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Nanoscale enrichments resulting from spinodal decomposition have been proposed to contribute to
the interesting magnetic properties of diluted magnetic oxides such as cobalt-doped ZnO
(Zn,_,Co,0), but little is known experimentally about the electronic structures or physical properties
of such enrichments. Here, x-ray photoelectron spectroscopy (XPS) is used to examine wurtzite
Zn,_Co,O crystallites over the full composition range (0.0=x=1.0) that serve as models of the
proposed spinodal decomposition nanostructures within Zn;_Co,O bulk materials. With increasing
x, the valence band edge shifts to smaller binding energies and the cobalt 2p peaks shift to greater
binding energies, providing spectroscopic signatures that may allow identification of spinodal
decomposition in bulk Zn, ,Co,0. Reduction of Co’* to Co by argon ion (Ar*) sputtering was also
found to become markedly more facile with increasing x, suggesting that locally-enriched
Zn,_Co,O is at greater risk of yielding false-positive Co® XPS signals than uniformly dilute

Zn,_Co,O with the same overall composition. © 2010 American Institute of Physics.

[doi:10.1063/1.3407517]

I. INTRODUCTION

The magnetic properties of the diluted magnetic semi-
conductor (DMS) Zn,_,Co,0O and related oxides continue to
be intensely investigated.1 Various synthetic techniques and
post-synthetic treatments have generated materials that are
nominally the same yet show strikingly different magnetic
properties. In some instances strong correlations between
ferromagnetism and the reversible introduction of charge
carriers by Zn vapor annealinng5 or electrical gating6 have
been observed. Heavily n-doped Zn; ,Co,O films of high
structural quality show no ferromagnetism, however, indicat-
ing that carriers alone are not sufficient to activate
ferromagnetism.7 Reconciling these differences, several ex-
periments have implicated grain boundaries in the activation
of such oxide ferromagnetism,g_” but the relevant grain-
boundary defects and their associated bound charge carriers
have been challenging to explore thoroughly, either experi-
mentally or theoretically.

One hypothesis proposed to explain the curious robust-
ness of the ferromagnetism of high-temperature ferromag-
netic DMSs such as Zn;_,Co,O invokes the notion that spin-
odal decomposition enhances magnetic correlations by
increasing local magnetic ion concentrations (xloc).u_15 Spin-
odal decomposition alone does not appear to generate ferro-
magnetism in an_xCOXO,m’17 but it is conceivable that it
could be a necessary-but-not-sufficient condition, e.g., with
donor defects also required for high-7~ ferromagnetism. Dif-
ficulties arise in the investigation of spinodal decomposition
in Zn;_Co,0 because of the similar local electronic and geo-
metric environments of Co** and Zn?* in the wurtzite lattice.
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A second frequently proposed hypothesis is that the
ferromagnetism of this entire class of materials, and of
Zn,_,Co,0 in particular, arises from undetected cobalt metal
or cobalt/zinc intermetallic precipitates embedded within
the sample matrix, because in some cases such inclusions
have been detected.'™'® As a universal explanation, this hy-
pothesis is also problematic because, as noted in Ref. 18, the
quantities of metallic impurities detected by extended
x-ray-absorption fine structure (EXAFS) do not appear to
correlate with the magnitudes of the ferromagnetic saturation
moments of the same samples. Whereas the EXAFS mea-
surements in Ref. 18 show a large metallic Co” EXAFS fea-
ture for a film with small (0.05 wg/Co) room-temperature
ferromagnetism, parallel EXAFS measurements on a
Zn;_,Co,O film having two times stronger ferromagnetism
(0.10 up/Co) failed to expose any detectable metallic
impurity.3 Experimentally verifying the metallic inclusion
hypothesis thus requires methods that reliably detect metal
inclusions and demonstrate their correlation with the ob-
served ferromagnetism. A powerful technique widely applied
for detecting metallic inclusions is x-ray photoelectron spec-
troscopy (XPS), which is sensitive to changes in dopant
charge state and to local electronic structure perturbations
within a given charge state. Because XPS is a surface tech-
nique, it is usually used in conjunction with argon ion (Ar*)
sputtering, which removes surface carbon and can be used
for depth proiling. XPS has recently provided key evidence
supporting the hypothesis of metal inclusions as a common
origin of Zn;_Co,O ferromagnetism.7’20 As with EXAFS,
however, Co® XPS peak intensities do not correlate with fer-
romagnetism as expected. Very large Co° peaks were ob-
served by XPS in Ref. 18 (0.05 wp/Co) but not in Ref. 5 (up
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to 0.03 ug/Co), despite exposure to Zn vapor in both stud-
ies.

