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Here we are reporting solvothermal synthesis derived diluted magnetic and plasmonic Co-Ga co-doped
ZnO nanocrystals with high magnetization values (from 1.02 to 4.88 emu/g) at room temperature. Co-Ga
co-doped ZnO nanocrystals show up to 2 fold increase in saturation magnetization compared to Co
doped ZnO nanocrystals at the same Co concentration, with the observed room temperature magnetization higher than previously reported values for multifunctional magnetic and plasmonic nanocrystals,
and the effect of Ga suggesting some role of the correspondingly introduced itinerant charge. While at
the lowest Ga content the nanoparticles appear homogeneously doped, we note that already a moderate
Ga content of several percent triggers a fraction of Co to segregate in metallic form in the bulk of the
nanoparticles. However, the amount of segregated Co is not sufﬁcient to account for the total effect,
whereas a dominating contribution to the observed magnetism has to be related to itinerant charge
mediated exchange interactions.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
A variety of aliovalent donor dopants such as Al [1e3], Ga [3e5],
Ge [6] and In Refs. [3,7] have been used to produce ZnO based
plasmonic nanocrystals. When effectively doped, ZnO becomes a
degenerate semiconductor with high concentration of delocalized
conduction band electrons and exhibits surface plasmon resonance
absorption features in the infrared spectral range [8]. Plasmonic
ZnO nanocrystals potentially can be used for various applications e
in medicine for IR absorption driven heat-treatment of tissue [9],
electrochromics [10e13], visible light transparent elastomeric
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piezoresistive composite materials [14], transparent conductive
electrodes [15], IR-absorbing coatings [3,16], dynamically modiﬁable photonic devices [17] and biosensors [18]. From the aspect of
plasmonics, more efﬁcient doping e in terms of obtaining a higher
density of delocalized electrons in the semiconductor lattice e
occurs in synthesis environments that shifts the equilibrium between oxygen adsorption and desorption towards the desorption,
which can be achieved under reducing conditions. Degenerated
semiconductor plasmonic metal oxide nanocrystals have been
previously synthesized by colloidal heat up method [5], thermal
decomposition of cation precursors in a mixture of hot solvent
(octadecene) and capping agents (viz. oleic acid, oleylamine) [19],
cationic precursor hot injection into a solution of reducing agent
[1], as well as ethanol solvothermal synthesis [14]. In solvothermal
synthesis organic solvents (such as ethanol, butanol) act as
reducing agents and are therefore prone to create electronic point
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defects in ZnO [20]. The reaction mechanism for oxygen vacancy
and electron formation under reducing conditions in ZnO can be
€ger-Vink notation) as:
written (in Kro
(1)
x
where V
O is oxygen vacancy with effective charge þ2, ZnZn is a Zn
at a Zn lattice site (effective charge zero), O2(g) is molecular oxygen
(gas) released from lattice, e is free electron.
Transition metal (TM) doped ZnO is also one of the most studied
diluted magnetic semiconductor oxides (DMSO). ZnO doped with
Co [20e23], Fe [24], Ni [25] and Mn [20,26e28] exhibit room
temperature ferromagnetism when interaction between delocalized charge carriers (electrons or holes) and localized d spins
occurs [21,22].
The absence of ferromagnetism has been observed in TM doped
ZnO free from point defects [21]. Point defects, such as aliovalent
donor or acceptor dopants, oxygen vacancies or zinc interstitials in
ZnO crystal lattice can be compensated by introduction of appropriate numbers of electrons or holes which have been recognized to
have a crucial role in mediating the magnetic coupling [29,30].
Experimental evidence of such unexpectedly prominent role of
itinerant electrons in mediating magnetic interactions in some
doped oxides has been in a few recent years been put forward for
Mn-Sn codoped In2O3 (Mn-ITO) [31,32] and Fe-Sn codoped In2O3
(Fe-ITO) [33e36] diluted magnetic degenerated semiconductor
oxides (DMDSO). These materials have potential for spintronic
applications with ongoing research into approaches to manipulate
magnetic exchange coupling strength [31].
In the present work a straightforward and readily industrializable ethanol solvothermal synthesis is used to obtain DMDSO in the
form of Co-Ga codoped ZnO (Co-GZO) nanoparticles. Recently we
already demonstrated ethanol solvothermal synthesis as a
straightforward route to obtain plasmonic Al doped ZnO nanocrystals [14], which allows us to predict that solvothermal method
could be quite suitable for obtaining DMDSO. Indeed, the synthesized Co-GZO nanocrystals in this study exhibit stronger delocalized electron mediated magnetic coupling than what has
previously been observed for TM-ITO nanocrystals [29e33]. A
possible drawback of solvothermal method is relatively large shape
and size distribution of obtained nanocrystals, yielding wide plasmonic absorption peaks [14], but at the same time the synthesis
without ligands allows avoiding electrically insulating barriers
between nanocrystals in the solid state, which is important for
practical applications [37,38]. Herein we also study TM dopant
clustering and its effect on magnetic properties. There is always a
question whether the origin of room temperature ferromagnetism
in DMDSO is magnetic interaction between localized d spins of
magnetic dopants and delocalized electrons or metallic clusters of
segregated TM dopant [39e41]. In the present work we demonstrate that aliovalent donor dopants have signiﬁcant inﬂuence on
Co cluster formation, and that metal clusters and (quasi-)uniform
inclusions of the TM dopant in the crystal lattice co-exist in Co-Ga
codoped ZnO DMDSO.

