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ABSTRACT 

We obtain a single cadmium oxide phase from powder synthesized by thermal 

decomposition method of cadmium acetate dehydrate. The yielded powder is annealed in air, 

vacuum, and H2 gas in order to create point defects. Magnetization-field curves reveal the 

appearance of diamagnetic behavior with a ferromagnetic component for all the powders. 

Powder annealing under vacuum (H2 atmosphere (~ 1.2 memu/g) leads to a saturation 

magnetization increases by ~3.6% (~ 9%) leading to oxygen vacancies (Cd vacancies) 

respectively. The magnetic analysis shows a room temperature ferromagnetic (RTFM) 

component together with known diamagnetic properties. The appearance of RTFM takes origin 

from oxygen and cadmium vacancies. ab-initio calculations performed on the CdO nanoparticles 

show that the magnetism is governed by polarized hybrid states of the Cd d and O p orbitals 

together with the vacancy. 

PACS : 78.67.Bf, 74.62.Dh, 75.47.Lx, 31.15.ej 
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I. Introduction 

Cadmium oxide (CdO) is among one of transparent conducting oxides (TCOs) with a 

resistivity in the range ~ 10-2 – 10-4 � cm and good transparency in Vis and NIR spectral region. 

It has a direct bandgap within the range ~ 2.2 - 2.7 eV [1-3] Owing to its superior physical 

properties; CdO was used in many optoelectronic applications like solar cells, smart windows, 

transparent conducting oxides etc [1-4] The electrical conduction properties in TCOs including 

CdO are known to be due to oxygen vacancies (VO) and cadmium interstitials (Cdi). Therefore, it 

is possible to tailor its optoelectronic properties by controlling those point defects. Many possible 

methods are used to modify the density of point defects including annealing processes under 

different reactive gases or vacuum was well as by doping with foreign ions.  

Traditionally, considerable attention has been focused on dilute magnetic semiconductors 

and diluted magnetic oxides, in which local magnetic moments are introduced by doping 

elements with partially 3d or 4f subshells [5]. However, unexpected ferromagnetism (FM) has 

been observed in HfO2 thin films without any doping [6]. This type of “d
0 ferromagnetism” [7] 

provides a challenge to understand the origin of the magnetism. From experimental and 

theoretical studies, it seems that the FM is attributed to oxygen or Hf vacancies [8]. Moreover, 

theoretical calculations have suggested that the FM can be induced by cation vacancies in TiO2, 

ZnO, and SnO2 [9–12], or by anion vacancies in CeO2 [13]. Room temperature FM has also been 

found in metal oxides such as TiO2, ZnO, CeO2, and SnO2 which is due to oxygen vacancies and 

quantum confinement effects according to the experimental results [14-18]. 

However, defects have been recognized to play important roles in inducing RTFM in 

ZnO [19, 20]. This explains the discrepancies often reported in experiments and offers new 

opportunities to search for the underlying mechanisms. It is very important to highlight that 
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RTFM in CdO nanoparticle, was not yet investigated experimentally in details. It is well known 

that bulk CdO powder is diamagnetic oxide with a magnetic susceptibility approximately - 0.232 

×10-6 cgs at 300 K [21]. Recently, Electronic structure calculations show that the CdO doped by 

a nonmagnetic 2p light element (N) lead to spin magnetic moment, and the p-d exchange like p-p 

coupling interaction was suggested to be responsible for the ferromagnetism [22]. 

In the present work, CdO powder was prepared by thermal decomposition method in 

order to discover the possibility of the appearance of RTFM. For that purpose, structural, optical, 

and magnetic properties of CdO powder as well as CdO powder annealed under vacuum and H2 

gas were systematically investigated. Additionally, theoretical calculations based on density 

functional theory were carried out in order to study the principle possibility of the presence of 

RTFM in CdO powder (nanoparticles).  This study might help to discover the main reasons for 

the creation of RTFM as long as it is origin in DMSs remains a very controversial topic [23]. 

