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Abstract Zn0.98Cu0.02O films have been prepared under
different conditions by pulsed laser deposition. Ferromag-
netism with saturate magnetization of about 7 emu/cm3 at
300 K has been observed in Zn0.98Cu0.02O film prepared in
N plasma at room temperature. The concentration of oxygen
vacancies was increased by N substituting O in N plasma,
and the ferromagnetism originated from the aligned mag-
netic moments of more Cu ions mediated by oxygen vacan-
cies. Furthermore, ferroelectricity has been confirmed by the
observation of the electrical field dependent converse piezo-
electric coefficient d33 loop at room temperature, indicating
the potential multiferroic applications.

Keywords ZnO · Multiferroicity · Diluted magnetic
semiconductor · Ferromagnetism · Ferroelectricity

1 Introduction

Multiferroic materials possessing two or more kinds of fer-
roicities, such as ferromagnetism, ferroelectricity, ferroelas-
ticity, and ferrotoroidicity, have attracted much attention [1].
However, the single phase multiferroic material is very rare
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due to the mutual exclusion of the ferromagnetism and fer-
roelectricity [2]. Until now, BiFeO3 is the only multiferroic
material with magnetic ordering (antiferromagnetism) and
ferroelectricity both above room temperature (RT) [3]. Thus,
much work has been done to search for the RT multiferroic
materials.

ZnO has been predicted to be potential candidate for the
diluted magnetic semiconductor (DMS) by proper magnetic
ion substitution [4]. However, the mechanism for the ob-
served weak ferromagnetism in ZnO-based DMS is still un-
der debate. Recently, the observation of both weak ferro-
magnetism and ferroelectricity in Li and/or Co-doped ZnO
indicates that ZnO might be a potential multiferroic material
by suitable ion substitution [5]. In this paper, we prepared
the Zn0.98Cu0.02O film in N plasma at substrate temperature
(Ts) of RT; clear ferromagnetism and ferroelectricity were
both observed at RT, indicating the potential multiferroic ap-
plications.

2 Experimental Details

Zn0.98Cu0.02O films were prepared on surface oxidized Si
substrates by pulsed laser deposition (PLD) with Ts of RT
or 500 °C, and in N plasma (N2 pressure of 5 Pa), vac-
uum, or O2 atmosphere (5 Pa). The base pressure of the
chamber is 5 × 10−5 Pa. The thickness of the films was
controlled by the laser pulse number, and ex situ deter-
mined to be about 130 nm. We used plastic tweezers and
paid much attention to avoid any contamination. The struc-
ture of the films was studied by X-ray diffraction (XRD,
Rigaku UltimaIII) with Cu Kα radiation, and X-ray pho-
toelectron spectroscopy (XPS, ThermoFisher SCIENTIFIC)
with Al Kα X-ray source (hν = 1486.6 eV). The magnetiza-
tion was measured by a physical property measurement sys-
tem (PPMS-9, Quantum Design). The ferroelectric behavior
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Fig. 1 XRD patterns of Zn0.98Cu0.02O films (a) (Ts = 500 °C, N
plasma), (b) (Ts = RT, N plasma), (c) (Ts = 500 °C, O2), and
(d) (Ts = RT, vacuum), the intensity is on the logarithmic scale

was studied through piezoelectric force microscopy (PFM)
in a scanning probe microscope (SPM, Veeco Nanoscope
Dimension V). X-ray absorption fine structure spectroscopy
(XAFS) measurements were performed at the National Syn-
chrotron Radiation Laboratory (NSRL), University of Sci-
ence and Technology of China (USTC). The energy range
of the monochromatized X-rays was 4–13.5 KeV provided
by a double crystal monochromator using Si(111).

3 Results and Discussion

Figure 1 shows the XRD patterns of Zn0.98Cu0.02O films
prepared under different conditions. All the films exhibit
only (002) diffraction peak, except for the Zn0.98Cu0.02O
film (Ts = 500 °C, N plasma) where a weak peak of (101)
can be observed, indicating the highly (002) texture on the
surface oxidized Si substrates without any impurity phases.
The substrate temperature has significant influence on the
crystalline quality. As can be seen from Fig. 1, the films pre-
pared at 500 °C shows sharp (002) peak, while the films pre-
pared at RT show negligible weak (002) peak, indicating the

Fig. 2 M–H curves measured at 300 K for Zn0.98Cu0.02O films (a)
(Ts = 500 °C, N plasma), (b) (Ts = RT, N plasma), (c) (Ts = 500 °C,
O2), and (d) (Ts = RT, vacuum)

nearly amorphous structure of Zn0.98Cu0.02O film (Ts = RT,
N plasma).

Figure 2 shows the M–H curves of Zn0.98Cu0.02O films
after subtracting the high field diamagnetic signal. Weak fer-
romagnetism has been observed for all the films. However,
for Zn0.98Cu0.02O film (Ts = 500 °C, O2), the saturate mag-
netization (Ms) is negligible small, only about 0.5 emu/cm3.
Ms is about 2 emu/cm3 for Zn0.98Cu0.02O film (Ts = RT,
vacuum), and 3.5 emu/cm3 for Zn0.98Cu0.02O film (Ts =
500 °C, N plasma) and 7 emu/cm3 for Zn0.98Cu0.02O film
(Ts = RT, N plasma). Since the defects in pure ZnO and N
substituting O (NO) might also have ferromagnetic contri-
butions [6–8], to explore the role of doping ions, we should
compare the Ms with and without Cu doping under similar
conditions. In pure ZnO film prepared in high vacuum at Ts

of RT, Ms is about 3.5 emu/cm3 [9], and in N plasma at Ts

of 500 °C, Ms is about 3 emu/cm3, while in N plasma at Ts

of RT Ms is only about 0.2 emu/cm3 [10]. This indicates
the significant enhancement of the ferromagnetism with Cu
substitution in ZnO prepared in N plasma at Ts of RT. Thus,
in the following, we will concentrate on the Zn0.98Cu0.02O
film (Ts = RT, N plasma).

