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ABSTRACT: Unlike to the most previous reports, mixed-cation
Cu+/Cu2+ doping-induced novel nanoscale phenomena, including
photoluminescence quenching and a correlating ferrimagnetism with
Neél temperature ≈ 14 K, were found in the as-calcined (Cu2

+/
Cu1

2+)0.044Zn0.956O electrospun nanobelts (NBs). There is also high
strain (up to 1.98%) and shrunk lattice distortion (ΔV/V0 ∼ 0.127%)
in the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs, leading to broken lattice

symmetry in conjunction with nonstoichiometry (i.e., oxygen
vacancies or accurate F centers), which could be possible origins of
ferrimagnetism in the Cu-doped ZnO NBs. Electron paramagnetic
resonance spectra reveal that there are giant and anisotropic g factors, suggesting that there is strong anisotropic spin−orbit
interaction between the Cu2+ ion and F center (i.e., forming Cu2+−F+ complexes) in the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs. The

above correlation enables the potential application of tuning of the optical and ferrimagnetic properties through strain and F-
center engineering.
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1. INTRODUCTION

Semiconductor nanowires (NWs) often exhibit novel electronic
and optical properties because of their unique one-dimensional
(1D) structure and quantum confinement effects, among which
1D nanostructure-based diluted magnetic semiconducting
oxides (DMSOs) are very important for nanoscale spin-
troncs.1,2 Thanks to excellent doping uniformity and result
reproducibility, the solution-based electrospinning synthetic
strategy is believed to be a universal and versatile method for
fabricating 1D nanofibers with diameters ranging from tens of
nanometers to several micrometers.3,4 Our recent works
successfully prepared some complex oxide nanofibers using a
poly(vinyl alcohol) (PVA) electrospinning technique with a
subsequent calcination approach.5−9 On the other hand,
generally, chemical doping with 3d transition-metal (3d-TM
cationic) atoms (such as Fe, Co, Ni, and Mn having permanent
magnetic moments) is a well-known frequently used route to
enable their diluted magnetism of semiconductors; however,
the origin and control of the magnetism in the 3d-TM-doped
DMSOs, such as zinc oxide (ZnO), is far from well
understood.10,11 Cu is a traditional nonmagnetic element;
however, Cu2+ (3d9) ion is ferromagnetic [S = 1/2; μ(Cu

2+) ∼
1.9 μB], while Cu+ (3d10) has a fully occupied 3d shell and
hence does not contribute to ferromagnetism [S = 0; μ(Cu+) ∼
0].12

On the other hand, the Cu ion is an active luminescent
center, and its emission is sensitive to the atomic environment,
such as the doping concentration and defects in the host.13 For

example, broad and continuous photoluminescence (PL)
spectra were observed in Cu-doped ZnO NWs.14 Recently,
green luminescence was observed in Cu-doped ZnO thin
films15 and Cu-doped ZnO nanorods.16 Green emission is
commonly observed in ZnO nanostructures, and surface states
are responsible for the green emission.17,18 However, some
different hypotheses have been proposed that bulk defects such
as oxygen vacancies (VO) are also responsible for the green
emission.19−22 The presence of VO is proven to have a great
effect on other electronic properties of ZnO. Chakraborti et al.
first reported room temperature ferromagnetism (RTFM) in
Zn1−xCuxO thin films.23 Subsequently, robust RTFM was
observed in Cu-doped ZnO thin films.24 An interesting
question thus arises: Is there any correlation between PL and
their diluted magnetism of semiconductors, and further can we
tune the optical and magnetic properties of ZnO nanocrystals
through VO engineering? Here, we report the synthesis of the
Cu-doped ZnO (Cu4.4Zn95.6O, atom %, or (Cu2

+/
Cu1

2+)0.044Zn0.956O) beltlike nanostructures or nanobelts
(NBs) by electrospinning and subsequent calcination. The
(Cu2

+/Cu1
2+)0.044Zn0.956O electrospun NBs were 1D nano-

structures, with about 80−90 nm thickness, 180−300 nm
width, and length up to several hundreds of micrometers. Novel
phenomena, including PL quenching and correlating ferrimag-
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netism, were observed in the (Cu2
+/Cu1

2+)0.044Zn0.956O NBs,
which was different from the above reports.14−16,23,24 There is
high strain (up to 1.98%) and shrunken lattice distortion (ΔV/
V0 ∼ 0.127%) in the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs, leading to

broken lattice symmetry [confirmed by powder X-ray
diffraction (PXRD)] and nonstoichiometry (i.e., VO confirmed
by X-ray photoemission), which were proposed as possible
origins of ferrimagnetism. The correlation in the Cu-doped
ZnO NBs enables the potential applications of tuning of the
optical properties and ferrimagnetism of ZnO-based DMSO
NWs through strain and VO engineering.

