Low. Temp. Phys. Lett. 43, 0033 (2021)

Defect-Induced Ferromagnetism with T. Higher than

Room Temperature in CaO Films

HE Wenlan'?, WANG Qiongpei' , XU Liqiang' s WANG Lingfei’, LI Guang?*®*f
1. School of Electronic and Electrical Engineering » Anhui Wenda University of information Engineering » He fei, 2312015
2. School of Physics and Materials Science s Anhui University , Hefei 230601 ;

3. Anhui Key Laboratory of Information Materials and Devices, Hefei 230601
4. Institutes of Physical Science and Information Technology, Anhui University, Hefei 230601

5. Hefei National Laboratory for Physical Sciences at Microscale » University of Science and Technology of China, Hefei 230026, China

Received date: 2021-03-04; accepted date: 2021-05-15

[Abstract] We successfully prepared CaO thin films on the (111)-oriented yttrium-stabilized zirconia (YSZ)
substrates by a pulsed laser deposition (PLD) technique. The intrinsic nature of ferromagnetism in CaO films has
been established with the experimental observation of the magnetic hysteresis loop at room temperature. The X-ray
diffraction and X-ray photoelectron spectroscopy analysis have shown that the prepared CaO films are (111)-oriented
and no impurity phases are detected. The CaO films were grown and annealed under high vacuum conditions always
exhibit magnetization signal, which was not detected in its corresponding target. It is found that there are
correlations between the vacancy concentration and the magnetization of CaO films, which suggests that the oxygen

vacancy concentration is directly related to the ferromagnetism.
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1 Introduction

Oxide materials have been one of the most at-
tractive research topics in physics and materials
science, e. g. , binary oxide and double and layered
perovskites. Recently, the transition metal doped
semiconductors, such as ZnO and TiO,, have re-
vealed many novel and exciting phenomena and
challenged our view of the solid-state physics.

Pure Calcium oxide (CaO) has a rock salt
structure with a lattice parameter a =0. 481059 nm
(JCPDS File No 4-777). It has a wide band-gap of
7 eV, making it useful for electrical isolation appli-
cations, such as cooling blankets for nuclear reac-

(1]

tors"'”. This binary oxide is often investigated as a

component in catalytic powder materials or ce-

231 Tt can also be used as a dopant to

ments
modify the electrical and optical properties of ma-
terials like ZrO, and HfO,™*!. Band structure cal-
culations have shown that the vacancy in CaO has
an associated magnetic moment, making this ma-
terial attractive as a magnetic semiconductor™®.
Based on these peculiar properties and interesting
phenomenon, the intricate interplay between to-
pological order and ferromagnetism (FM) is expec-
ted to give rise to a variety of unconventional
effects that may lead to new device paradigms™™.
Previously, Kambe et al. used a two-stage
process by first depositing the Ca(OH), on MgO
substrate using pulsed laser deposition (PLD).
The Ca(OH), films were then annealed to obtain
the CaO films®™. To fix the orientation
irrespective of the substrate temperature and the
oxygen pressure, a metal layer should be anchored
tightly on the substrate. An oxide film is then
formed by thermal annealing, while maintaining
the orientation. At present, many metal oxides are
not magnetic, but the materials can be made ferro-
magnetic by certain technical means, such as intro-

[9-16] In

ducing vacancy and magnetic ion doping
this work, the variation of deposition conditions

for CaO films was carried out using pulsed-laser

deposition (PLD). We analyze their structure and
experimentally studied the influence of defect on

the ferromagnetism in these films.
2 Experimental

The CaO target is prepared by standard solid-
state reactions. The CaO films were first deposited
on the (111)-oriented yttrium-stabilized zirconia
(YSZ) substrates by PLD using a 248-nm KrF ex-
cimer laser with the repetition rate of 5 Hz and an
energy of 180 m]J/pulse. The target-substrate dis-
tance and laser energy were kept at 5 cm and 2 J/
cm’, respectively. During the deposition of CaO
films, the substrate temperature is kept at 350 C
and the oxygen pressure is maintained at 0. 01
mTorr and 100 mTorr, respectively. After deposi-
tion, the films are annealed at 400 C in an oxygen
atmosphere. Three series of films were prepared
by varying one of the following parameters: as-
grown, O, annealing, and vacuum annealing.

The films are structurally characterized by X-
ray diffractions (XRD) using Cu Kal radiation.
The doping levels and the bonding characteristics
were determined by X-ray photoelectron spectros-
copy (XPS, VG ESCALAB 210). The measure-
ments of magnetic properties were carried out
using the Vibrating Sample Magnetometer (VSM,
Lakeshore 7304).

3 Results and discussion

Fig. 1(a) shows the X-ray 20 —w linear scan
of the CaO film on the YSZ (111) substrate. It is
found that the film is a single phase with (//[)
peaks (! =1, 2). Fig. 1(b) shows the wide-scan
XPS spectrum of the CaO films. Only Ca, O and C
elements present in these films, indicating that the
films are pure and not polluted by any other mag-
netic impurities. The presence of carbon originates
from the test item. The thickness of the film is~
320 nm.