The XPS spectra were calibrated by taking the C 1s peak
(284.8 eV) [11]. Figure 3(a) shows the N 1s spectrum for
Zn0.98Cu0.02O film (Ts = RT, N plasma). As can be seen,
no peak can be observed at the film surface. After etching
the film surface by Ar+ ion sputtering, a clear peak can be
observed. This is due to that N cannot stay stable on the film
surface [12]. Maki has confirmed the energy position of N
substituting O site to be 398 eV, which is also very close
to the energy position of N 1s in GaN [13]. The peak po-
sition determined by the fitting is 397.6 eV, which can be
attributed to the N substitution on O sites and might be in
valence state of −3. Figure 3(b) shows the Cu 2P3/2 spec-
trum. 2P3/2 peaks of Cu+ appear at 932.7 eV, and that of
Cu2+ appears at 933.6 eV [14]. The peak position by fitting
the spectrum is 933.4 eV, which suggests that the Cu ions
are in a mixed state of +1 and +2.
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Fig. 3 (a) N 1s spectrum taken at surface and after etching the surface
by Ar+, and (b) Cu 2P3/2 spectrum for Zn0.98Cu0.02O film (Ts = RT,
N plasma). The thick red curves are the fitting curves

Fig. 4 Fourier transformed magnitude of XAFS spectra of
Zn0.98Cu0.02O films (Ts = RT, N plasma) (dashed curve) and
(Ts = RT, vacuum) (solid curve)

To further study the correlation of structure and mag-
netism of the Zn0.98Cu0.02O film, XAFS spectra on Zn K
edge were collected for Zn0.98Cu0.02O films (Ts = RT, N
plasma) and (Ts = RT, vacuum). The detailed analysis will
be published elsewhere. Figure 4 shows the corresponding
Fourier transformed amplitude of XAFS spectra. Note that
the first (∼1.5 Å) and second (∼2.85 Å) major peaks at
the Zn K edge correspond to the first Zn–O (or N) shell
and the second Zn–Zn (or Cu) shell, respectively [15]. As
can be clearly seen, the first major peak is obviously broad-
ened in Zn0.98Cu0.02O film (Ts = RT, N plasma), indicat-
ing that the disorder is increased in film prepared in N

Fig. 5 The d33 vs. applied voltage hysteresis loop of Zn0.98Cu0.02O
film (Ts = RT, N plasma)

plasma. The peak position moves to lower distance slightly
(1.53 Å in Zn0.98Cu0.02O film (Ts = RT, N plasma), 1.56 Å
in Zn0.98Cu0.02O film (Ts = RT, vacuum)). This may be
caused by the increased concentration of O vacancies [15].
With the substitution of O by N, the more O vacancies can
be tolerated by considering the charge balance since N in
valence state of −3. The peak position of second major
peak moves to larger distance slightly, indicating that the
distance between Zn and the nearest Zn (or Cu) is larger in
Zn0.98Cu0.02O film (Ts = RT, N plasma). With higher con-
centration of O vacancies, the repulsion between the near-
est neighboring cations will push them farther away from
each other. Thus, the XAFS results confirm the substitution
of O by N, and the higher concentration of O vacancies in
Zn0.98Cu0.02O film (Ts = RT, N plasma).

Based on above structural results, we can explain the en-
hanced ferromagnetism in Zn0.98Cu0.02O films (Ts = RT, N
plasma) by the indirect double-exchange model suggested
by Herng [16]. The Cu ions close to O vacancies will receive
the electrons and behave more like d10 (Cu1+-like), with
a mixture of d9 (Cu2+). The magnetic moments of neigh-
boring Cu ions are aligned by the mediation of oxygen va-
cancies in the vicinity. In Zn0.98Cu0.02O film (Ts = RT, N
plasma), the concentration of O vacancies further increases
with the substitution of O by N, thus more Cu ions can be
mediated by oxygen vacancies, leading to the enhancement
of ferromagnetism.

Figure 5 shows the converse piezoelectric coefficient d33

versus applied voltage hysteresis loop by randomly select-
ing a point on the film surface. The d33 in perovskite fer-
roelectrics can be expressed as: d33 = 2Qeffε0εrPs, where
Qeff is the effective electrostriction coefficient, Ps, ε0, and εr

are spontaneous polarization, the permittivity of free space,
and relative permittivity, respectively [17]. The observed d33

loop indicates the ferroelectric behavior of Zn0.98Cu0.02O
film (Ts = RT, N plasma). Though the intrinsic nature of the
ferroelectricity in doped ZnO is still under debate [18], it can
be generally explained by the ionic radii difference between
Zn2+ (0.74 Å) and Cu1+ (0.77 Å) or Cu2+ (0.73 Å) [5, 19].
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4 Conclusions

In summary, ferromagnetism with saturate magnetization of
about 7 emu/cm3 at 300 K has been observed in
Zn0.98Cu0.02O film prepared in N plasma at room temper-
ature by PLD. The Cu has been determined to be in mixed
valence state of +1 and +2, while N has been confirmed
to substitute O in valence state of −3. The substitution of
O by N further increases the concentration of O vacancies,
which mediate more neighboring Cu ions, leading to the en-
hanced ferromagnetism. Furthermore, ferroelectricity was
confirmed by the observation of the electrical field depen-
dent piezoelectric coefficient d33 loop at room temperature,
indicating the potential multiferroic applications.
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