2. EXPERIMENTAL SECTION
(Cu2

+/Cu1
2+)0.044Zn0.956O NBs have been fabricated by the electro-

spinning technique, and the chemicals were commercially available
(Sinopharm Chemical Reagent Company) and were used as received
without further purification. For a typical procedure, 2.8 g of
poly(vinyl alcohol) (PVA1788; Mw = ca. 66000 or 996 kg mol−1)
powder was dissolved in 18 mL of deionized water in one vial, and
after stirring at 343 K for 1 h, a viscous colorless solution of PVA was
obtained. Meanwhile, predetermined amounts of 2.3995 g of zinc
acetate [Zn(Ac)2·2H2O, purity of 99.99%] powder and 0.1005 g of
copper acetate [Cu(Ac)2·H2O, purity of 99.999%] powder were
dissolved with 5 mL of deionized water in another separate vial
(brown red color) and slowly added to the PVA solution at a rate of 1
drop s−1 with constant stirring at 343 K for 3 h. The light-blue buffer
solution was maintained at 298 K for 5 h with magnetic stirring and
then left for more than 15 h to ensure complete dissolution and
elimination of the air bubbles. Electrospinning was then undertaken
using a homemade vertical needle-collector setup,5−9 employing the
following conditions: controlled flow rate at ∼0.10 mL h−1, applied
voltage ∼11.0 kV, and tip−collector distance ∼16 cm. The optimal
calcination conditions for electrospun nanofibers were found via a
four-step process in sequence (a first sintering of the as-electrospun
PVA-containing composite fibers at a heating rate of 3 K min−1 in an
air atmosphere to 503 K for holding 1 h and subsequent cooling to
ambient temperature, a second sintering to 559 K for 1 h at the same

heating rate and natural cooling, a third sintering to 635 K for 1 h at
the same heating rate and natural cooling, a fourth sintering to 698 K
for 1 h at the same heating rate and natural cooling, and a fifth
sintering to 873 K for 1 h at the same heating rate and natural
cooling), yielding the (Cu2

+/Cu1
2+)0.044Zn0.956O single phase of the as-

calcined NBs.

3. RESULTS AND DISCUSSION

Figure 1b shows the differential scanning calorimetry (DSC)−
thermogravimetric analysis (TGA) curves of the as-electrospun
PVA-containing composite fibers. There are two endothermic
peaks at 350.3 and 414.4 K, respectively, that can be attributed
to crystal water loss. Also, four exothermic peaks in the DSC
curve are observed at 503.4, 559.1, 634.6, and 697.5 K,
respectively. The first three sharp exothermic peaks are
responsible for the onset of PVA decomposition, and the
fourth weak peak is crystallization of (Cu2

+/Cu1
2+)0.044Zn0.956O,

concurrent with a significant weight loss of about ∼92.4 wt %
taking place, indicating the complete removal of the organic
component. The inset of Figure 1b shows that the as-
electrospun PVA-containing composite fibers were 1D
nanostructures, with a mean fiber diameter of approximately
300−400 nm and a length of several hundreds of micrometers.
Following the above four-step calcination, it was found that the
color of the Cu-doped ZnO fiber mats turned from gray-white
(Figure 1a) to greenish (Figure 1c). Figure 1d shows the
scanning electron microscopy (SEM) image of the as-calcined
(Cu2

+/Cu1
2+)0.044Zn0.956O NBs, having a length of up to several

hundreds of micrometers by this simple approach. A close-up
SEM image clearly reveals that the (Cu2

+/Cu1
2+)0.044Zn0.956O

nanofibers are beltlike nanostructures with thickness of
approximately 80−90 nm and width of approximately 180−
300 nm (Figure 1d).
Representative transmission electron microscopy (TEM;

Figure 2a) of the as-calcined electrospun sample reveals that

Figure 1. (a) Digital photograph of the gray-white as-electrospun PVA/(Cu2
+/Cu1

2+)0.044Zn0.956O composite fiber mats. (b) DSC−TGA (TA, SDT
Q600) curves of the as-electrospun PVA/(Cu2