 

II. Results and discussion 

From previous understandings of FM phenomenon, the short range direct exchange 

magnetic interaction between dopant ions should be responsible for the presence and/or creation 

of RTFM. However, conditions for such interaction cannot be present within undoped or slightly 

doped oxide semiconductors. Therefore, there should exist others mechanisms that would help to 

realize such interactions. In particular, there must be some medium through which that 

interaction can develop. Thus, one of the most acceptable explanations for the appearance of FM 

in DMS is the magnetic interaction between dopant TM ions via itinerant carriers like electrons. 

Such carrier mediated magnetic interaction give rise to an effective FM coupling between TM 

spins. Another intermediary property that facilitates the exchange coupling between the localized 
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dopant magnetic ions could be realized by overlapping of polarons (or bound magnetic polarons 

BMPs) [24]. In the BMP model, it was established that the major option to obtain higher Curie 

temperature (TC) is to increase the donor electron density around the magnetic impurities. Some 

sources attribute creation of RTFM in TCOs to the defects, oxygen vacancies [25-27] metal 

vacancies15 and nano size of the grains of the material. The aim of the present work is to examine 

for the first time the possibility of appearance of RTFM in undoped CdO powder prepared at the 

nanoscale then followed by annealing under various atmospheres (air, hydrogen, and vacuum) in 

order to introduce point defects, which help to shed the light on the origin of RTFM (see 

Supplemental Material [28]). 

XRD patterns of as-prepared and annealed CdO powders under air, vacuum, and H2 gas 

are displayed in Fig. 1. It shows that all synthesized powders are polycrystalline in nature with 

usual cubic CdO (Fm-3m) structure. X-ray data of structural analysis were collected in Table 1 

and indicated that the calculated lattice parameter (by least squares method) for CdO powders 

are close to the JCPDS card No. 05-0640 [29]. However, annealing under H2 gas or vacuum 

creates defects and missing atoms, which cause reduction in the unit-cell volume. Thus, the 

structural bulk compressive microstrain can be expressed by: 0/
Bulk Cell cellV Vε = − � , where 0

cellV is 

the unit-cell volume of the synthesized air-annealed CdO powder as a reference (see Table 1). 

We have to mention that by using the above definition of the resultant microstrain (
Bulk
ε ), we did 

not conduct any calculations on its elements like the contribution from the confinement for nano-

powder. This compressive strain is caused by a compressive bulk stress ( stσ ) that can be 

estimated with st Bulk Bσ ε= , where B is the average bulk modulus of CdO, which is about 158 

GPa [30]. However, the created stress can produce a slight decrease in the lattice parameter. The 

creation of point defect vacancies due to the annealing under vacuum and H2 gas might be the 
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main responsible for that unit-cell volume strain. Note that more strain is created under vacuum 

annealing compared to that under annealing under H2 gas. This can be explained as follow: (i) 

annealing under vacuum mainly creates oxygen vacancies while annealing under H2 gas mainly 

makes Cd vacancies, (ii) the ionic radius of O2- ion (6 coordination) is 0.14 nm while that of  

Cd2+ is 0.095 nm [31], and (iii) the creation of O2- vacancies (VO) produces more volume strain 

than that of Cd2+ vacancies (VCd). The strain (ε) induced in powders due to crystal imperfection 

and distortion was calculated using the formula [32]: ε=βhkl/4tanθhkl, where βhkl is the half width 

at half maximum of (hkl) reflection (in rad) and θhkl is the Bragg angle of (hkl) reflection, which 

was (111) (see Table 1). In general, the lattice strain (ε) was not greatly influenced by the nature 

of annealing atmosphere. However, it slightly increases with H2 annealing. 

