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The dielectric behaviour of single-crystal
MgO. Fe/MgO and Cr/MgO

J.S. THORP, N. ENAYATI-RAD

Department of Applied Physics and Electronics, University of Durham, Durham, UK

The dielectric constants ¢’ and loss factors, €”, for pure single-crystal MgO and for Fe-
and Cr-doped crystals have been measured at frequencies, w, from 500 Hz to 500 kHz at
room temperature. For pure MgO at 1 kHz the values of ¢’ and the loss tangent, tan §,
(9.62 and 2.16 x 1073, respectively) agree well with the data of Von Hippel; the con-
ductivity, o, varies as 0 = " with n = 0.98 £ 0.02. In Fe-doped crystals o increases with
Fe-concentration (at any given frequency); for a crystal doped with 12800 ppm Fe,

o was about four times the value for pure MgO. At all concentrations the variation of
log o with log w was linear and n = 0.98 + 0.02. A decrease in €' with increasing Fe-
concentration was also observed. A similar, although less pronounced, behaviour was
found in Cr-doped crystals. The effects are discussed in terms of hopping mechanisms.

1. Introduction

Magnesium oxide is of considerable importance as
an insulating material and several determinations
of its electrical conductivity have been published
[1-5]. In some early measurements on single-
crystal MgO, Yamaka and Sawamoto [1] suggested
that at room temperature the charge carriers are
electrons; Mitoff [2] also confirmed that near
room temperature the conductivity is electronic
rather than ionic. In contrast, Schmalzried [4] has
obtained experimental evidence for ionic conduc-
tion. Later work by Mitoff [3] has shown that the
nature of the charge carriers depends on tempera-
ture and also on the impurity content of the crystal.
Although there is conflicting evidence on the
nature of the mechanisms involved it is generally
held that ionic conductivity predominates in the
lower temperature range but that at high tempera-
tures (> 1300° C) the nature of conduction changes
and the electronic conductivity predominates.
However, the nature of the charge carriers, even in
pure magnesium oxide, has not been determined
although it has been suggested that they may be
vacancies assocjated with impurities.

In the present work, a systematic study of the
effect of transition group dopant ions on the
electrical characteristics of MgO has been under-
taken and an attempt has been made to interpret
the data obtained in terms of Jonscher’s ‘““‘Universal
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Law” in which the conductivity is assumed to arise
from hopping processes. This paper compares the
dielectric properties (measured at room tempera-
ture over the frequency range 500 Hz to 50kHz)
of pure MgO single-crystal and MgO doped with
various concentrations of iron or chomium,
respectively.

2. Conductivity mechanisms

The mechanism of conductivity in magnesium
oxide has been studied by many workers [1,2].
In some early studies Mitoff [2] obtained exper-
imental evidence for electronic conduction. He
has pointed out that the number of charge carriers
is controlled by the number of lattice vacancies,
which, in turn, are governed mostly by impurities
or by defects which are caused by the presence of
these impurities; thus the conductivity is dominated
by impurities. Yamaka and Swamoto [1] have also
shown that the charge carriers in the conduction
mechanism in MgO are electrons which originate
from impurity levels.

Later work by Pollak and Geballe [6] first
suggested hopping as a conductivity mechanism.
They measured the complex conductivity of n-
type silicon containing various kinds of impurities
and attributed their results to polarization caused
by hopping processes. Jonscher [7] interpreted the
conductivity behaviour of over sixteen different
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TABLE I Compositions of specimens investigated in
this work

Sample Nominal sample composition
number

1 MgO (pure)

2 MgO + 310 ppm Fe

3 MgO + 2300 ppm Fe

4 MgO + 4300 ppm Fe

5 MgO + 12800 ppm Fe

6 MgO + 800 ppm Cr

7 MgO + 1300 ppm Cr

8 MgO + 3600 ppm Cr

materials in terms of the proposed hopping mech-
amism. He has shown that the hopping mechanism
(similar to ionic and electronic conduction) leads
to a characteristic frequency dependence [8,9].
Further, the dielectric responses of quite a wide
range of materials show that the behaviour obtained
departs from the Debye response and follows a
“Universal Law” in which the dielectric constant,
€' and loss factor, €” can be written as