2. Experimental section
The nanocrystals used for this study were synthesized by
ethanol solvothermal method as described in our previous works
[14,42,43]. Zinc acetate dihydrate (Zn(CH3COO)2$2H2O), cobalt acetate tetrahydrte ((CH3COO)2Co$4H2O) and Ga chloride (GaCl3) in
required molar ratio were dissolved in absolute ethanol at total
concentration 0.1 M at 80  C. Next, 1 M NaOH solution in absolute
ethanol was added to salt solution at volumetric ratio 2:1 and
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stirred for next 3 h. Then solution was ﬁlled in Teﬂon sealed
stainless steel autoclave 90% by volume, tightly closed and left for
solvothermal treatment at 150  C for 24 h. Obtained nanocrystals
were washed in absolute ethanol by centrifugation.
X-ray diffraction (XRD) analysis: XRD patterns were measured
by UltimaþX-ray diffractometer (Rigaku, Japan) using Cu-Ka radiation. Electron microscopy at high magniﬁcation was performed
using high resolution scanning electron microscopy (SEM, Helios
Nanolab, FEI) and transmission electron microscopy (TEM, Tecnai
G2 F20, FEI) operated at 200 kV. The hard X-ray photoelectron
spectroscopy (HAXPES) measurements (with an overall resolution
of 0.4 eV) were done on the HIKE experimental station at the KMC1 beamline at the BESSY-II synchrotron source (Helmholtz-Zentrum
Berlin, Germany) [44]. Transmittance and light absorbance of
nanopowder samples was measured by Shimadzu UVevis spectrophotometer, UV-3700 (Shimadzu Scientiﬁc Instruments Kyoto,
Japan). Particles for transmittance measurements were dispersed at
a concentration of 0.1 mg/ml in tetrachloroethylene and stabilized
by adding a mixture of oleylamine and dodecylbenzenesulfonic
acid (0.01 mg/ml) in ratio 1:1. For light absorption measurements
barium sulphate coated integrating sphere ISR-240A was used.
The luminescence measurements were carried out at low temperature using closed cycle helium cryostat. For luminescence
excitation YAG laser FQSS266 (CryLas GmbH) 4th harmonic at
266 nm (4.66 eV) was used. The luminescence spectra were recorded using an Andor Shamrock B-303i spectrograph equipped with
a CCD camera (Andor DU-401A-BV). For luminescence measurements, the same amount of all powder samples was lightly pressed
into small uniformly sized stainless steel cells. This enabled a
quantitative comparison of the luminescence intensities. The
spectral correction was applied.
Magnetic properties were measured for sample powders ﬁlled
in special plastic capsule using a vibrating sample magnetometer
(Lake Shore Cryotronic Co., Model 7404 VSM, USA) at room temperature for ﬁelds up to 10 kOe. The sample holder was measured
separately and its signal was subtracted from the full raw magnetization signal of each sample in the holder capsule.
3. Results and discussion
X-ray diffractograms for synthesized ZnO, Co-ZnO, GZO and CoGZO nanocrystals are demonstrated in Fig. 1, where pristine ZnO, Ga
doped ZnO and Co doped ZnO exhibit wurtzite structure (ICDD 01080-4433) and no adjacent phases are observed even for the
compositions with the large amount of single element dopant, i.e.,
Zn0.85Ga0.15O and Zn0.90Co0.10O. Fig. 1 shows that when increasing
the doping level, an initial increase in both the a-axis and the c-axis
lattice constants is seen to continue up to the TM dopant content of
approximately 5e7% (cationic), after which this growth not only
stops, but is even reversed (a plausible cause of the latter being
increased TM dopant segregation at higher doping values). The
increase in lattice constant in Co doped wurtzite ZnO is an indicator
of an effective Zn substitution by Co [45]. All the presented compositions have higher lattice constants than pristine ZnO. When codopant Ga gradually substitutes Zn in Zn0.95Co0.05O and total
dopant concentration exceeds 10% of Zn, peaks related to Co
nanoscale metal clusters appear (Fig. 1). Similar Co metal (ICDD 01089-7373) clustering is observed for the other codoped Zn0.9xGa0.1CoxO samples where x is varied from 0.025 to 0.10.
As reported by B. Cheng and E.T. Samulski [46] and observed
here, ethanol solvothermal synthesis of ZnO yields nanowires (SEM
images are demonstrated in Fig. 2); the obtained pristine ZnO
nanowire average diameter is around 50 nm and length up to 1 mm,
and the morphology is not noticeably changed under Co doping.
However, adding Ga obviously changes the morphology, reducing
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Fig. 1. (a) X-ray diffractograms for various samples - No 1: ZnO, No 2: Zn0.875Ga0.10Co0.025O, No 3: Zn0.85Ga0.10Co0.05O, No 4: Zn0.825Ga0.10Co0.075O, No 5: Zn0.80Ga0.10Co0.10O, No 6:
Zn0.81Ga0.14Co0.05O, No 7: Zn0.90Ga0.10O, No 8: Zn0.80Ga0.15Co0.05O, No 9: Zn0.90Ga0.05Co0.05O. (b) XRD patterns of 5% (at.) Co, but varied Ga content samples in the angular range of
metallic Co peaks, (c) the X-ray diffractograms of Zn1-xCoxO over a wide compositional range (not indicating any Co clustering) and (d) the dependence of Zn1-xCoxO lattice
constants on Co content x.

