ref. [15]. A correct deconvolution is obtained by using only one doublet for the V 2p
level (2p3, and 2p, > core levels, separated by the spin-orbit splitting SO (V 2p), whose
amplitude ratio is called the ‘branching ratio’, BR) and two singlets for the O 1s level,
which are apparent also from the asymmetry of the O 1s lineshape (Figure 2). The origin
of these two components is straightforward: the lower binding energy component
(530.6-530.7¢V) represents oxygen from the bulk of the sample, whereas the higher
binding energy component (532.3-532.5eV) corresponds to the oxygen from the
outermost contamination layer in C=0, C-OH, etc. [16]. Also, we allowed a considerable
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Figure 2. V 2p and O 1s EDC on samples VO1 (a) and VO2 (b), together with deconvolutions using
Voigt profiles for the XPS lines and Voigt integrals for the inelastic backgrounds.
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increased value of the Gaussian width for the contamination component, to account for
the variety of chemical states of surface oxygen from the contamination layer. At the same
time, at the V 2p doublet, the same Gaussian width was used for both components (being
also the same as for the O ls component, since it is mainly related to the electron energy
analyser), but we allowed an increased value of the Lorentzian width for the 2p;)
component, compared with the 2p;,, component. The origin of the increased width of the
higher binding energy component is the shortening of the lifetime of the core hole (denoted
asZp1 2) due to the opening of Coster-Kronig de-excitation channels (2p;} I 2[);/2—) 2pip2
2p3/2 v ie. the 2pi); hole is filled by a 2ps, electron and the excess energy is taken by a
valence electron v escaping in a final free state /) [15].

The deconvolution problem is further complicated by the intermixing of the O 1s
satellites due to the excitation with Al K34 in the V 2p region. This satellite is simulated
by fitting the O 1s components with the same parameters, however, energy shifted by the
amounts AE(D ~9.5-9.8eV and AE® ~11.5-11.8 eV towards lower binding energies and
multiplied by a factor p. Globally, the total fitting function is written as

Fityps(¢; x) = Vap(c; x) + OP8(C; x) + O (¢; x) + O (¢; x) + b+ s x x (1)

with ¢ being the vector of fitting coefficients, b the baseline and s an admitted small slope
of the spectrum. The separate components are written as:

IA(V2p)
BR(772p) + 1
x BE(V2p32). IB(V2p): x] + G[WL(V2p1.2). Wa(V2p + Ols). )
x BE(V2p32) + SO(V2p), IB(V2p); x|}

Va(c; x) = {BR(V2p) x G[WL(V2p3)2), W(V2p + Olspui),

Okl);llk(z'Q X) = IA(Olsbulk) X G[ WL(Olsbulk+surface)a WG( 12p + 01 Sbulk):

3)
X BE(OLspui), IB(O Lspuik); x]
Oiﬁrface(a x) = IA(Olssurfacc) X G[ WL(Olsbu1k+surfacc)a WG(Olssurfacc)s (4)
x BE(O1ssurface)s IB(Olssurface)§ x]
Osatellite(z__ x) Obulk ( AE(])) surf&ce( E(])
Is ; px |07 e x— +0 x—A
| ORIN@ x = AEP) + ORros(e; x - AE‘EU} )
3 .

In the last equations, IAs represent integral amplitudes of the 2p doublet or ls
individual lines. The fixed parameters were the branching ratio between the V 2p levels
BR(V 2p)=2 and also the energy difference between the two satellite components of the
O ls: AE® —AED =2.0eV. In total, there were 19 fitting parameters. Seventeen of
these fitting parameters are listed in Table 1, the remaining two being the baseline » and
the slope s, without physical significance. The separate components resulting from
Equations (2)—(5) are also represented in Figure 2. One immediate result was that the
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Sample Units VOI1 vVO2
Fitting parameter

BE (V 2p3)) eV 517.583 £0.005 517.61 +£0.005
1A (V 2p) keps x eV 3495+0.12 37.65+0.13
SO (V 2p) eV 7.37£0.007 7.35£0.009
Wi (V 2psp) eV 1.154£0.09 0.89 +£0.08
Wy (V 2pi)2) eV 2.27+0.21 2.03+0.19
Ws (V2p+ 0 Lspux) eV 1.68 £0.18 1.63+£0.18
1B (V 2p) 0.01evV~! 49+£0.2 52+0.3
BE (O 1spuix) eV 530.73 +£0.004 530.64 +0.004
IA (O 1spux) keps x eV 23.96 £0.09 26.12+0.11
IB (O 1spui) 0.01evV™! 11.34+0.8 12.0+0.9
Wy (O 1Sbulk+surfuce) eV 0.65+£0.02 0.624+0.02
BE (O 1Sgurface) eV 532.544+0.01 532.34+£0.01
IA (O 1Sgurface) keps x eV 24.59£0.11 30.83+0.15
IB (O 1Sgurface) 0.01ev~! 0(<107%) 0 (<107%)
Wa (O 1ssurface) eV 2.64+0.03 2.86+£0.05
AE; (O 1s satellite) eV 9.55+£0.06 9.62£0.06
P (O ls satellite) % 6.14+0.24 6.71+£0.28
Co 2p estimate (without fitting)