In this study, we have examined Zn,_Co,O nanocrystal
models of the hypothesized spinodal decomposition nano-
structures using XPS. Colloidal Zn,_Co,0O nanocrystals were
prepared at various values of x to mimic the different com-
positions expected in a film that has undergone the proposed
spinodal decomposition. By this approach, the properties of
the enriched nanostructures can be examined without contri-
butions from the bulk regions of such a film. Optical, mag-
netic, and magneto-optical trends across this composition se-
ries have already been reported elsewhere.'® The data
presented here show differences in XPS results between the
similar tetrahedral Co®* ions of dilute (small x,,.) and con-
centrated (large x,,.) wurtzite Zn,; ,Co,0O. In the process of
these experiments, however, it was furthermore observed that
Ar* sputtering of Co**-enriched Zn, ,Co,O leads to forma-
tion of Co” with disproportionate ease, even under mild sput-
tering conditions. This latter result demonstrates an unex-
pected relationship between two of the leading hypotheses
for magnetic ordering of oxide DMSs: wurtzite Zn;_,Co,O
samples with local enrichments in Co?* (e.g., from spinodal
decomposition) are evidently far more likely to show metal-
lic Co® peaks in their XPS spectra than samples with uni-
formly distributed Co®* ions, even when no Co” was actually
present prior to the XPS experiment, because of inadvertent
Co?* reduction during Ar* sputtering. Because Co” formation
occurs only in the XPS probe region, which is a small frac-
tion of the total sample, the apparent Co® content determined
by XPS bears little resemblance to the actual Co® content of
the sample. This observation tempers the assertion that XPS
can be used as an unambiguous probe of trace metallic in-
clusions in Zn;_,Co,0O and related doped oxides.

Il. EXPERIMENTAL

Wartzite Zn; ,Co,0 nanocrystals with nominal Co**
concentrations of x=0.00, 0.0075, 0.05, 0.10, 0.40, 0.90, and
1.00 were grown and characterized as described in detail
previously.16 To reach the composition of x=0.90 in
Zn;_,Co,0, which has never been reported previously, 0.05 g
of Co(acetylacetonate), and 0.005 g Zn(acetylacetonate),
were added to 7.6 g degassed oleylamine at 135 °C. This
solution was stirred and heated to 200 °C for 30 min. The
nanocrystals that formed were then cooled quickly to 90 °C
with a water bath, and washed repeatedly by precipitation
and centrifugation with ethanol followed by re-suspension in
toluene.

As prepared, all of these nanocrystals are easily dis-
persed in toluene or other organic solvents to provide colloi-
dal suspensions of high optical quality. Transmission electron
microscopy (TEM) images and electron diffraction images
were collected with a FEI Tecnai G2 F20 transmission elec-
tron microscope at the UW Center for Nanotechnology User
Facility. Magnetic measurements were collected with a
Quantum Design MPMS-5 superconducting quantum inter-
ference device magnetometer on sealed air-free colloidal sus-
pensions in frozen toluene at 2 K. The sample diamagnetism
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FIG. 1. (Color online) (a) TEM image of x=1.00 (w-CoO) nanocrystals.
The scale bar is 10 nm. The electron diffraction pattern shown in the inset
reveals the wurtzite structure of these nanocrystals. (b) 2 K magnetization
for x=0.0075 (red diamonds), 0.05 (black triangles), 0.40 (blue squares),
and 1.00 (green circles) samples (data adapted from Ref. 16). The solid lines
show calculated 2 K powder magnetization curves for paramagnetic Co** in
the wurtzite lattice structure with various values of x.g.

was estimated from the linear component of the room-
temperature magnetization for each sample and subtracted
from the 2 K data.