+/Cu1
2+)0.044Zn0.956O composite fibers. The heating rate is at 10 K min−1 under a static ambient

atmosphere. Inset: Low-magnification SEM images of the as-electrospun (Cu2
+/Cu1

2+)0.044Zn0.956O fibers. (c) Digital photograph of the greenish as-
calcined (Cu2

+/Cu1
2+)0.044Zn0.956O NB mats. (d) Typical SEM image of the as-calcined (Cu2

+/Cu1
2+)0.044Zn0.956O NBs. Inset: SEM image with

higher magnification.
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the (Cu2
+/Cu1

2+)0.044Zn0.956O NBs have a beltlike structure
with uniform diameter and thickness. A closer dark-field TEM
image (Figure 2b) of the as-calcined Cu4.4Zn95.6O NBs shows a
grain size of approximately 25−40 nm. The inset in Figure 2b
shows the corresponding selected-area electron diffraction
(SAED) pattern. The continuous sharp rings further confirm
that the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs are constituted of many

very tiny nanocrystals. The representative high-resolution TEM
(HRTEM) images indicated that the (Cu2

+/Cu1
2+)0.044Zn0.956O

NBs are made of many randomly oriented nanoscale
polycrystals (Figure 2c). As shown in Figure 2d, the TEM−
energy-dispersive X-ray spectrometry (EDX) elemental map-
pings of Cu and Zn vividly prove the existence and
homogeneous distribution of Cu. TEM−EDX measurements
prove that the ratio of Cu/(Cu + Zn) is 0.045:1, approaching
the nominal value of 0.044:1 (Figure 2e).
The phase composition and structure of the as-calcined

products were examined by PXRD. As shown in Figure 3a, no
other secondary phases are observed, and all of the strong
reflection peaks from the as-calcined electrospun (Cu2

+/
Cu1

2+)0.044Zn0.956O NBs can be readily indexed to hexagonal
wurtzite-structured ZnO (JCPDS 36-1451), revealing the
successful incorporation of Cu into the host ZnO lattice. All
PXRD data are fitted by Rietveld refinement using the RIETAN
2000 program.25 From the PXRD refinement results, the lattice

parameters (a = 3.2493 Å and c = 5.2059 Å) of the (Cu2
+/

Cu1
2+)0.044Zn0.956O NBs are slightly smaller than that of bulk

ZnO (a = 3.2500 Å and c = 5.2070 Å), suggesting a shrunken
lattice structure (ΔV/V0 ∼ 0.127%) in the (Cu2

+/
Cu1

2+)0.44Zn0.956O NBs, while the corresponding bulk values
and consequent lattice distortion are very small,26 which is
consistent with the case of Al2O3 nanocrystals.

27 Furthermore,
according to the Williamson−Hall method,28,29 with the (100),
(002), and (101) peaks, if the broadening functions are of the
Cauchy type, there is a relatively high internal strain (1.98%) in
the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs with an average crystallite

size of dXRD = 32 nm (Figure 3b), which is compared to the
particle size estimated from the TEM dark-field image (Figure
2a).
Figure 3c shows the micro-Raman scattering spectrum of the

(Cu2
+/Cu1

2+)0.044Zn0.956O NBs. There are seven distinct visible
Raman - a c t i v e phonon peak s f r om the (Cu2

+/
Cu1

2+)0.044Zn0.956O NBs, which are at 292, 331, 436, 582,
623, 999, and 1125 cm−1. The intense E2 mode (at ∼436 cm−1)
was observed, which confirms a typical wurtzite structure.30

The E2 − E1 mode at 331 cm−1, the TA + LO mode at 623
cm−1, and two LO modes at 999 and 1125 cm−1 can be
attributed to the second-order vibration modes of the ZnO
wurtzite structure31 and the structures of group II−IV
semiconductors,32 respectively. On the other hand, ZnO is
known as an n-type semiconductor, with VO acting as the
donors, and E1(LO) at 582 cm

−1 is always associated with VO.
33

A new Raman phonon, centered at 292 cm−1 (the red question
mark guides the eyes), was first observed in the (Cu2