Fig. 2 shows the magnetization (M) versus
magnetic field (H) for the CaO bulk (i. e. , a piece

* 0035 -



Low. Temp. Phys. Lett. 43, 0033 (2021)
(a) —~ 0% are nonmagnetic, there is no source for mag-
= &
E = N netism in pristine CaO films, and YSZ(111) sub-
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' : : : : induced by defects in nonmagnetic oxides.
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Fig.1 (a) XRD 20-w of CaO films grown on YSZ(111)
substrates. and (b) XPS spectrum for CaO films with

320 nm
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Fig.2 M-H curve of the CaO bulk

cut from the corresponding target). It is seen that
the CaO bulk is absolutely diamagnetic without
any paramagnetic or ferromagnetic signals. The
red line in Fig. 3 shows the M-H curve measured
at 300 K of the CaO film grown at 0. 01 mTorr,
where a well-defined hysteresis loop is obtained,
CaO exhibits

indicating  that  this film

room temperature

ferromagnetic
(RT). This M-H curve has been corrected for the
diamagnetic substrate, The M-T curve recorded
with pnoH = 0. 5 T in the inset of Fig. 3

demonstrates that the CaO film exhibits ferromag-

property at

netic property in the whole temperature range
below 400 K, indicating that the CaO film has a
high T, above 400 K and a large saturated magnet-
ization of ~ 25 emu/cm?®. Because both Ca*' and

* 0036 -

magnetism exists in the CaO powders*, while no
report has been published about the magnetic CaO
film so far. Here, the CaO film is experimentally

proven to be ferromagnetic.
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Fig. 3 M-H curves of CaO films for 100mTorr and

0.01mTorr, The inset in this figure shows the M-T curve

of CaO films grown at 0. 01 mTorr

The blue line in Fig. 3 shows RTM-H hyster-
etic loop for the CaO films deposited at 100
mTorr. Compared with the CaO films grown at
0.01 mTorr, the curve of the CaO films grown at
100 mTorr clearly show that the saturated magnet-
ization is immensely reduced. According to the
previous theoretical and experimental researches,
magnetism can also be observed in nonmagnetic
films such as TiO,, HfO, and ZnO stem from oxy-
gen defects or cation defects. As is known, films
deposited in high vacuum have more oxygen
defects than those deposited in a low vacuum.
Consequently, we infer that the magnetism in CaQO
films originates from oxygen defects.

In order to check the effects of oxygen vacan-
cies in stimulating the magnetism in CaO films,
studies performed. To

oxygen-annealing were

make sure that the magnetism change is

exclusively induced by oxygen-annealing, three
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samples were simultaneously prepared and then
two of them were picked out and annealed at 400
C in flowing oxygen for 0.5 h and 1 h, respective-
ly. As shown in Fig. 4(a), after annealing in an
oxygen atmosphere for 0. 5 h, the saturated mag-
netismof the CaO film dramatically reduced from
25 emu/cm® to 7.4 emu/cm’. Then, the saturated
magnetism further decreases to be 3. 9 emu/cm’
with increasing the duration of annealing time up

to 1h. We infer that the samples will become dia-

magnetic on the condition that the annealing time
is long enough, which has
Sr;SnO/c-YSZ/Si heterostructures before.

reported in

This

been

clearly demonstrates that oxygen

evidence
vacancies contribute directly to the magnetism in
those systems of undoped oxides. Reducing the
concentration of oxygen vacancies could destroy
the ferromagnetic interactions and impair magnetic

moments.
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Fig. 4
400 °C and 0. 01 mTorr after O, annealing

was

Another

investigate the effects of oxygen vacancies on the

procedure performed to
magnetism of the CaO films. A sample was first
annealed in an oxygen atmosphere for 1 hour and
then annealed in vacuum (~ 0. 01 mTorr) for 10
min, as shown in Fig. 4(b). It is found that the
saturated magnetism of the CaO film annealed in
vacuum (~ 0. 01 mTorr) for 10 min was statisti-
cally higher than those annealed in an oxygen at-
mosphere for 1 hour. Also, the saturation magnet-
ization of the films annealed in vacuum (~ 0. 01

mTorr) for 10 min is larger than the as-grown

(a) M-H curves of CaO films and annealed in oxygen

-10 -5 0 5 10
H/kOe

atmosphere for 0. 5h and 1h and (b) in vacuum annealed at

films. Therefore, it can be concluded that oxygen
vacancy is related to the magnetism of the CaO

films.
4 Conclusion

In conclusion, we have investigated the mag-
netic properties of CaO films prepared by PLD.
The M-T and M-H curves of the CaO films show
that these films are ferromagnetic in the tempera-
ture range below 400 K. The experimental results
have demonstrated that the oxygen vacancy is the

reason for the magnetic order in CaO films.
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