the size (to below 10 nm) and the aspect ratio (1e5) of the synthesis
product. TEM image of Zn0.9Ga0.10O nanocrystals is demonstrated in
Fig. 3. The hypervalent donor doping increases (delocalized) charge
density, but under alkaline conditions the ZnO crystal growth occurs from zincate ion (Zn(OH)2
4 ) units [47], which form at pH
values above 12 according to:

pH12

ZnðOHÞ2 þ 2 OH ! ZnðOHÞ2
4

Fig. 2. Typical SEM images of ZnO, Zn0.9Co0.10O, Zn0.9Ga0.10O and Co-Ga co-doped ZnO
Zn0.85Ga0.05Co0.10O nanocrystals.

(2)

Free electrons introduced by Zn2þ substitution with Ga3þ make
it difﬁcult for the zincate ions to diffuse to the crystal surface
because of Coulomb repulsion [47].
Fig. 4 presents Kubelka-Munk absorption spectra of ZnO, Co
doped ZnO, Ga doped Co and Co-Ga co-doped ZnO powders. The
spectrum of the non-doped nanoparticles is deﬁned by the band
gap of ZnO, with a steep rise in absorptivity at around 375 nm
(3.3 eV) [48]. The Co doped ZnO samples (Fig. 4 (a)) exhibit additional bands at longer wavelengths (in the visible and infrared
range), well separated from the fundamental absorption edge. The
well separated partially resolved peaks centered at around 568, 611
and 654 nm, as well as at 1325, 1422 and 1645 nm are related to
electronic d-d transitions between crystal ﬁeld split levels of Co2þ
ion with 3 d7 high spin electron conﬁguration in tetrahedral coordination of O2 ions [21,49]. The observed spectral features and the
intensity increase of this absorption band with increased Co
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concentration indicates that the Co dopant prefers to substitute the
Zn2þ (at its sites with tetrahedral oxygen coordination) even at
higher Co content (viz. Zn0.9Co0.1O).
Nanocrystals containing Ga exhibit a wide infrared absorption
band attributed to plasmon resonance originating in aliovalent
doping (Fig. 4 (b)). The observation of plasmon resonance in the
GZO samples is an indication of the presence of delocalized (itinerant) charge carriers within the nanoparticles. The occurrence of a
considerable delocalized charge carrier density (such that it would
give rise to a plasmon resonance in the near IR) is not fully trivial
even in the presence of an aliovalent dopant (Ga3þ). Depending on
synthesis conditions, Zn2þ substitution by Ga3þ can be expected to
give rise to the formation of various point defects, the majority of
which would be zinc vacancies, Ga3þ at Zn2þ sites, oxygen interstitials and/or free electrons. If GZO materials would be obtained
under oxidizing conditions, the charge imbalance arising from Ga3þ
at Zn2þ sites would become compensated either by zinc vacancies
or oxygen interstitials in accordance to
(3)

Fig. 3. TEM image of Zn0.9Ga0.10O nanocrystals.

(4)
where GaZn is Ga on Zn site with an effective (surplus) charge of þ1,
OXO is oxygen at an oxygen site (neutral entity), V’’Zn e zinc vacancy
with effective charge 2, O’’i e oxygen interstitial with effective

Fig. 4. Optical properties of sample powders and colloids. Kubelka-Munk UVeVis absorption spectra of Co doped ZnO (a), as well as Ga doped and Co-Ga co-doped ZnO (b) powders.
Transmittance measurements for sample colloids are demonstrated in graphs (c) and (d).
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charge 2.
On the other hand, under reducing conditions (viz. in ethanol
solvothermal synthesis) the excess positive charge on Ga site is
compensated by introducing electrons delocalized over the nanoparticle according to the formula:
