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Abstract − Alumina and alumina doped with Cu 
nanopowders were made by evaporation of a target 
exposed to a pulsed electron beam in a low-
pressure gas and condensation on a cold crystal-
lizer with the aim of investigating their properties 
and evaluating the prospects for their applications. 
The specific surface area of the powders was as 
large as 338 m2/g. All the powders had ferromag-
netic properties on the order of ~ 10–2 Gs ⋅ cm3/g at 
room temperature.  

According XRD, the powders contained three 
crystalline phases, namely, alpha, gamma, theta 
alumina and an amorphous component.  

A study of the cathodoluminescence of the  
synthesized nanopowders in a KLAVI analyzer 
showed that the luminescence was present in two 
wide spectral bands with peaks at 495–510 and 
695.6 nm. 

Possible reasons for the ferromagnetism and 
the luminescence properties have been discussed. 

1. Introduction 

Synthesis of Al2O3 nanopowders (NPs) by the method 
of pulsed electron beam (PEB) evaporation with ex-
pansion of vapors of the material in a low-pressure gas 
and condensation of nanoparticles in a vacuum pre-
sents interest in the context of their further use in op-
toelectronics [1], as a ferromagnetic material in spin-
tronic devices [2], and in ionizing radiation detectors 
[3]. 

Studies, in which evaporation with a continuous 
electron beam was used for production of ultrafine 
NPs of different metastable phases of Al2O3, have 
been few [4–7]. 

An objective of this work was to analyze the out-
looks for production of ultrafine NPs based on Al2O3 
doped with aluminum and copper in a vacuum by PEB 
evaporation and to study their basic characteristics. 

2. Experimental 
NPs were synthesized by PEB evaporation in a 
NANOBEAM-2 installation [8]. The targets were 
made of an A-IAM (α-Al2O3) powder (Inframat Ad-

vanced Materials, USA) with a specific surface area 
(SBET) = 8.8 m2/g and NPs of aluminum and copper 
produced by the method of electrical explosion of wire 
(EEW) [9], which were used as dopants. The dopants 
were added to the target in the amount of 1–5 wt.%, 
the components were mixed mechanically, and round 
targets 60 mm in diameter and 10–15 mm thick were 
compacted of the mixture. NPs were deposited on 
uncooled glass substrates with a surface area as large 
as 625 cm2, which were arranged around the target.  

The basic structural parameters and the concentra-
tions of dopants and magnetic impurities in NPs were 
determined from the results of microscopic (TEM HR, 
JEM-2100 microscope)), X-ray diffraction (XRD, 
X`PERT PRO diffractometer), and chemical (ICP 
method, iCAP 6300 Duo spectrometer) analyses.  
A Faraday balance and a KLAVI analyzer [10] were 
used for measurements of magnetic and luminescence 
characteristics of NPs. The specific surface area of 
NPs was evaluated by the BET method in a TriStar 
3000 V installation.  

The diffraction patterns were measured in copper 
radiation with a Ni filter and diffracted beam. The 
results were processed using a TOPAS 3 program. 

An XRD analysis (Table 1) showed that all the 
NPs contained three crystalline phases, namely,  
α-Al2O3 (corundum), γ-Al2O3 (cubic), and θ-Al2O3 
(monoclinic) phases. Crystalline cuprous oxide was 
detected in the Cu-doped NPs.  

All the NPs also contained an amorphous compo-
nent. The results of TEM microscopic showed that 
amorphous component and crystalline phase were 
distributed in NPs Al2O3–1.7 wt.% Сu practically 
equally. The diffraction pattern of the pure Al2O3 NP 
exhibited additional weak lines in the range of the 
angles (25–30) degrees with respect to 2θ. They could 
not be identified. 

The values of lattice spacing’s of detected crystal-
line phases are given in Table 2. There is data depend-
ence this value from the copper concentration that  
is shown the solid solutions of substitution are formed 
in the NPs (ionic radius are Al3+ = 0.59 Å, 
Сu2+ = 0.72 Å). At that the most changes are detected 
for low-temperature metastable γ-phase. The absolute  
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Table 1. Relative concentrations of the crystalline phases and average values of coherent scattering regions (CSR) 

α-Al2O3 (corundum) γ-Al2O3 (cubic) θ-Al2O3 (monoclinic) Сu2O 
Sample Concentra-

tion, wt.% CSR, nm Concentration, 
wt.% CSR, nm Concentration, 

wt.% CSR, nm 

Al2O3 65(3) 78(2) 24(3) 21(2) 11(3) ≈ 30 
Al2O3–Al 64(3) 68(2) 25(3) 26(2) 11(3) ≈ 40 