Samples for XPS measurements were prepared by de-
positing the colloidal crystallites onto transparent conductive
fluorine-doped tin oxide substrates, which were then inserted
into a commercial XPS instrument (PHI VersaProbe) that
uses monochromatic aluminum K, excitation (1486 eV) and
a hemispherical capacitor analyzer with an overall resolution
of 0.6 eV (full width at half maximum on Au 4f). Charge
neutralization was carried out for all measurements using
simultaneous electron and Ar* flood guns with accelerating
voltages of 10 V and 30V, respectively. Argon ion sputtering
consisted of rastering 0.5 kV Ar* ions over a 2 X2 mm? area
at an angle of 45° for 30 s, repeated six times with two-
minute wait periods between cycles. These conditions
yielded a sputtering rate of 1.6 nm/min (calibrated to SiO,).
The same sputtering parameters were applied for all samples.

lll. RESULTS
A. TEM and Magnetism

A TEM image of the as-prepared x=1.00 nanocrystals is
shown in Fig. 1(a). An average nanocrystal diameter of
~10-20 nm is estimated for these and the other samples of
this study. The inset of Fig. 1(a) shows the wurtzite electron
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diffraction pattern obtained from a ~1.0 wm spot diameter.
Low-temperature magnetization data collected for colloidal
suspensions of Zn;_ ,Co,0O nanocrystals at four representative
values of x are shown in Fig. 1(b). The solid lines in Fig. 1
show the 2 K powder-averaged magnetization calculated us-
ing the axial spin Hamiltonian in Eq. (1) for paramagnetic
Co?*. In these calculations, the ground-state spin S=3/2, the
axial zero-field splitting energy D=2.72 cm™', and the
quasi-isotropic Landé g factor of g=2.27, are taken from
literature studies of bulk wurtzite Zn, ,Co,0.>"*? The thick
solid line shows the calculated magnetization of isolated
Co?* ions in wurtzite ZnO (no antiferromagnetic nearest-
neighbor coupling). The data show a reduction in the average
magnetic moment per cobalt ion with increasing x, which is
attributed to antiferromagnetic coupling between nearest
neighbor magnetic ions,'®!” and allow the conclusion that
Co?* substitution in these nanocrystals is reasonably close to
statistical,'® as expected. The good agreement between the
calculated and experimental results over the entire range of
x, and in particular the absence of any hysteresis or indica-
tion of superparamagnetism in the low-field region, elimi-
nates the possibility of metallic Co” as a contaminant phase
in these samples. The absence of Co is not surprising given
the oxidative conditions of the nanocrystal syntheses, and is
corroborated by the absence of highly contrasting metallic
nanocrystals in TEM images of these samples [e.g., Fig.

1(a)]

o 1
HzD{Sf—gS(S+1)]+g,uBSH. 1)

B. XPS

Figure 2(a) shows the valence band XPS spectra of sev-
eral Zn;_,Co,O powder samples of varying x. To the best of
our knowledge, the XPS spectrum of wurtzite CoO (w-CoO,
x=1.00) has not been reported previously. All spectra were
aligned at the O 1s XPS binding energy at 530.4 eV, which
is known to arise from oxygen at a ZnO lattice site, 120
A second oxygen peak observed at slightly higher energy
(~532 eV) has been assigned as surface oxygen or
hydlroxide.20 These O 1s peaks do not shift or broaden sig-
nificantly with increasing x.

At small x, Co** doping introduces new intensity
~1.5 eV shallower than the ZnO valence band, consistent
with previous results.?*~*® This impurity intensity grows and
shifts to lower binding energies as x is increased. Over the
same series of samples, the Zn 3d XPS intensity (at
~10 eV) diminishes with increasing x before disappearing
at x=1.00. Figure 2(b) shows the XPS spectrum of the
x=0.05 sample (black line) plotted along with the spin-
resolved total density of states (gray line) and cobalt partial
density of states (filled, X 10) for Zn;_,Co,0 (x=0.006), cal-
culated by density functional theory and adapted from Ref.
27. The calculated binding energies were shifted to align
with the experimental spectrum in the ZnO valence band
region. The good overall agreement between experimental
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FIG. 2. (Color online) XPS data for the valence band and Zn 3d region of
Zn,_Co,0 crystallites. (a) Data for x=0.00 (red), 0.05 (black), 0.10 (brown),
0.40 (blue), 0.90 (orange), and 1.00 (green) samples, normalized to the
O 2p peak maximum and offset for clarity. (b) Comparison of the valence
band XPS spectrum for x=0.05 (black) with the spin-resolved total density
of states (gray) and Co?* partial density of states (filled, X 10) calculated by
density functional theory for x=0.006 (adapted from Ref. 27). The increas-
ing intensity above the top of the ZnO valence band with increasing x is due
to occupied Co** 3d levels. (c) XPS spectrum for x=0.05 (solid curve) and
sum of the XPS spectra for x=0.00 and x=1.00 weighted to yield x,,
~0.05 (dotted line, x;,.~ 1.0).