(5)
Upon Co co-doping of GZO, the optical density in the infrared
region in Kubelka-Munk absorption spectra decreases, but, nevertheless, the Co-Ga co-doped ZnO nanocrystals still exhibit strong
infrared (LSPR) adsorption, as well as clearly distinguishable absorption bands from Co2þ at the tetrahedral Zn2þ lattice sites. The
XRD results above and high kinetic energy photoelectron spectroscopy (HAXPES) below reveal that some part of free electrons are
consumed for reducing Co2þ to Co0 upon Co addition to GZO.
Otherwise, the decrease of plasmonic absorbance intensity and
energy, together with increase in saturation magnetization, has
been taken as an indicator for electron mediated magnetic coupling
in Mn-ITO and Fe-ITO systems [31].
The measured optical transmittance spectra of the nanocrystal
colloids are demonstrated in Fig. 4 (c) and (d). GZO exhibit a broad
absorption band in the near infrared range. The infrared absorption
band is getting stronger with increasing Ga doping levels in ZnO
until it attains the strongest near infrared absorption for the
Zn0.9Ga0.1O sample, while the absorption gradually decreases with
increasing co-dopant (cobalt) concentration. Samples with Ga
concentrations above the Zn0.9Ga0.1O optimum show again some
decrease in near infrared absorptivity, which may be because the
substitutional dopant at higher concentrations can favor formation
of self-compensating point defect clusters thus hindering formation of any substantial free (delocalized) charge carrier density [50].
The formation of electronically neutral defect clusters at high
€ stlin clusters)
dopant concentration (sometimes called Frank and Ko
is well reported in literature for transparent semiconductor oxides
[51]. This is the main limitation for conductivity of transparent
conductive oxides. However, even so, there is a huge number of
itinerant charges at high hypervalent dopant level to contribute for
magnetization.
Photoluminescence (PL) measurements were carried out to
compare defect states in various samples. All samples demonstrate
different PL spectral distribution under 266 nm laser excitation at
10K (Fig. 5 and supplementary Fig. S1) with the broader luminescence bands originating in ZnO intrinsic defects. The visible emission in PL spectrum of undoped ZnO is related to the PL from
electron and hole recombination in localized states with energy
levels deep in the band gap originating from anion vacancies and/or
interstitials in crystal lattice, whereas shallower defects are dominant in doped samples [52e54]. Exciton luminescence for undoped
ZnO was 15 times higher than defect luminescence. For samples
with Ga doping the exciton peak was not observed, which indicates
higher point defect concentration in ZnO lattice.
By deconvoluting the complex luminescence bands of all samples to Gaussian peaks, the typical ZnO intrinsic luminescence
bands can be identiﬁed (Fig. 5). The luminescence band structure of
ZnO is very complex [55], therefore multiple-peak ﬁtting is
disputable and challenging; however, such approach highlights the
differences between the samples. All samples showed common
intrinsic luminescence band peaking around 2.45eV (colored green
in Fig. 5). This band is very typical for ZnO and originates from the
recombination of photo-excited holes with singly-ionized oxygen
vacancies [23,55,56] and the higher intensity of this band would
indicate a larger oxygen vacancy concentration [56,57].
As demonstrated by equations (3) and (4) the Ga3þ doping may