 

Al2O3–1.72 wt.% Cu 28(3) 75(3) 45(3) 32(2) 27(3) ≈ 20 – 
Al2O3–11.19 wt.% Cu 60 45 23 28 15 ≈ 25 2 

Al2O3–17.22 wt.% Cu 55 43 26 28 16 ≈ 25 3 
 
Table 2. Lattice spacings of the phases in Al2O3-Al(Cu) NP 

α-Al2O3 γ-Al2O3 θ-Al2O3 Sample 
a, Е c, Е a, Е a, Е b, Е c, Е в, deg 

Al2O3 4.761(2) 13.003(5) 7.918(4) 11.83(7) 2.92(1) 5.63(2) 103.9(1) 
Al2O3–Al 4.759(2) 12.993(5) 7.905(4) 11.84(7) 2.91(1) 5.61(2) 103.8(1) 
Al2O3–Cu 4.759(2) 12.987(5) 7.909(4) 11.96(7) 2.92(1) 5.58(2) 103.8(1) 
Al2O3–3 %Cu 4.770(5) 12.997(7) 7.914(6) 11.87(7) 2.91(1) 5.62(1) 103.8(1) 
Al2O3–5 %Cu 4.761(5) 13.024(7) 7.930(4) 11.88(7) 2.92(1) 5.63(1) 103.8(1) 

4.7587 12.9929 7.939 11.813 2.906 5.625 104.1 File PDF-2 
(card No.) 00-046-1212 00-050-0741 00-023-1009 
 
values of lattice spacing of γ-phase are greatly smaller 
one from data literary (Table 2) and the smallest are 
for the pure and Al-doped Al2O3 case. It is not surpris-
ing that the synthesis was in vacuum so naturally to 
have a lot of oxygen vacancy concentration in mate-
rial. 

Notice that the α and θ-phases was not formed in 
the Al2O3 NP when laser evaporation or EEW were 
used [9, 11]. 

The results of a chemical analysis of NPs are given 
in Table 3.  

It is seen from Table 3 that the copper concentra-
tion of NPs was much larger than it was in the initial 
targets. This was due to a large difference of the par-
tial pressures of copper and corundum and there is a 
practically linear depentanizer the copper concentra-
tion in the NPs from one in the target (Fig. 1). 

 
Cu concentration in NP, wt.% 

 
Cu concentration in target, wt.% 

Fig. 1. The copper concentration in NP Al2O3–Сu 

 
Most of copper resided in the amorphous compo-

nent and solid solutions on basis of crystalline phase 
Al2O3 since the concentration of cuprous oxide was 
insignificant (no more than 3 wt.%), while the XRD 
analysis did not reveal any traces of pure copper. 
When the copper concentration of the target was small 
(1%), its concentration in the synthesized NP was 

1.7 wt.% according to the chemical analysis. This was 
indirectly confirmed by the color (aqua) of the pow-
der, but XRD did not reveal any signs of copper in the 
NP. As the copper concentration increased, the color 
of the powders changed in a sequence (aqua − light-
green − dark-green − green (khaki)), confirming indi-
rectly the results of the chemical analysis. 

The ferromagnetic properties of Al2O3 nanoparti-
cles (NPTs) were found for the first time in [12]. The 
specific magnetization of NPTs, which were synthe-
sized by annealing of Al(OH)3 at 500 °C was 
~ 3.5 ⋅ 10−3 emu/g at 300 K. The NPTs retained their 
ferromagnetic properties to a temperature of 390 K. It 
follows from a TEM image in [12] that the NPTs had 
amorphous state. 

The magnetization measurements were performed 
on all the Al2O3–Al(Cu) NPs synthesized by PEB 
evaporation. 

Al2O3 and Al2O3–Al NPs were extremely inhomo-
geneous in the magnetic respect as could be seen from 
a considerable difference in magnetization measured 
on different portions of the powders. A high inho-
mogeneity could be due to the presence of magnetic 
impurities in the powders.  