and calculated results [Fig. 2(c)] confirms association of the
new XPS intensity above the valence band maximum with
the occupied Co** 3d levels.

The presence of Co®* d levels above the valence band
edge also impacts the optical spectroscopy. The optical tran-
sition involving promotion of these same Co>* 3d electrons
into the ZnO conduction band has been identified ~1.5 eV
below the ZnO band-to-band transition (3.4 eV),”** in ex-
cellent agreement with the Co?>* XPS intensity that is
~1.5 eV above the ZnO valence band maximum [Fig. 2(b)].
Interestingly, optical data suggest that w-CoO is a charge-
transfer insulator, with an optical band gap (2.3 eV) deter-
mined by the 0% (2p)-to-Co** (3d) charge-transfer
energy.16 If this material were instead a Mott insulator, the
band-gap excitation would have metal-to-metal charge-
transfer character, but such transitions are estimated to occur
at much higher energies (~5-6 eV) (Ref. 30) than the ex-
perimental optical gap of w-CoO.'® The data in Fig. 2(a) thus
suggest the presence of localized Co** 3d levels at the top of
an O 2p-derived valence band in w-CoO.

The data in Fig. 2(a) indicate that XPS can be used to
distinguish between two samples with similar x but different
Xjoes TOT €xample, between a Zn;_Co,O film with a statistical
dopant distribution and one that has undergone spinodal de-
composition. This distinction is illustrated in Fig. 2(c), which
compares data for the x=0.05 (x;, ~0.05, i.e., approximately
statistical) sample with the simulated spectrum of an x
~0.05 (x15.~1.00, i.e., simulated spinodal decomposition)
sample having the same integrated Co®* 3d intensity, ob-
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FIG. 3. (Color online) (a) Normalized Co 2p XPS data for x=0.05 (black),
0.10 (brown), 0.40 (blue), 0.90 (orange), and 1.00 (green) Zn,_,Co,O crys-
tallites collected without sputtering. The Co** 2ps, and 2p,,, peaks shift to
higher binding energies with increasing x. The lines at 778.5 and 780.7 eV
are guides to the eye. The spectra are normalized to the Co®* 2ps), intensity
at 781 eV and offset for clarity. (b) Spectra of the same series of samples
collected after Ar* sputtering, showing increasing Co® intensity with in-
creasing x (sharp peaks at 778.5 and 793.5 eV). The Co' intensity is an
artifact of the Ar* sputtering process, which itself causes reduction of Co**
to form Co’.

tained from a linear combination of x=1.00 and 0.00 spectra
of Fig. 2(a). For the same average x, there is a clear shift in
the onset of Co®* 3d ionization by ~0.8 eV to lower bind-
ing energy from small x,. to large x,,.. This comparison
suggests that the valence band region of the XPS spectrum
may be useful for identification of spinodal decomposition in
Zn;_,Co,0 films.

Figure 3(a) shows Co 2p XPS spectra of the samples
from Fig. 2. The spectra at small x agree well with previous
results.”**! Cobalt 2p5, (780.5 eV) and 2p,,, (796.2 eV)
peaks are observed, as are shake-up satellites that indicate
high-spin Co2+ 203132 Notably, there is no peak at 778.5 eV
that would be indicative of COO,20 consistent with the mag-
netic results [Fig. 1(b)]. Increasing x from 0.05 to 1.00
broadens the Co®* peaks and shifts them by ~0.3 eV to
higher binding energy. These changes are interpreted as re-
flecting greater inelastic scattering losses at large x, possibly
due to short-range magnetic coupling. The shift of the
Co?* 2p peak to higher binding energy (Fig. 3) and of the
valence band to lower binding energy (Fig. 2) with increas-
ing x are both manifestations of x-dependent Co** electronic
structural changes that could be useful for identification of
spinodal segregation by XPS in other forms of Zn;_Co,O.