BE (Co 2p3)») eV ~782.1 ~782.0
IA (Co 2ps)0) keps x eV ~3.2 ~6.3
FWHM (Co 2p3)») eV ~4.70 ~4.62

IB (Co 2p3)») 0.0leV ~9 ~6

Notes: For Co 2p, we only give an estimate, without deconvolution. BE represents binding energies,
IA the integral peak amplitudes, SO the spin-orbit splitting of the V 2p3,,—2p, » the core levels, IB the
inelastic background ratio. W, the Lorentzian FWHM from the Voigt profile and W the Gaussian
FWHM. For the Co 2p, we estimated only the total FWHM from the raw data. Also, the parameters
used for the satellite contribution from the O ls (AE; and p) are given. See Equation (1) for the
significance of all parameters.

second component in the oxygen ls spectrum has a very low inelastic background.
Therefore, oxygen atoms located at the surface (the contamination layer) are responsible
for this component, as expected and as reported previously for titanium dioxide samples
[15]. The quality of the fitting is good enough; errors in the determination of parameters
are determined by performing many (~several hundred) fittings with randomly input
parameters and by measuring the spreading of the resulting values for the parameters.

In order to derive the vanadium ionisation states, we have also performed a complete
analysis of the reported data in the literature.

Figure 3 shows the analysis of the V 2p data from different vanadium oxides, as
vanadium exist in several oxidation states, from (II) to (V). The data are extracted from
Ref. [17]. We also added data for vanadium metal, also from Ref. [17]. By comparing
these data with the experimental BE derived from the deconvolutions presented in Figure 2
and synthesised in Table 1, one may infer the presence of vanadium in a (45) ionisation
state, therefore by forming the compound V,Os. This result is a bit deceiving, since
this compound does not present a Mott-Hubbard transition at a convenient temperature.
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Figure 3. V 2p and O 1s EDC on several vanadium oxides: (a) XPS data; (b) dependence of the
derived V 2ps), binding energy on the vanadium ionisation state. The fit is an empirical exponential
function.

There are, however, two comments worth pointing out (1) the (+4) state cannot be
precluded, since its BE for vanadium core levels (517.45¢eV) is close enough to its value for
(+5) (517.69eV) and (2) we may also anticipate that this conclusion is valid for the
uppermost ~15-20 A from the sample surface, owing to the photoelectron inelastic mean
free path [18].

Figure 4(a) presents the Co 2p EDC for both samples. Figure 4(b) synthesises the
existing data for the Co 2p;), binding energy from the literature for cobalt metal [19] and
for cobalt in various stable oxides: CoO [20], Cosz04 [21], C0,05 [22]. The existing data
were fit with a straight line, which was extrapolated for the higher binding energies
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Figure 4. (a) Co 2p EDC for VOI and VO2; (b) Co 2ps), binding energy dependence on the cobalt
ionisation state — data from Refs. [18-21]. This dependence was empirically fitted by a straight line.

observed in the measured spectra. This allows one to infer that in our cobalt-doped
vanadium oxides, cobalt is found in an ionisation state close to (4+4): more precisely, we
obtain Co** for VOI and Co™**3* for VO2. Hence, the cobalt ionisation state seems to be
a bit lower when the sample is prepared in an oxygen atmosphere.
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The core-level integral intensities, analysed by using the atomic sensitivity factors
(ASF) tabulated by Wagner et al. [23] (ASF =0.66 for O 1s, 0.42 for N 1s, 1.95 for V 2p
and 2.5 for Co 2p3)»), enabled us to infer the nominal composition (atomic ratios Co:V:O)
of (1.28:17.92:36.30) for sample VOI (107> Pa) and of (2.52:19.31:39.57) for sample VO2
(0.1 Pa). Consequently, the compounds close to (Co,V;_,)O0,_s (with x~ 7% and §~ 11%
for VO1 and x~12%, §~19% for VO2) are obtained from the intensity analysis. This
questions the previous assumption that a compound close to V,Os is obtained, as derived
from binding energy considerations. On the other hand, from Figure 3(b) it follows that
the 2p3, BE in VO, and in V,Os are nearly the same and so globally we might infer that
the samples are VO, doped with cobalt, with a slight oxygen deficit of oxygen atoms which
could be substituted by nitrogen. From the survey of XPS scans, the nitrogen atomic
content may be estimated to be 7.1 +0.8% when taking into account the atomic sensitivity
factors. We may then conclude that there is a good agreement between the binding energy
and the line intensity determination of the chemical state.