Cross section transmission electron microscope (TEM) images of CdO powders annealed 

in air, vacuum, and H2 atmospheres are depicted in Fig. 2. It can be seen that the average particle 

size of CdO sample (Figure 2a) was in the range of 5-10 nm range. These particles exhibit are in 

the crystalline phase but exhibit random shapes. The crystal structure of CdO sample was found 

out from the calculated fast-Fourier transform (FFT) of the micrograph which is shown as an 

insert in Fig. 2a. The spots in the FFT analysis matched with d-spacing of CdO face-centered 

cubic (fcc) with rock-salt structure. Hence the TEM analysis corroborated the rock-salt crystal 

structure of CdO samples. Additionally the EDS analysis was performed to determine the 

elemental composition of the samples, as shown in Fig. 3. The spectrum (Fig. 3a) shows that the 

samples were pure from having any impurities and furthermore the relative elemental 

composition of Cd and O was close 1:1. On the other hand, the CdO-vac sample was Cd rich 

(composition Cd:O:: 55:45) while the CdO-H sample was found to be oxygen rich (composition 

Cd:O is 65:35). This indicates the creation of vacancies in CdO-vac sample and Cd vacancies in 
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CdO-H, hence supports the results from XRD analysis. The higher amount of oxygen in CdO-H 

sample could mean that oxygen is present either in interstitial sites in the bulk of CdO or it is 

present at the surface sites making perhaps an oxygen-rich oxide at the surface. Similarly, Figure 

3b and 3c contain TEM images of CdO-vac and CdO-H samples, respectively. In fact no 

significant difference in their micrographs was noticed as compared to the case of CdO sample. 

In fact, the particle size also close to 5-10 nm and the structure was found out to be also fcc rock-

salt. 

The CdO samples (annealed in air, annealed in vacuum and annealed under hydrogen) 

were magnetically characterized. The measured room temperature magnetization curves for CdO 

samples annealed in air, annealed in vacuum and hydrogen atmosphere samples are shown in 

Fig. 4. The treated samples exhibited the similar magnetic ordering, which found to be 

dominated by a diamagnetic component. However when the diamagnetic component is removed, 

the CdO samples exhibited a ferromagnetic behavior with a coercivity around 100 Oe and small 

saturation magnetization which is observed to be around ≈0.0011emu/g for the annealed in air 

and hydrogenated samples. However, for the sample annealed under vacuum, a slightly higher 

saturation magnetization of 0.0015 emu/g is observed. The ferromagnetism in the undoped metal 

oxides like ZnO and MgO have been observed in the past and attributed to vacancy defects [33-

38]. From the measured ferromagnetic ordering for the samples examined, it can be observed 

that the preparation conditions have little effects on the enhancement of the defects induced 

ferromagnetic long-range order.  

In order to understand the origin of magnetism in CdO nanoparticles (NP) with oxygen 

and cadmium vacancies and mimic the samples prepared in the experimental section, we carried 

out first-principles calculations based on density functional theory [39-42] (see Supplemental 
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Material [28]). A 2 nm diameter, faceted CdO nanocrystal was modeled from known surface 

energies of CdO using the Wulff construction [43]. This construction leads to CdO-NP having 

341 atoms, with 177 Cd and 164 O atoms. Then, we generated a Cd and O vacancies by 

removing three Cd or O atoms on each side of the surface and center of the CdO NP. This led to 

a CdO NP with Cd or O vacancies concentration of 0.88 %. Figure 5 shows the calculated total 

energy in order to compare the structural stability for different vacancy types (Cd or O surface 

and Cd or O center) as well as spin density iso-surfaces generated from vacancies. We can see 

that the most stable configuration is the CdO-NP with surface O-defects. Note that in all cases 

the oxygen atoms are negatively polarized (negative magnetic moment) whereas the Cd atoms 

are positively polarized. In Cd-defect case, the magnetization is confined to the surface and with 

short range, whereas for the other case, the polarization is “spread” in the center or all the 

surfaces of the CdO-NP. Moreover, the spin density iso-surfaces show a clear polarization for all 

cases. To further illustration the electronic structure and address the origin of the ferromagnetism 

resulting from Cd and O vacancies, we calculated the spin resolved total densities of states 

(DOS), as plotted in Figure 6. This shows that Cd and O vacancies induce spin polarization of 

the top of the valence band. We note that there is a significant change in the spin-up and spin-

down total DOS at the Fermi level compared to pure CdO. To understand this change, we 

calculated the local DOS of Cd and O atoms situated near the created vacancies, as shown in 