C. Ar* sputtering

The data discussed above were all collected without Ar*
sputtering, which is commonly used to remove carbon impu-
rities and the top few nanometers of a sample surface, either
to increase XPS intensities or for depth profiling. In this
section we describe how XPS spectra collected following
relatively mild Ar* sputtering of the same samples discussed
above yield completely different results, and how these re-
sults are artifacts of the sputtering process and not accurate
representations of the true materials composition.

It has already been shown™ that sputtering cubic CoO at
5 kV for 2 h can create Co?, so the conditions used here were
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FIG. 4. (Color online) Normalized valence band XPS spectra collected be-
fore (solid) and after (dotted) sputtering for x=(a) 0.05, (b) 0.40, and (c) 1.0
Zn,_Co,0 crystallites. (d) The difference between before and after sputter-
ing for the x=1.0 sample (green solid), and an experimental Co” XPS spec-
trum (black dashed, adapted from Ref. 34). The Co intensity is an artifact
of the Ar* sputtering process, which itself causes reduction of Co** to form
Co’.

substantially more gentle. Ar* ions were rastered at 0.5 kV
for a total exposure of 6 min (see Sec. II). The XPS data
collected following sputtering are presented in Fig. 3(b), in
comparison with those collected on the same samples before
sputtering [Fig. 3(a)]. The ZnO and small-x Zn;_,Co,0
samples showed little change with sputtering, the main ef-
fects being a loss of C ls intensity, a loss of the higher-
energy (surface) O 1s intensity, and an increase in all other
intensities, consistent with previous observations.?*133 At
higher x, however, two new sharp peaks appeared at 778.5
and 793.5 eV that are readily associated with Co% 2 At x
=1.00, far more Co® is detected than Co**, no matter where
on the sputtered sample the XPS is probed. This composition
is entirely inconsistent with magnetic and TEM measure-
ments of the same samples prior to sputtering (Fig. 1). Be-
cause these other measurements preclude the prior existence
of metallic Co” in these nanocrystals, let alone as the major
component as would be suggested by Fig. 3(b) for large x,
the appearance of these new Co® peaks only following sput-
tering are indicative of sputter reduction in Co?* to Co’. The
small Co® satellite peaks anticipated at ~4 eV higher bind-
ing energy7 are presumably also present but occluded by the
Co** 2p peaks. Importantly, the intensities of these sputter-
induced Co° peaks relative to the Co>* peaks are strongly
dependent upon the initial Co** concentration, with a larger
fraction of Co** being reduced at higher x [Fig. 3(b)]. We
emphasize that sputter reduction occurs only in the small
region of the powder sample that has been sputtered, and
does not accurately reflect the true composition of the mate-
rial in areas that have not been sputtered.

Sputtering generates new features in the valence band
energy region as well, again strongly dependent upon x. Fig-
ure 4 shows data for three representative samples before
(solid) and after (dashed) sputtering. Whereas the x=0.05
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sample [Fig. 4(a)] shows little change, the samples with
greater x [Figs. 4(b) and 4(c)] show new metallic states in the
oxide band gap following sputtering. This new intensity is
correlated with the Co® intensity at 778.5 eV from Fig. 3(b),
and matches the density of states of cobalt metal. Fig. 4(d)
illustrates this similarity by plotting the difference between
XPS spectra collected before and after sputtering for the x
=1.0 nanocrystals (solid line) along with the valence band
XPS spectrum of a metallic Co® film (dashed line, adapted
from Ref. 34). Together, the introduction of metallic states at
the Fermi level and growth of the Co” 2p intensity upon
sputtering indicate that sputter reduction of Co** to Co? is
greatly facilitated at higher x. The formation of Co’ is attrib-
uted to the preferential sputtering of oxygen under these con-
ditions; when elemental oxygen is removed from the lattice,
the two remaining electrons reduce Co>* to Co®. This forma-
tion of Co° may occur at a lattice site, but since the forma-
tion of Co” may be facilitated by movement through the ZnO
lattice, the Co” may be preferentially created in a metallic
phase. There is not enough experimental evidence to distin-
guish between these two possibilities. The observation of
Co” by XPS does not necessarily implicate the formation of
metallic Co® clusters or CoZn intermetallics, because Co°
could also exist in a dilute form, for example, at interstitial
sites within the ZnO lattice. Although metallic cluster forma-
tion appears most likely, the present data cannot eliminate
the latter possibility.

