
CERAMICS
INTERNATIONAL

Available online at www.sciencedirect.com
0272-8842/$ - se

http://dx.doi.or

nCorrespond

E-mail addr

mlgpb@oi.com
1Tel.: þ55 21
Ceramics International 39 (2013) 2171–2173

www.elsevier.com/locate/ceramint
Short communication

Measurement of small concentrations of manganese in cadmium oxide
(CdO) using electron magnetic resonance

Ronaldo Sergio de Biasia,n, Maria Lúcia Netto Grillob,1

aDepartamento de Engenharia Mecânica e de Materiais, Instituto Militar de Engenharia, Prac-a General Tiburcio 80, 22290-270 Rio de Janeiro, RJ, Brazil
bInstituto de Fı́sica, Universidade do Estado do Rio de Janeiro, 20550-013 Rio de Janeiro, RJ, Brazil

Received 21 June 2012; accepted 8 July 2012

Available online 7 August 2012
Abstract

Electron magnetic resonance (EMR) line widths of Mn2þ in CdO were measured in samples doped with small concentrations (up to

1.0 mol%) of Mn. The line width of one of the lines, which corresponds to the 91/2 1/2429�1/2 1/24 transition, was found to

change in a predictable way with Mn concentration, according to the theoretical equation DHpp¼2.05þ370f(1�f)42, where DHpp is the

line width in mT and f is the Mn concentration in mol%. The experimental results show that the technique can be used to measure,

rapidly and nondestructively, small concentrations of Mn in commercial CdO.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Cadmium oxide (CdO) is a compound with many
industrial applications, among them in electrodes, semi-
conductor devices and phosphors, whose electrical and
mechanical properties can be changed significantly by the
presence of additives such as manganese, copper, anti-
mony, lithium, nickel, aluminum, titanium and tin [1–7]. In
many applications, therefore, it is important to know the
concentration of Mn impurities in CdO. This contaminant
may be present in the raw material or may be introduced in
the manufacturing process.

The usual methods of determining Mn concentration in
CdO samples are chemical analysis and atomic absorption
spectroscopy. Although they are accurate, both methods
are destructive and relatively slow. The present work
proposes the use of electron magnetic resonance (EMR),
an essentially nondestructive method, to measure small
concentrations of Mn in CdO.
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The intensity of the absorption spectrum is the EMR
parameter most closely related to the impurity concentra-
tion. It depends, however, on several instrumental para-
meters that are often difficult to determine accurately, e.g.,
the applied microwave power and the cavity-filling factor.
The line width of the absorption spectrum is another
parameter that is related to the impurity concentration
and that, within certain limits, is independent of instru-
mental parameters. The present study, therefore, proposes
the use of the EMR line width as a reliable parameter for
measuring absolute concentrations. All Mn ions are
assumed to be present as Mn2þ , which is the most stable
valence state [8] in CdO.
2. Background

Analysis of the EMR spectrum of manganese-doped
cadmium oxide [8] shows that divalent manganese ions
substitutionally replace cadmium ions in the lattice. For
manganese concentrations larger than about 0.08 mol%,
the spectrum can be fitted to the Hamiltonian

H¼ gbH
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with g¼1.999, A¼7.8 mT.
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The theory of dipolar broadening in diluted solid
solutions was developed by Kittel and Abraham [9] and
extended by de Biasi and Fernandes [10] to take exchange
interactions into account. Its main results can be summar-
ized as follows:
(i)
 the line shape is a truncated Lorentzian;

(ii)
 the peak-to-peak first derivative line width may be

expressed as
Fig. 1. EMR spectrum of a CdO sample doped with 0.1 mol% Mn. The

arrow shows the line used to measure the line width of the spectrum.

Fig. 2. EMR spectrum of a CdO sample doped with 1 mol% Mn. The

arrow shows the line used to measure the line width of the spectrum.

Fig. 3. Concentration dependence of the line width, DHpp, in Mn-doped CdO.

The curve is theoretical (see Eq. 3); the dots represent experimental data.
DHpp ¼ DH0þDHd ¼ DH0þc1fe ð2Þ

where DH0 is the intrinsic line width, DHd is the dipolar
broadening, c1 is a constant and fe is the concentration of
substitutional ions of the paramagnetic impurity not
coupled by the exchange interaction, which can be
expressed as

fe ¼ f ð1�f ÞzðrcÞ ð3Þ

where f is the impurity concentration, z(rc) the number of
cation sites included in a sphere of radius rc and rc is the
effective range of the exchange interaction.

The fact that DHpp is a function of concentration means
that EMR line width data may be used to measure small
concentrations of paramagnetic impurities in nonmagnetic
hosts in a fast, nondestructive manner. In fact, the method
has already been used to measure small concentrations of
Mn in lime [11]. In the present work, the same method is
applied to the Mn2þ :CdO system.

3. Experimental procedure

The manganese-doped samples used in this study were
prepared from reagent grade CdO (Carlo Erba, 99%) and
MnO2 (Carlo Erba, 92%) powders by grinding them
together and then firing the mixture for 24 h at 1100 1C in
air. Room-temperature X-ray diffraction patterns matched
the spectrum of cadmium oxide within experimental error.
No other phases were detected.

All magnetic resonance measurements were performed
at room temperature and 9.50 GHz using a Varian E-12
spectrometer with 100 kHz field modulation. The micro-
wave power was 5 mW and the modulation amplitude was
0.1 mT. The magnetic field was calibrated with an NMR
gaussmeter. The error in the measurement of the magnetic
field attributable to finite line width of the NMR sample
was of the order of 0.003 mT; the difference between the
field at the NMR sample and at the EMR sample, as
verified by removing the microwave cavity and moving the
NMR probe across the air gap, was less than 0.001 mT.

4. Experimental results and discussion

The spectra of typical samples are shown in Figs. 1 and
2. All the lines are easily identified as corresponding to
specific spin transitions predicted from the spin Hamilto-
nian given by Eq. (1). In principle, concentration data can
be extracted from any of the lines in the powder spectra.
We chose the line indicated by an arrow in Figs. 1 and 2,
which corresponds to the 91/2 1/2429�1/2 1/24
transition, because it is the most intense.
The line width of the 91/2 1/2429�1/2 1/24 transi-

tion is shown in Fig. 3 as a function of Mn concentration.
The experimental data are fitted well by the theoretical
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equation [12]

DHpp ¼ 2:05þ370f ð1�f Þ42 ð4Þ

where DHpp is the line width in mT and f is the Mn
concentration in mol%.

Using Eq. (4), it is possible to determine the Mn
concentration in a given CdO sample from the experi-
mental values of the manganese 91/2 1/2429�1/2 1/24
transition line width.

5. Conclusions

A fast, nondestructive method, based on the measure-
ment of the EMR line width of Mn2þ is proposed to
determine small concentrations of Mn in CdO. Its useful-
ness, compared to more traditional methods such as
chemical analysis, appears to be limited only by the fact
that it requires fairly sophisticated equipment.
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