+/
Cu1

2+)0.044Zn0.956O NBs with respect to the pure ZnO systems
including ZnO microtetrapod-on-NW hybrids,34 ZnO micro-
nanocrystal tetrapods.35 In our case, upon substitution of Zn
with smaller size Cu in the Cu-doped ZnO wurtzite crystal
structure, shrinking along c axis occurs in the Cu0.044Zn0.956O4
tetrahedron (inset, top right corner in Figure 3c). The Raman
peak at 292 cm−1 may result in broken symmetry; e.g.,
shrunken lattice distortion (ΔV/V0 ∼ 0.127%; previously
confirmed by the above-mentioned PXRD; Figure 3b) in the
(Cu2

+/Cu1
2+)0.044Zn0.956O NBs. Another possibility is related to

the existence of VO because the removal of one O atom from
the CuO4 tetrahedron, i.e., by creation of an O vacancy, results
in the breaking of one Cu−O bond within the CuO4
tetrahedron (see the following).
Moreover, the room-temperature PL spectrum of the

undoped ZnO NWs (Figure 3d) shows a strong near-band-
edge emission at 381 nm (3.25 eV) in the UV and a visible
emission at 500 nm (2.48 eV), which is attributed to VO.

19 In
contrast, it was found that no laser spot is visible in the (Cu2

+/
Cu1

2+)0.044Zn0.956O NBs (Figure 3d), suggesting that the
resulting PL spectra are completely quenched. It is quite
different from the large, but thin, transparent ZnO (0001)
nanohexagons36 and extralarge-area flexible ZnO (011 ̅0)
paperlike nanostructures.37 This observation was confirmed
by the digital images of the pure ZnO NWs, and the (Cu2

+/
Cu1

2+)0.044Zn0.956O NBs subjected to laser irradiation showed
that no reflection spot was observed (insets, top and bottom in
Figure 3d). The PL quenching phenomenon in the (Cu2

+/
Cu1

2+)0.044Zn0.956O NBs is different from the case of Au-
decorated ZnO nanorods.38

Figure 4 shows the magnetization (M−H) loops of the
(Cu2

+/Cu1
2+)0.044Zn0.956O NBs measured at room temperature

(300 K) and 10 K. A room temperature hysteresis loop is
obviously observed in the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs,

Figure 2. (a) Typical bright-field and (b) dark-field TEM images of
the as-calcined (Cu2

+/Cu1
2+)0.044Zn0.956O NBs, showing tiny nano-

grains. Inset in part b: SAED pattern indicating a nanoscale
polycrystalline structure. Numbers on the ring pattern correspond to
the 100 (1), 101 or 110 (2), 002 (3), 102 or 201 (4), 112 (5), and 103
(6) planes. (c) HRTEM (FEI TECNAI G2 F20, 200 kV) image of the
as-calcined (Cu2

+/Cu1
2+)0.044Zn0.956O NBs. (d) EDX mappings of Cu

(upper left and right) and Zn (lower left and right). (e) Typical EDX
spectrum of a single (Cu2

+/Cu1
2+)0.044Zn0.956O NB. Peaks correspond-

ing to Zn, O, and Cu are evident. Mo signals are from a Mo TEM grid
supporting the NWs. The specimens for HRTEM analysis were
prepared by dissolving the black powder in ethanol. After ultrasonic
treatment, a drop of the liquid was sprayed onto a holey-C Mo grid in
order to avoid confusion with the Cu dopant.
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supporting the observation of weak magnetism with the room
temperature coercivity (Hc) of 54.5 Oe. The saturation
magnetization (Ms) has been estimated to be 5 and 80.5 emu
g−1 at 300 and 10 K, respectively, by extrapolating M versus 1/
H for 1/H tending to zero (not shown here). Furthermore,
field cooling (FC) and zero-field cooling (ZFC) were used to
clarify and understand the temperature-dependent magnet-
ization in an applied field of 1000 Oe. As the temperature rises,
the ZFC magnetization increases first and then decreases after
reaching a maximum at 58.5 K (blue arrow), and this is
responsible for the lower average blocking temperature (TB =
58.5 K) of these (Cu2

+/Cu1
2+)0.044Zn0.956O nanograins,

suggesting that there are tiny ferromagnetic nanoclusters.39

Considering that mixed Cu+/Cu2+ (later confirmed by XPS;
Figure 4c) is in the 3d10/3d9 mixed-electron configuration, the
contribution of magnetic moments is simply from Cu2+

[μ(Cu+) ∼ 0],12 and the saturation magnetization per formula
unit (f.u.) was calculated as a function of μ(Cu2+). The net
magnetic moment per Cu for the (Cu2