We emphasize that this Co® XPS intensity is a conse-
quence of Ar* sputtering, but could easily have been misin-
terpreted as evidence of metallic impurities in these samples.
These observations thus have bearing on the evaluation of
metallic impurity contamination and other hypotheses for un-
derstanding the ferromagnetism of Zn;_,Co,0, and by exten-
sion also related DMSs. The data here clearly demonstrate
that Co?* enrichment greatly increases the propensity for Co”
formation by sputter reduction in Zn;_,Co,0O. A similar sput-
ter reduction process could very well lead to false-positive
identification of Co® by XPS in samples that contained no
metallic impurity prior to the XPS experiment, but instead
showed only local Co?* enrichment that possibly arose from
spinodal decomposition. Such a false-positive identification
of Co” would lead to very different interpretation of any
observed magnetism, and moreover would lead to detected
Co” levels that showed no correlation with ferromagnetism
because they were artifacts of the measurement. It is impos-
sible to know whether such false positives have been previ-
ously reported, but the results presented here draw attention
to the possibility.

Figure 5 summarizes these findings schematically: when
Xjoc 18 small, sputter-induced Co® formation is not prominent,
but when x,.. is large, sputter-induced Co® formation be-
comes markedly more facile. Whereas these results have
been obtained using Zn;_Co,O nanocrystals in which x is
varied to model degrees of spinodal enrichment [Fig. 5(b)],
similar sputter reduction can reasonably be expected in thin
films [Fig. 5(a)]. Indeed, 4 kV Ar* sputtering of Zn,_,Co,0
(x=0.30) films for 5 min reportedly revealed similar new
Co’ XPS features that were not observed prior to
sputtering,20 and the data here support the possibility that
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FIG. 5. (Color online) The effect of Ar* sputtering on various Zn;_,Co,O
samples. (a) Zn,,Co,O thin films or macrocrystals with spinodal Co** en-
richments (large x,,.) may yield false-positive Co® XPS signals when sput-
tering is used to prepare their surfaces. (b) For the Zn,;_ Co,O crystallites
studied here, sputtering causes little or no change in cobalt speciation when
x is small, but Co** reduction to form Co” becomes increasingly facile for
increasing x, eventually leading to strong false-positive Co® XPS signals.

those features were artifacts derived from the sputter process
itself rather than from prior existence of extensive metallic
Co" inclusions in the internal volume of the film.

IV. SUMMARY

XPS spectra of Zn; ,Co,0 (0.0=x=1.0) nanocrystals
prepared to model spinodal enrichments in Zn,_,Co,O show
shifts in the Co 2p and valence band ionization energy re-
gions with increasing x that can be related to changes in Co**
electronic structure. These spectral shifts may prove helpful
in the detection of spinodal decomposition in thin films and
other forms of Zn;_ ,Co,O. The data also reveal a strong de-
pendence of the observation of metallic Co® by XPS on x in
wurtzite Zn,_,Co,0O, despite the absence of any Co® in these
samples prior to the XPS measurement: Increasing x strongly
facilitates sputtering reduction of Co®* ions to form Co in
the XPS probe region, even under mild sputtering conditions.
This relationship between x and ease of Co®* sputter reduc-
tion could potentially lead to false identification of metallic
Co? inclusions in samples that actually possess only enrich-
ments of Co** (i.e., large x;,.). Overall, these data provide
new information about the electronic structures of highly
Co’*-enriched wurtzite Zn, Co,0, and demonstrate the
characterization of such phases by XPS. The demonstration
of sputter reduction dependent on x in Zn;_Co,O has bearing
on evaluation of the role of Co” inclusions in the high-
temperature ferromagnetism of this and related oxide DMSs.
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