The magnetization data were reproduced only for 
Al2O3–Сu NPs on a glass substrate. Magnetization of 
Al2O3–1.7% Cu NP was about 0.02 Gs ⋅ cm3/g, which 
was much larger than the ferromagnetic response from 
the target (0.001 Gs ⋅ cm3/g) resulting, most probably, 
from impurities. Generally, magnetization of the 
Al2O3–Cu powders was higher than that of Al2O3 NPs 
[12] synthesized by thermal heating of aluminum hy-
droxide. Most probably, this was due to the presence 
of magnetic Cu2+ ions and a high defect content of the 
NPs synthesized by PEB evaporation. The defect con-
tent of the structure was much smaller when a chemi-
cal method was used [12]. The specific magnetization 
increased with growing concentration of Cu in NPs 
(Fig. 1). 
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It is not excluded either that the phase composition 
of Al2O3–(Cu) powders influenced their ferromagnetic 
properties since the powders consisted of different 
Al2O3 phases and an amorphous component contain-
ing a large amount of copper. Nonreproducibility of 
magnetization of pure Al2O3 and Al2O3–Al NPs con-
taining comparable concentrations of iron impurities 
in copper-doped samples is very much like a situation, 
which was observed in studies of magnetism of dilute 
magnetic semiconductors and oxides, when the ab-
sence of reproducibility at a low concentration of 
dopants is the principal unresolved problem [13]. 

 
σ, G ⋅ cm3/g 

 
H, kOe 

Fig. 2. The specific magnetization of NP Al2O3–Cu 

The measured values of the specific surface area of 
NPs are given in Table 5. The specific surface area of 
Al2O3–Cu NP diminishes with growing copper con-
centration. The largest specific surface area was for 
low-doped NP Al2O3–1.7 wt.% Cu (Table 5). 

Features in common of the morphology of the 
Al2O3–Al(Cu) samples were as follows: 1) coarse 
shapeless and spherical particles up to 10 μm in size 
 

most probably presenting fragments of the target; 
2) shapeless amorphous particles 40 nm to 1 μm in 
size whose electron diffraction pattern of a selected 
area was a characteristic halo; 3) chains of particles 
50–70 nm in size (Fig. 3), each representing agglom-
erates of particles about 5 nm in size (Fig. 4, left-top 
in Fig. 3); 4) crystals covered with an amorphous layer 
2 to 10 nm thick (Fig. 5); 5) patterns with an atomic 
resolution could be obtained for the Al2O3–Al samples 
only; they could not be obtained for the Al2O3–Cu 
samples because of an amorphous layer on the surface. 

 

 
Fig. 3. Chains of particles (NP Al2O3–17 wt.% Сu) 

Table 3. Composition of the targets and the elemental composition of Al2O3–Al(Cu) NP as determined by the ICP method 

Target composition   Element in PEB NP    
 Cu Fe Cr Ni Si 
Al2O3 pure* < .02 0.0607 ± 0.0100 0.0030 ± 0.0100 < 0.00 ± 1 0.3857 ± 0.1000
Al2O3 + 1 wt.% Al 0.0086 ± 0.0008 0.0387 ± 0.0040 0.0005 ± 0.0001 0.0005 ± 0.0001 0.46 ± 0.10 
Al2O3 +1 wt.% Cu  1.72 ± 0.30 0.1335 ± 0.0300 0.0018 ± 0.0003 < 0.0001 0.5080 ± 0.1000
Al2O3 + 3 wt.% Cu  11.19 ± 1.1000 0.0509 ± 0.0050 0.0009 ± 0.0001 0.0009 ± 0.0001 0.10 ± 0.03 
Al2O3 + 5 wt.% Cu  17.22 ± 1.70 0.0628 ± 0.0060 0.0015 ± 0.0002 0.0008 ± 0.0001 0.31 ± 0.03 
 
Table 4. Cathodoluminescence characteristics of Al2O3 and Al2O3–Al(Cu) NPs* 

XRD, wt % PEB NP composition Center of the 
green band, nm 

Center of the 
green band, eV 

Wavelength of the 
narrow peak, nm α-phase γ-phase θ-phase 

Al2O3 494.0 2.51 695.6 65 24 11 
Al2O3–Al 495.5 2.50 695.9 64 25 11 
Al2O3–1.7 %Cu 501.3 2.47 695.2 28 45 27 
Al2O3–11.2 %Cu 495.3 2.50 694.9 60 23 15 
Al2O3–17.2Cu 500.3 2.48 694.6 55 26 16 
_______________  

* Wavelength measurement accuracy is not more 0.5 nm. 
 