trigger formation of oxygen interstitials and/or zinc vacancies. This
correlates with luminescence observations where the blue band
(~2.85eV) related to VZn is dominant for Ga3þ doped ZnO. PL
measurements in combination with UVevis absorption and transmittance measurements above show that there is mixture of point
defects in Ga3þ doped ZnO samples, such as Oi, VZn and itinerant
electrons. This means there is ample room to increase plasmonic
absorption in the infrared range for Ga3þ doped ZnO, which is
important for infrared blocking smart window applications [58].
For Co doped samples an additional band at 3.15eV is visible.
This band could be related to zinc interstitials [23,55]. In general,
undoped ZnO sample shows more oxygen vacancy related luminescence bands [55,59] and peaks of doped ZnO samples are connected with cation sublattice related defects.
Several samples were also studied using high kinetic energy
photoelectron spectroscopy (HAXPES), which is a non-intrusive
probe where the average probe depth can be varied by changing
the excitation X-ray energy, as the inelastic mean free path (IMFP)
of the photoelectrons in the sample (i.e., the depth at which the
photoelectrons generated in the sample would be able to exit the
sample, while still carrying the initial kinetic energy deﬁned as the
difference of the incident X-ray photon energy and the binding
energy of the electron while in the sample in the ground state),
which deﬁnes the mean probe depth, varies slowly with the
photoelectron kinetic energy and approaches bulk sensitivity at
high photoelectron kinetic energies. For the present purposes, the
higher used incident X-ray photon energy of 6.9 keV with the IMFP
above 8 nm at all edges (see detail below) can be considered a bulk
probe, because the probe depth safely exceeds the radius of the
nanoparticles of approximately 10 nm size (as seen using TEM in
Fig. 3), whereas the XPS spectra at the lower excitation energy used
(2.3 keV) will have some propensity for near-surface signal (IMFP-s
on the order of 2e3 nm).
HAXPES spectral shapes of the metal 2p and oxygen 1s core
levels were used mainly to study the bulk composition, but also to
look for indications of any (radial) inhomogeneities of composition
and/or charge states. Additional information regarding to use
HAXPES is provided in Supplementary material.
In the Co 2p HAXPES (Fig. 6) we observe that although the Co is
mainly oxidized (with the corresponding main Co2þ 2p3/2 peak at
slightly above 781 eV), there is a non-negligible presence of
metallic Co in the bulk of the samples studied (see Fig. 6), which is
spectrally relatively well distinguished at the leading edge of the Co
2p3/2 level (the metallic Co peak is seen at approximately 778 eV
binding energy, labelled Co0 in the ﬁgure). From the Co 2p3/2 level
relative peak intensities (i.e., the ratio of the Co 2p3/2 spectral areas
of the Co0 vs. the Co2þ components), we estimate the proportion of
the reduced, metallic Co to amount to approximately 8e9% (as an
upper limit) of the total contained cobalt for the more bulk sensitive XPS probe using the 6.9 keV incident X-ray energy, corresponding to a mean probe depth (IMFP) of ~85 Å for the Co 2p
electrons) [60], while being considerably weaker when using the
more shallow probe depth (2.3 keV incident X-rays, resulting in an
estimated IMFP of ~26 Å for Co 2p), indicating that the reduced
(metallic) Co preferentially appears at the core of the nanoparticles.
It then becomes relevant to try to estimate the relative signiﬁcance
of the contribution of this metallic Co component to the overall
magnetic response. On the background that magnetization values
for TM NPs close to bulk magnetization values have been reported
in the literature [61], the Co metal bulk magnetisation value of ~165
emu/g and the (metallic) Co percentage of the total mass, the
contribution of the metallic Co to the overall magnetic response
would have an upper limit at approximately 1.1 emu/g (for a 10% at.
cationic Co content sample) or in the range of approximately
0.25e1.1 emu/g for the samples in this study (for more info see
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Fig. 5. Deconvoluted photoluminescence spectra for various nanocrystals: (a) ZnO, (b) Zn0.90Ga0.10O, (c) Zn0.95Co0.05O and (d) Zn0.90Ga0.05Co0.05O.