However, it is worth noting that the presence of oxygen vacancies may favour the
occurrence of ferromagnetism, via the mechanisms discussed in Ref. [4].

3.2. X-ray absorption near-edge spectroscopy

Figure 5(a) presents the V K-edge XANES on the three oxides investigated: V,03, VO,
and V,0s, whereas Figure 5(b) presents the V K-edge XANES on the PLD-prepared
samples VOI and VO2. From the analysis of the pre-edge region, where dipole forbidden
transitions ls— 3d manifest [24], one derives the average number of 3d vacancies and
hence the vanadium oxidation state. From Figure 5(a) and (b), different ionisation states
may be inferred for vanadium, namely (+3) for VOI and around (+3.5) for VO2, which
corresponds to vanadium (III) or V,O; for sample VOI1 and to something like V405
for sample VO2. Nevertheless, both compositions are between V,03 and VO,, which are
the compounds exhibiting MIT. The latter compound could also be described as a kind
of mixture, such as (2 x VO,+ V,03) or (3 x VO,+ VO). A compound similar to VO
(i.e. V(1)) is actually identified in the vanadium native oxide on surfaces in a vacuum
(Figure 3) and was recently noted for thin films prepared by using a plasma atomisation
source [25].

Therefore, the oxygen deficit § defined when the XPS data were discussed the results
larger from XANES than from the XPS data analysis, especially for VO1: § ~ 0.5 for VOI
(instead of 0.11); for VO2, the XANES data are more in agreement with the XPS data:
§~0.25 from XANES and 0.19 from XPS. Here one has to take into account that the
investigated depth is around 1-2 nm in XPS owing to the photoelectron escape depth [18].
Whereas in X-ray absorption recorded in fluorescence mode, the investigated depth is
in several hundreds of nanometre (up to the micrometre range). Therefore, although at the
surface a compound close to vanadium dioxide (V,04=VO,) is formed, by varying the
oxygen pressure one may succeed in synthesising vanadium oxides with V in the lower
ionisation states, such as mostly vanadium sesquioxide, V,O3; or V4,07, compounds
susceptible to exhibiting a Mott—Hubbard transition at temperatures close to or even
below the room temperature.

The Co K-edge XANES is represented in Figure 5(c). The Co spectrum is not similar
to that of the cobalt (II) oxide. However, one may derive the cobalt ionisation state by
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Figure 5. K-edge X-ray absorption near-edge structure (XANES): (a) vanadium K-edge spectra
recorded on standard powders of V,0s, VO, and V,03; (b) vanadium K-edge spectra recorded on
Co-doped vanadium oxide prepared by PLD; (c) cobalt K-edge spectra on the Co-doped vanadium
oxides, compared with the spectrum of standard Co(II) oxide.

assuming that the pre-edge peak (1s— 3d transitions [24]) is proportional to the average
number of 3d vacancies. By computing the integral of this pre-edge peak and normalising
to the amplitude of the absorption threshold an average ionisation state of around (41.5)
is obtained for the sample VO1 (prepared in vacuum) and around (42) for the sample VO2
(prepared in an oxygen atmosphere). This result again contradicts the obtained ionisation
states for cobalt from XPS, which were close to (+4). Again, one may invoke the different
surface sensitivity of both techniques: at the sample surface, cobalt is found in higher
ionisation states (close to 4+), as derived by XPS, whereas in the bulk, cobalt is found
in lower ionisation states (close to 2+).