Table 5. Specific surface area of Al2O3 and Al2O3–Al(Cu) NPs 

NP composition  Al2O3 Al2+хO3–Alх Al2O3–1.7 %Cu Al2O3–11.2 %Cu Al2O3–17.2Cu 
Ssp, m2/g 269.69 197.80 338.25 80.71 68.71 
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Fig. 4. Agglomerates of particles about 5 nm in size (NP 
  Al2O3–1.7 wt.% Сu) 

 
Fig. 5. Nanocrystalline particle in an amorphous shell (NP 
  Al2O3–1.7 wt.% Сu) 

Pulsed cathodoluminescence (PCL) spectra of pure 
and Al- and Cu-doped Al2O3 are given in Fig. 6.  

The spectra of Al2O3 and Al2O3–Al (Cu) NPs con-
tained two broad bands in the green and red regions of 
the spectrum with a pronounced narrow peak. The 
wavelengths at the center of the green band and the 
narrow peak for all the samples under study and the 
XRD results for some of the samples are given in Ta-
ble 4. Doping of pure Al2O3 with copper and alumi-
num led to a small displacement of the maximum of 
the green band to the long-wavelength region of the 
spectrum. The band was elementary for all the sam-
ples and was described well by a Gaussian curve (the 
correlation coefficient was up to 0.96).  

Among all the crystalline phases present in NPs,  
γ-Al2O3 had the narrowest forbidden gap of 3.9 eV as 
compared to θ-Al2O3 (4.64 eV) and α-Al2O3 (6.24 eV). 

Since all the powders contained the γ-phase and cop-
per (copper impurities were present even in the Al2O3 
and Al2O3–Al samples), the luminescence of the green 
band most probably was due to recombination radia-
tion involving donor-acceptor levels. Let us estimate 
the width of the forbidden gap with respect to the edge 
of the green band in our samples. In Al2O3–17.2% Cu 
the band begins at 400 nm and, hence, the gap is 
~ 3.1 eV; in the other powders it is approximately 
equal and is ~ 3.3 eV (~ 370 nm). The acceptor levels 
are levels of copper ions, which will be 0.62 eV (for 
Al2O3–17.2Cu) and 0.8–0.83 eV (for the other sam-
ples) apart from the valence band bottom if the esti-
mated width of the forbidden gap is taken into ac-
count. The donor levels are those formed by natural 
defects. Thus, addition of 17 wt.% Cu to Al2O3 causes 
an insignificant narrowing of the forbidden gap. 

 
PCL intensity, a.u.  

 
Wavelength, nm 

a 
PCL intensity, a.u.  

 
Wavelength, nm 

b 
Fig. 6. (a) PCL spectra of pure (1) and Al-doped Al2O3 (2); 
(b) PCL spectra of Cu-doped Al2O3 (wt.%) 1.7% (1); 11.2% 
  (2); 17.2 2% (3) 

The red band in Al2O3–Al(Cu) NP is characterized 
by the presence of two bands: two narrow maxima on 
a wide base. It is known [14] that Cr3+ ions in α-Al2O3 
form a narrow peak (R-line) at a wavelength of 
694.3 nm during luminescence. In all the samples 
studied, the narrow peaks were also related to the lu-
minescence of chromium ions.  

In other words, as the copper concentration of the 
samples increased, α-Al2O3 became the dominant 
phase and the concentration of the metastable phases 
The band in the spectrum of Al2O3 and Al2O3–Al NPs 
shifted a little to the long-wavelength region, although 
the basic phase in these samples was α-Al2O3. In the 
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Al2O3–Cu samples the wavelength was close to 
694.3 nm, and the intensity of the green band de-
creased with growing concentration of copper (Ta-
ble 4).decreased. A broad red band with a maximum at 
λmax ~ 715 nm in the Al2O3 and Al2O3–1.7% Cu sam-
ples probably was formed with participation of the  
θ-phase, which can form its own luminescence-active 
center. 

3. Conclusion  

Multiphase agglomerated Al2O3–Al(Cu) NPs with a 
large specific surface area of up to 338 m2/g were pro-
duced by PEB evaporation. NPs were doped with 
copper in a large percent concentration (up to 
17 wt.%), which is several times higher than its con-
centration in the evaporated target. The nanosized 
state of NPs influenced their characteristics. The pow-
ders exhibited a ferromagnetic behavior at room tem-
perature, opening up the way to their use in spintronic 
devices. Multicolor luminescence properties of NPs 
render them as a promising material for electrolu-
minophors. 
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