+/Cu1
2+)0.044Zn0.956O

NBs is 0.92898 (Table 1), less than the theoretical value of 1.0
μB/Cu atom40 for Cu2+ because Cu exhibits a mixed-valence
state of Cu+ and Cu2+. As shown in Table 1, the Curie−Weiss
fit χ = C/(T − Tθ) of high-temperature magnetization data
(green regions, Figure 4b) yields the Curie constant (C) value
and Curie−Weiss temperature (Tθ) value. In the case of pure
pristine ZnO NWs, a positive Tθ corresponds to ferromagnet-
ism, and a negative Tθ (i.e., the Neél temperature, TN)
corresponds to ferrimagnetism,41 suggesting that some of the
Cu2+ ions are in antiferromagnetic (AFM) clusters.42 Moreover,
in contrast to pure ZnO NWs,6 upon Cu doping, in which Tθ

rapidly changes the plus or minus sign to TN (−Tθ ∼ 14 K), the
(Cu2

+/Cu1
2+)0.044Zn0.956O NB sample exhibits ferrimagnetic

ordering, suggesting that ferromagnetic coupling between the

local moments of the ZnO NWs is not robust. Namely, Cu
doping into the ZnO wurtzite lattice or substitution of Cu for
Zn sites causes tuning in the electronic state, i.e., ferrimagnetic
ordering.
Parts c−e of Figure 4 show the results of XPS measurements

on our (Cu2
+/Cu1

2+)0.044Zn0.956O NBs. In all of our spectra, the
Cu 2p and O 1s peak fittings were fitted using pure Guassian
functions. The background (dashed blue lines) was removed by
the standard Shirley subtraction method.43 All of the Cu 2p3/2
and Cu 2p1/2 valence band spectra show a shakeup satellite
structure (Figure 4c). The Cu 2p3/2 valence band spectrum at
932.4 eV indicates Cu+.44 The Cu 2p3/2 valence band spectrum
at 933.0 eV indicates Cu2+.45 The Cu 2p3/2 valence band
spectrum at 946 eV indicates Cu+.44 The Cu 2p3/2 valence band
spectrum at 952.7 eV indicates Cu2+.46 Thus, the chemistry of
Cu in the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs is conclusively mixed

states of Cu+ and Cu2+ ions, and the formation of a Cu metal
cluster in our samples can be ruled out. On the basis of the
intensity of the Cu 2p3/2 line, the composition ratio between
the Cu+ and Cu2+ ions is estimated to be 2:1. Accordingly, the
4.4% Cu-doped ZnO NBs could be rewritten in the (Cu2

+/
Cu1

2+)0.044Zn0.956O NBs. In addition, as shown in Figure 4e, the
O 1s peak fittings were fitted using two individual subpeaks at
531.1 eV (the green arrow guides the eyes) and 528.2 eV,
respectively. The recent work demonstrates that O 1s at 531.1
eV is considered as evidence of VO existence.7,47 Thus, both the
high-resolution TEM and XPS measurements suggest that Cu
atoms have substituted into the ZnO lattice sites with the
existence of some VO. Combined with the PL spectrum (Figure
3d), it is conclusive that Cu doping drastically limited or forbid
the generation and transportation of excitons (i.e., exciton
quenching), suggesting that numerous trapped-type defects
exist in the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs, and these trapped-

Figure 3. (a) PXRD (The PANalytical Empyrean Series 2 diffraction system) data on a logarithmic scale for the y axis of the as-calcined (Cu2
+/

Cu1
2+)0.044Zn0.956O NBs and (b) Williamson−Hall plot of the as-calcined (Cu2

+/Cu1
2+)0.044Zn0.956O NBs. (c) Raman spectrum [Jobin Yvon HR-800

spectrometer (resolution of 1 cm−1)] of the as-calcined (Cu2
+/Cu1

2+)0.044Zn0.956O NBs. The experiments were carried out in a micro-Raman 180°
backscattering geometry with 514.5 nm radiation from a 5 mW argon-ion laser at room temperature. The peak fittings were fit using an 80%
Lorentzian−20% Guassian function. (d) Room temperature PL spectrum of the as-calcined (Cu2

+/Cu1
2+)0.044Zn0.956O NBs. The excitation

wavelength is 325 nm from a helium−cadmium laser. Insets: digital photographs of the pure as-calcined ZnO NWs (top) and the as-calcined (Cu2
+/

Cu1
2+)0.044Zn0.956O NBs (bottom) subjected to laser UV irradiation. The white arrows guide the eyes, and the white spot is the laser spot.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5001135 | ACS Appl. Mater. Interfaces 2014, 6, 4490−44974493



type defects (e.g., vacancies) can capture available e−,
neutralizing and forming F centers (Fc).