3.3. Extended X-ray absorption fine structure spectroscopy

Figure 6(a) represents the EXAFS functions x(k)=u(k)/uo(k)—1 (u is the X-ray
absorption coefficient, o the unstructured (atomic) absorption and k the photoelectron
wave vector, whose kinetic energy is 7°k%/(2m)), weighted by the square of the
photoelectron wave vector, k*. The represented spectra were measured at the Co and V
K-edges (7709 eV and 5465V, respectively) for the samples of interest, together with the
spectra of standards to be compared with: metal Co and metal V, vanadium oxides V,Os,
VO, and V,0s, and Co(IT) oxide. Figure 6(b) represents the Fourier transforms of the
functions k*x(k), by using a Hanning window [26].
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Figure 6. Extended X-ray absorption spectra of: (1) metal vanadium, recorded at the V K-edge;
(2) standard vanadium oxides: V,03, VO, and V,0s, recorded at the V K-edge; (3) PLD-prepared
Co-doped vanadium oxide thin layers VO1 and VO2, at both V and Co K-edges; (4) standard Co(II)
oxide, at the Co K-edge; (5) metal Co, Co K-edge. (a) Represents the oscillatory EXAFS functions,
whereas (b) represents their Fourier transforms.

The most important conclusion of the EXAFS data is that the vanadium K-edge
EXAFS looks quite similar to the spectrum recorded on V,03, for both samples VO1 and
VO?2. This result agrees completely with the XANES result. Another conclusion is that
the cobalt K-edge spectrum does not resemble that of the cobalt (IT) oxide. Although the
statistics of this spectrum does not enable accurate determinations, at least the spectrum of
the VOI sample (Figure 6(a)) and its Fourier transform (Figure 6(b)), are quite similar to
the vanadium K-edge spectrum in V,05. Consequently, sample VO1 may be regarded as
being composed by cobalt-substituting vanadium in V,0;3;. For sample VO2, the
interpretation of the cobalt EXAFS data is not that straightforward. Nevertheless, the
Fourier transform of the Co K-edge spectrum may be regarded as an intermediate between
the Fourier transforms of the vanadium K-edge in V,05 and in VO,. Consequently, a local
cobalt environment similar to vanadium in these two compounds may be proposed for this
sample.

3.4. MOKE investigations

Figure 7 presents the MOKE hysteresis loops obtained on both samples. Sample VOI
exhibits a strong (super) paramagnetic behaviour, superposed with a weak ferromagnetic
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Figure 7. MOKE measurements on (a) sample VOI, prepared in vacuum (107> Pa); (b) sample VO2,
prepared in oxygen atmosphere (0.1 Pa). In (a), the separate superparamagnetic (simulated) and
ferromagnetic (difference experimental — superparamagnetic) contributions are plotted separately.

component with a strong coercitive field (0.33 £0.15T), suggesting the presence of two
magnetic phases: one which is superparamagnetic (this might originate from
cobalt-vanadium oxide aggregates), the other being a kind of DMS (cobalt ions
interacting by double exchange). The hysteresis cycle obtained for sample VO2 suggests
the occurrence of a strong anisotropy, superposing a ferromagnetic and an antiferromag-
netic phase, possibly interacting by exchange bias [12,27].
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The hysteresis curve of sample VOl was simulated with a superparamagnetic
component, described by the Brillouin function [28]:

B gippoIH 2J 2J guppmoHY 1 cot gupmoIH ©)
N\ kyT 2J+1  kgT 2J+1 \@2J+ DkgT)

The best fit is obtained with a value of J = 3000 & 200 Planck units if we assume Co>"
(S'=3/2) corresponds to around 2000 Co ions in average per magnetic nanoparticle. For
Co™ (S=1), the number of cobalt ions per nanoparticle is 3000 and for Co™* (S=2), 1500
cobalt ions are computed for a nanoparticle. Regarding to the XPS results on cobalt
concentration, assuming that these results hold for the superparamagnetic nanoparticles,
for a 7% atomic cobalt concentration in VO,, implies that the total number of atoms in a
nanoparticle (cobalt 4+ vanadium + oxygen) would be between 1500 x 3/0.07 and 3000 x 3/
0.07 =between 6.4 x 10* and 1.3 x 10° atoms. By considering an average metal (cobalt or

=21t

7.8 nm

-3.0nm

11.7 nm

-3.3nm

Figure 8. AFM images (a) on sample VO1, synthesised in a vacuum (10~ Pa); (b) on sample VO2,
synthesised in an oxygen atmosphere (0.1 Pa).
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vanadium) — oxygen distance of 2.1 A, which is an average obtained from Co and VO,
and that the total number of atoms that are forming spherical nanoparticles, the diameters
of these nanoparticles would range between 10.7 and 13.4 nm. Indeed, we will see that such
nanoparticles are detected by AFM.