Fig.2. Interestingly, they indicate that the LDOS of (a), (b) and (c) configurations show different 

behavior compared to (d).  In the (a), (b) and (c) cases, the LDOS shows a strong hybridization 

between Cd d and 2p orbitals near the Fermi level. While in the case of (d), the O 2p orbital 

interacts slightly with the Cd 4d orbital, and O 2p states appear at the Fermi level.    
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From the DFT calculations, it has been predicted that for a 0.88% vacancy defects of Cd 

ions in the crystal structure give rise to a magnetic moment of 0.8 µB per vacancy as in case of 

ZnO with Zn vacancies [12]. For the examined samples, the number of Cd ions that correspond 

to a 0.88% vacancy defects is equal to 4.12×1019 vacancies/g. Assuming that all the vacancy 

defects possess a magnetic moment and by considering that all these magnetic moments 

contribute to the long range ferromagnetic order, then a magnetic moment of 0.003 �B per 

vacancy is estimated using the observed saturation value for the ferromagnetic component 

(Ms=Nvacancy × m). Accordingly, this estimated value for the magnetic moment is much lower 

than the predicted value (0.8 µB per vacancy) which is expected since not all the existing 

vacancies inducing magnetic moment are necessarily coupled and contributed to the long-range 

ferromagnetic order. It is important to note that uncoupled magnetic moments usually give rise to 

a paramagnetic component that will be masked by the diamagnetic component since both 

components varies linearly in the range of the used magnetic field.  According to the above 

experimental estimation of the magnetic moment per Cd vacancy from M-H curves, as 

summarized in Table 2, we observe that only [(0.003-0.8/0.8)×100=99.625%] a small proportion 

of about 0.375% participate in the observed FM phase from the supposed 0.88%. 

III. Summary 

The effect of post annealing under vacuum and hydrogen atmosphere of CdO powder was 

investigated. X-ray diffraction analysis confirms the formation of single CdO phase with no 

significant effect due to the post annealing. TEM analysis has demonstrated the formation of 

nanoparticles in the range of 5-10 nm. Magnetic measurements reveal the appearance of 

ferromagnetic phase with a dominant diamagnetic component for all powders, with slight 

enhancement of the saturation magnetization due to post annealing, by 36% and 9% for vacuum 

Page 8 of 18RSC Advances

R
SC

A
dv
an
ce
s
A
cc
ep
te
d
M
an
us
cr
ip
t

P
u
b
li

sh
ed

 o
n
 2

7
 M

ar
ch

 2
0
1
5
. 
D

o
w

n
lo

ad
ed

 b
y
 K

in
g
 A

b
d
u
ll

ah
 U

n
iv

 o
f 

S
ci

en
ce

 a
n
d
 T

ec
h
n
o
lo

g
y
 o

n
 3

1
/0

3
/2

0
1
5
 0

6
:3

4
:0

9
. 

View Article Online

DOI: 10.1039/C5RA03069B

http://dx.doi.org/10.1039/C5RA03069B


 

�� 9

and hydrogen treated samples respectively. Theoretically, we have applied ab initio calculations 

in order to describe the electronic structure and magnetic properties of CdO nanoparticles with 

0.88% of Cd vacancies. Interestingly, we find that these vacancies induce spin-polarization of O 

2p and Cd 4 d orbitals near the Fermi level, generating ferromagnetic coupled vacancies with a 

magnetic moment of 0.8 �B per vacancy. 
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Table 1: Lattice parameter (a), mean crystallite size (CS), and created bulk strain (εBulk) for the 

prepared powders. 

 

Preparation Condition a (nm) CS (nm) εBulk (%) 

CdO-air 4.69981 44.8 ref 

CdO-Vac 4.68194� 46.4 - 1.13 

CdO-H 4.68774 39.7 - 0.77 

 

 

 

Table 2: Obtained magnetic parameters for the examined CdO samples at different preparation 

conditions. 

 

Preparation Condition χχχχd (emu/Oe.g) Ms  (emu/g) Hc (Oe) 

CdO-air 3.575e-7 0.001 90 

CdO-Vac 3.2e-7 0.00145 100 

CdO-H 3.47e-7 0.00116 95 

��
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