48 Electrons tend to
absorb visible light such that the material looks green in color,
which is confirmed by Figure 1c. Therefore, the origin of PL
quenching in the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs is mainly

related to VO instead of Zn vacancy.49

Electron paramagnetic resonance (EPR) spectroscopy is the
most powerful experimental technique for identifying and
studying the defects that contain unpaired electrons in
semiconductors.50 Variable-temperature EPR spectra of the
(Cu2

+/Cu1
2+)0.044Zn0.956O NBs are presented in Figure 5. Some

remarkable features of the EPR spectrum include the following:
(i) Any high-field signal at Lande ́ factor g = 1.96 was observed,
suggesting that an isolated neutral VO charge state does not
exist. (ii) There are two broadening EPR signals: the broad
resonance signal (peak I) at g ∼ 2.0566 close to the free-
electron value (ge = 2.0023) is generally attributed to an
unpaired electron trapped on a VO site (i.e., F centers or F+ =
VO

2+ + e−),51 and unknown peak II with a g factor close to 3−6,
which is quite different from the previous EPR spectrum of Cu

impurities in single-crystal ZnO.52 (iii) Two g factors tend to
increase with decreasing temperature. A possible explanation is
that they are anisotropic g factors.50 Peak I is also due to the
Cu2+ ion (g ∼ 2.049),53 confirming Cu-ion substitution into Zn
sites again. Deviation of the g factor from ge and the Cu

2+ ion (g
∼ 2.049) is susceptible to the spin−orbit interaction Δg ∝ λ,50

suggesting that the Cu2+ ion does not freely exist where λ is the
spin−orbit interaction parameter. The single ultralow-field (i.e.,
giant g factor) broad EPR signal (peak II) is due to exchange
interaction.54 The g tensor calculated from this room
temperature powder spectrum indicates g⊥ = 4.7720 (peak II)
and g∥ = 2.0566 (peak I). Because the geometry is compressed
octahedral (previously confirmed by PXRD in Figure 3a and
Raman in Figure 3c), following Garribba et al.,55 the ground
state in the samples is determined as the dz

2 orbital, suggesting
that the Cu2+ ions lie in a statically distorted octahedral
coordination geometry in the compounds with a predominant
dz

2 ground state. Thus, the giant g factor means that there is
strong anisotropic spin−orbit coupling or interaction between
the Cu2+ ion and F center (i.e., forming Cu2+−F+ complexes) in

Figure 4. (a) Magnetization loops of the as-calcined (Cu2
+/Cu1

2+)0.044Zn0.956O NBs at 10 and 300 K. (b) Temperature-dependent magnetization
(M−T) curves of the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs at a magnetic field of 1000 Oe. ZFC and FC are represented by open red and open black

symbols, respectively. The insets are the reciprocal magnetic susceptibilities (1/χ) versus T of the as-calcined (Cu2
+/Cu1

2+)0.044Zn0.956O NBs (ZFC
mode). The extrapolated straight blue dashed lines of high-temperature data intersecting the temperature axis indicate Curie temperatures using the
linear regions (open green symbols). The dark arrow in the inset of b represents Tθ. All magnetic measurements were performed using a Quantum
Design MPMS XL-5 superconducting quantum interference device SQUID magnetometer. (c) Cu 2p core-level, (d) Zn 2p core-level, and (e) O 1s
core-level XPS spectra in the as-calcined (Cu2

+/Cu1
2+)0.044Zn0.956O NBs. The dotted lines guide the eyes. The XPS measurements were performed

using a VG ESCALAB MARK II system with a monochromatic Mg Kα X-ray source (1253.6 eV photons; background vacuum of 7.9 × 10−8 Pa).