The remaining ferromagnetic component for sample VO1 has a behaviour foreseeing
the magnetic signal for sample VO2. In the latter case, the hysteresis cycle suggests the
presence of two magnetic phases, which at zero applied field are antiferromagnetic
ordered. As soon as a relatively weak field (~0.1T) is applied, the two phases are ordered
parallel and this produces the observed hysteresis cycles. Such behaviour was also seen in
Fe layers with different anisotropies, in structures such as Fe/Ag/Fe/GaAs(001) [27]. A
similar behaviour was also observed in Fe/InAs(00 1), where the interface layer has a
different magnetic moment and anisotropy compared with the uppermost Fe layer [29]. A
tentative assignment of the two magnetic phases will be discussed in Section 4.

3.5. Atomic force microscopy

The AFM images are presented in Figure 8. In the case of the sample VO1, synthesised in a
vacuum, a relatively high rugosity (1.61 nm rms) and the occurrence of nanoparticles with
sizes between 10 and 25 nm are observed. This result is in line with the observation of the
superparamagnetic behaviour in this sample. In the case of the sample VO2, synthesised in
an oxygen atmosphere, larger nanoparticles are detected (which might explain the absence
of the superparamagnetic behaviour in the magnetic hysteresis) and the rugosity decreases
at 0.84 nm rms. We may also point out another result obtained within this study, namely
that with the increase of oxygen pressure during the PLD synthesis, coalescing
nanoparticles are observed by AFM; however, it seems that from the magnetic point of
view, even for VO2 sample the nanoparticles had coalesced into the two magnetic phases
producing the hysteresis cycle of Figure 7(b).

4. Conclusion

This article presented a first report on a combined study of samples formed by magnetic
ions embedded in a Mott—Hubbard material (vanadium oxide), by correlating reactivity
and chemical composition measurements (XPS) with electronic structure (XANES), local
atomic order (EXAFS) magnetism (MOKE) and morphology (AFM). We identified
different ionisation states of vanadium and cobalt between the surface and bulk of
materials; the bulk composition seems to be tunable through preparation parameters.
Promising ferromagnetic behaviour is observed, also dependent on the preparation
conditions and these data were correlated with observations by AFM.

The main results obtained in this study are (1) a different composition between the
sample surface and the bulk, especially for the sample synthesised at low pressure;
(2) a clear evidence of the possibility of the synthesis of vanadium sesquioxide V,05 in
the bulk; (3) an almost clear evidence of substitutional insertion of cobalt on vanadium
sites in the bulk; (4) room temperature ferromagnetism, however combined with the
existence of superparamagnetism in the samples synthesised in a vacuum, and with the
co-existence of two magnetic phases, antiferromagnetic aligned in the zero field, for
samples synthesised in an oxygen atmosphere and (5) a clear correlation between the size
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of magnetic nanoparticles observed by AFM and the derived total magnetic moments per
nanoparticles from the analysis of the superparamagnetic behaviour.

The distinct magnetic behaviour of the VO, sample with the two magnetic phases
compensating at zero applied field may be connected to the approximate stoichiometry
derived by XANES for the bulk as V4;07~2 x VO, + V,05. Both vanadium dioxide and
vanadium sesquioxide doped with cobalt present ferromagnetism at room temperature.
The reciprocal antiferromagnetic alignment of these two phases needs, however, further
experimental investigation by Kerr microscopy of magnetic force microscopy.

Problems not yet elucidated, which are currently under investigation, are: (1) the
precise determination of the two magnetic phases which produce a hysteresis cycle such as
from Figure 7(b). Up to now, we may propose that, since the Co K-edge EXAFS for this
sample seemed to indicate the co-existence of cobalt substituting vanadium in VO, and
V,0;5 and also the V K-edge XANES indicated a global composition of V40, which
may be written as (2 x VO, + V,03), it could be possible that the two magnetic phases
are VO,—Co and V,05—Co. But here one has to elucidate if these phases are really present
(by high-resolution XPS recorded with good statistics, to be able to investigate
photoelectrons coming from the bulk) and why they are antiferromagnetic coupled
in the zero applied field. Magnetisation cycles such as the one exhibited by sample VO,
(Figure 7(b)) may be a good starting point for magnetic field sensing and various kinds
of actuators. (2) Another study that has to be performed is to investigate the metal—-
insulator transition in such materials and to correlate this transition with the evolution
of magnetic properties. (3) Also, a more strict correlation between the oxygen vacancies
found here by both XPS and XANES and the occurrence of ferromagnetism has to
be carried out in order to discriminate between various processes contributing to the
observed magnetic behaviour.

Nevertheless, we may end with confidence that the present study opens a new topic in
the actual area of DMS.
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