Supplementary Material). While certainly not negligible, such
contribution nevertheless still appears not to be deﬁning the
overall magnetic response with saturation values typically at
several emu/g, as demonstrated below. However, an earlier XMCD
(incl. element and orbital speciﬁc contributions to magnetic properties) report [62] on ZCO at different Co concentrations concluded
from their data that the magnetic response is mainly due to
(segregated) metallic Co clusters in their ﬁlms (although Co was
dominantly present as Co2þ at Td ligand conﬁguration, i.e.
substituting at Zn sites). The antipodal differences in experimental
observations can be related to differences in concentration of
electronic point defects, although, need to consider also, that XMCD
may not have yielded conclusive information due to limited probe
depth.
The evolution of the O 1s XPS with introducing and increasing
Ga content appears reminiscent of the observations of Yu et al. [63]
with the change from a dominant single (lattice oxygen) peak in
ZnO (and Co doped ZnO) to a spectrum with more weight at higher
binding energy components, which correspond to lattice oxygen in
the vicinity of a variety of introduced lattice defects.
In the O 1s spectra (Fig. 6), the major peak of ZnO lattice oxygen
(below 531 eV binding energy) is seen to be accompanied by a
smaller peak (marked by asterisk in the ﬁgure and typically
attributed to hydroxyl groups at surface) at approximately 1.3 eV to
higher binding energies also for the Co doped sample. The relative
intensity of this latter peak is seen to depend on probe depth (being
stronger for the less bulk sensitive probe) and indeed, as we have

earlier seen for un-doped and the Co doped ZnO nanoparticles with
the conventional XPS applied in surface sensitive mode (with
photoelectron kinetic energies in the range of 0.1 keV and the
corresponding mean probe depth on the order of 5 Å), the surface
hydroxyl related higher binding energy component has peak height
comparable to that of lattice oxygen [42]. On this background it is
telling that after introducing the aliovalent dopant (Ga), the relative
intensities become insensitive to probe depth (as seen in Fig. 6), the
varied incident X-ray energies give virtually identical spectra for
the samples containing Ga), indicating that oxygen conﬁguration
becomes less unique throughout the nanoparticles (and not only at
their surface).
Fig. 7 shows magnetization vs magnetic ﬁeld strength curves at
room temperature. Measured saturation magnetization values are
presented in Supplementary Material, Table S1. All the measured Co
doped ZnO samples (within the rather wide compositional range)
exhibit ferromagnetic behavior. The un-doped ZnO nanocrystals do
not exhibit ferromagnetic behavior. Magnetization curve of the
pristine ZnO single crystalline nanowires at room temperature
demonstrated in Supplementary Fig. S2 shows diamagnetic
behavior, which is typical for bulk ZnO [64]. The Ms grows gradually
in both Zn0.9-xCoxGa0.1O and Zn0.9-yCo0.05GayO systems with
increasing Co or Ga concentration (x and y, respectively). Most
interesting is gradual increase in magnetization with increasing Ga
dopant, but, at the same time, keeping the Co content constant (at
x ¼ 0.05). A gradual increase in saturation magnetization from 1.48
to 3.96 emu/g is observed (2.7 fold increase) when Ga
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Fig. 6. Co 2p (left) and O 1s (right panel) XPS of select samples at two different incident X-ray energies: 2.3 keV and 6.9 keV, corresponding to mean probe depths ~30 Å (dashed
lines) and ~85 Å (solid lines). Bottom (red) curves at the right panel: decomposition of the (Co0.1Zn0.9O) O 1s spectra into the main peak at ~531eV corresponding to regular (ZnO)
crystal lattice sites, and the contribution at the high binding energy side (marked with an asterisk), which for Co doped samples appears surface (hydroxyl) related e it relatively
decreases for the deeper probe (solid line), whereas for the Ga-Co codoped samples the deviating oxygen environments appear more evenly distributed throughout the nanoparticles (show no dependence on probe depth). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 7. Magnetization vs magnetic ﬁeld strength curves at room temperature for various Co, Ga and Co-Ga co-doped ZnO nanocrystals. Inset on ﬁgure (b) close view of the hysteresis
central part.