Table 1. Results of Curie−Weiss Analysis for the Magnetization Curves of the (Cu2
+/Cu1

2+)0.044Zn0.956O NBsa

μeff

sample Ms (memu g−1) at 300 K (10 K) Hc (Oe) at 300 K (10 K) μB/f.u. μB/Cu Tθ (K) rconfid

(Cu2
+/Cu1

2+)0.044Zn0.956O 5.0 (80.5) 54.5 (373.0) 1.76506 0.92898 −14.4 0.99784

The effective magnetization value is given in Bohr magnetons per one Cu2+ ion in (Cu2
+/Cu1

2+)0.044Zn0.956O.
aThe linearity fitting in 1/χ versus T

curve yields a parameter (effective moment μeff) with reliability rconfid.
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the (Cu2
+/Cu1

2+)0.044Zn0.956O NBs. From the above analyses
on microstructures and defects, the anisotropy suggests a large
lattice distortion along the c-axis contribution to the 3d
moment.
Furthermore, the origin of weak ferrimagnetism in the

(Cu2
+/Cu1

2+)0.044Zn0.956O NBs should be attributed to Fc as
well. Coey et al. reported that an electron trapped in the defect
(VO) level creates an Fc.

56 Exchange interaction between
neighboring magnetic ions mediated by this Fc forms a bound
magnetic polaron (BMP). Therefore, it is strongly suggested
that the Cu−VO−Cu complex can serve as singly occupied VO
denoted as Fc

+ centers to activate BMPs, giving rise to the
ferromagnetic ordering component, which is due to Fc. Brant et
al. reported that the Cu2+−VO complexes act as electron traps
and convert to nonparamagnetic Cu+−VO complexes when the
TiO2 crystals are illuminated at low temperature.57 Moreover,
our previous work on Co2+-doped ZnO NWs demonstrates
that an Fc (=VO

+) mechanism is proposed to explain the
correlating exciton quenching and occurrence of ferrimagnet-
ism.6 As for the Cu2+ (3d9) state, the Cu 3d bands are very
close to the O 2p bands, near the Fermi level, enabling possible
strong hybridization between O 2p and Cu 3d in the CuO4
tetrahedron.58 This is consistent with that of Coey et al.,59 in
which the delocalized holes induced by O 2p can be strongly
hybridized with the localized unoccupied 2-fold t2 subband of
Cu 3d states to yield BMPs. Possible Cu2+−VO (accurately
Cu2+−VO

+ or further Cu2+−Fc) pairs form, as shown in Figure
6a, resulting from p−d hybridization between the 3d band of
Cu and ZnO valence bands (O p bands) due to the substitution
of Zn2+ in the ZnO lattice by Cu2+ ions60,61 and, subsequently,
the short-range Cu−O−Cu AFM superexchange42 as one set of
ferromagnetic sublattices, as shown in Figure 6b. Thus, one
proposes that Fc plays an important role in Cu doping, inducing
ferromagnetism-to-ferrimagnetism crossover via Cu2+−Fc−
Cu2+ pairs. Additionally, another possible explanation for the
origin of ferrimagnetism is due to the larger internal strain (up
to 1.98%) in the (Cu2

+/Cu1
2+)0.044Zn0.956O NBs, similar to the

previous report that a larger strain can result in enhancement of
RTFM.62

4. CONCLUSION
Mixed-cation Cu+/Cu2+ doping-induced novel nanoscale
phenomena, including PL quenching and ferrimagnetism with
TN ≈ 14 K, were found in as-calc ined (Cu2

+/
Cu1

2+)0.044Zn0.956O electrospun NBs, which is consistent with
the Co2+-doped ZnO case. There is high strain (up to 1.98%)
and shrunken lattice distortion (ΔV/V0 ∼ 0.127%) in the
(Cu2

+/Cu1
2+)0.044Zn0.956O NBs, leading to broken lattice

symmetry and nonstoichiometry (i.e., VO or accurately F
centers), which could be possible origins of ferrimagnetism.
The doping-related exciton quenching is found to be associated
with the origin of ferrimagnetism in the (Cu2

+/
Cu1

2+)0.044Zn0.956O NBs. When the results of defect-state-
related PXRD (Figure 3a), Raman (Figure 3c), PL (Figure 3d),
XPS (Figure 4e), and EPR (Figure 5) spectra are combined, it
is suggested that complicated interactions among the high-
strain, lattice-distortion F centers result in the formation of
Cu2+ ion−F center complexes (i.e., Cu2+−F+ complexes) in the
(Cu2

+/Cu1
2+)0.044Zn0.956O NBs. The study might be improving

our understanding of the rich physical properties in ZnO-based
DMSO NWs.
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