concentration is increased from 0.05 to 0.15 in composition Zn0.95The magnetization values clearly increase (double)
from 2.65 emu/g to 4.88 emu/g also for highly doped Zn0.9Co0.10O
and Zn0.8Co0.10Ga0.10O nanocrystals. To the best of our knowledge
we observed room temperature saturation magnetization higher
than previously reported values for multifunctional magnetic and
plasmonic nanocrystals as depicted in Table 1. The observed saturation magnetization values are also 2 orders of magnitude higher
than Ga doped ZnO, which exhibit room temperature ferromagnetic behavior with saturation magnetization 0.011 emu/g, as
demonstrated in supplementary Fig. S3. A paramagnetic contribution to the overall shape of the magnetic response curves should

xCo0.05GaxO.

Table 1
Room temperature saturation magnetization (Ms) values for different magnetic
plasmonic nanocrystals reported in literature.
Material

Ms (emu/g)

Reference

MnSn codoped In2O3
Sn4þ-doped (InFe0.04)2O3
Sn- and Fe-codoped In2O3
Co- and Ga-codoped ZnO

2.52
0.37
0.05
4.88

[31]
[33]
[35]
This work

certainly be considered and we ﬁnd the shapes of the curves (which
we observe to level out at higher external ﬁelds) not to support a
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dominant paramagnetic component in the overall signal.
The observed increase in saturation magnetization (Ms) when
introducing the Ga3þ suggests that the extra loosely bound delocalized electrons now available in the lattice should be relevant in
activating new ferromagnetic interactions even if clustering of the
magnetic ions cannot be fully ruled out [31]. Park et al. have stated
that nanometer-sized segregated TM clusters are responsible for
the room temperature ferromagnetic behavior in the (otherwise
paramagnetic) Co doped ZnO and that clustering occurs for compositions with Co loading x > 0.12 in Zn1-xCoxO [65]. However, our
(HAXPES) estimates (above) show that the relative amount of
reduced Co (as it can be expected to be segregated in metallic
clusters) can produce a non-negligible contribution to the overall
magnetic response, whereas the overall measured response of the
nanoparticles still remains several (4e5) times stronger than only
magnetizing the segregated clusters would allow. We therefore ﬁnd
that the observed increase in saturation magnetization (Ms) when
introducing the hypervalent Ga3þ dopant suggests that the resulting extra delocalized electron density in the nanoparticles not only
gives rise to plasmonic properties (e.g. as exposed in the LSPR absorption) but also, according to a mechanism previously reported
for different materials [31], promotes itinerant electron mediated
(Stoner) magnetism.
4. Conclusions
We establish Ga and Co co-doping of ZnO to obtain diluted
magnetic degenerated semiconductor oxide nanocrystals. Our results conﬁrm that a considerable delocalized electron density is
established, which contributes signiﬁcantly to the magnetic exchange coupling. Ga doping primarily introduces strong plasmonic
absorption in the infrared range, while Co doping gives rise to
ferromagnetic properties to the ZnO nanocrystals. Further, we
observe an increase in the saturation magnetization (Ms) when
introducing the hypervalent Ga3þ, which suggests that the introduced delocalized electron density becomes relevant in promoting
itinerant electron mediated exchange interactions.
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