(e'—e) « @

&)
(2

respectively, where €. is the limiting permittivity
of the material. The frequency dependence of the
real part of the conductivity follows a relationship

(3

where the exponent, n, may lie in the range
0<n<1 but is usually close to unity [7,10].
One of the characteristics of this universal relation-
ship is that the ratio of the imaginary part to the
real part of the permittivity is independent of
frequency:
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This relationship is known as the Kramers—
Kronig equation. The “Universal Law” has been
extensively discussed by Jonscher [10] who
pointed out that n is temperature dependent and
by Austin and Mott [11].

3. Experimental procedure

The specimens which were measured in this
experiment were pure MgO, Fe/MgO and Cr/MgO.
They were grown by electro-fusion from powders
supplied by W & C Spicer Ltd, Cheltenham. All
the specimens were single crystals and their com-
positions are tabulated in Table I. For the measure-
ments, the specimens were made in the form of
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Figure 1 (a) General form of sample and (b and c¢) its
equivalent circuits.

square plates with dimensions 10 mm x 10 mm x
0.3mm (Fig. 1a) and the large parallel faces were
polished to a 0.25um finish. Circular gold elec-
trodes were evaporated onto the opposite polished
surfaces of each specimen to ensure good electrical
contact over a well-defined area between the
crystal and the electrodes. To minimize the contri-
bution to the conductance due to surface leakage
over the edge of the sample [12] the diameter
of the gold electrode was chosen to allow the
crystal to project as much as possible beyond the
electrodes.

The measurements of dielectric constant, €',
and loss tangent, tan 8, (and consequently of a.c.
conductivity) were made using a Wayne—Kerr
bridge (Type B224), over the frequency range
500Hz to 50kHz.

In this technique the capacitance and conduc-
tance of the specimen were measured directly. The
components of the complex dielectric constant,
€*, the loss tangent, tan §, and the conductivy, o
were derived from the equations:

E
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€ = e’ (5)
tané = —;
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Co = € —;
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where C is the measured capacitance with speci-
men, C, is the capacitance at the same spacing
without specimen, G is the conductance of speci-
men, d is the specimen thickness, A is the area of
electrode.

Since the changes in dielectric behaviour to be
examined were small, the maximum precision in
measurement was required and two correction
factors, for surface leakage and stray capacitance,
were necessary.

A correction term is required because of the
edge effect resulting from the extension of the
crystal beyond the electrodes [13]. The correction
for the edge effect, Ce, (x 107'2 F) (with circular
electrodes of the same diameter) is given by [14]

1.113D 8nD
= L —3
Ce= o [ ”( d) J

where D is the diameter of each electrode, and L
is the distance shown in Fig. 1a. Equation 5 then
becomes

©)

. Cc
Co+C.
The formula assumes that the thickness of the gold
electrode is negligible compared with the thickness
of the specimen, d, a condition which was easily
met,
A specimen can be represented by the equivalent
circuit [15] shown in Fig. 1b. In the capacitance

€

(10)

® Sample 1

MgO

measurement any stray capacitance due to the
electrodes is included in the total quantity
measured and so another correction factor is
required before the actual capacitance of the
specimen, C can be evaluated. The stray capacitance
associated with the electrodes and connecting
cables, C;, is shown in Fig. 1¢. At low frequencies
the inductance effect is not significant. It is
assumed that the leakage admittance is eliminated
by the use of the edge effect correction factor.
The total capacitance, C;, measured by the bridge
when the specimen is placed between the electrodes
is given by

C, = C+C,. (11)

When the sample is removed from between the
electrodes, the capacitance due to air and stray
capacitance, C, is measured; it is given by

Cp = G+, (12)

where C, is the theoretical capacitance for air. By

substitution for C; from Equations 11 and 12 the
capacitance of the sample is then given by

C = Ct_CA"'C(). (13)

For measurements on the type of material used in
this work these corrections are significant and
amount to about 8% of the total capacitance
measured.

4. Results
The variation of €” with frequency was first
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Figure 2 Variation of ¢” with frequency.
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Figure 3 Variation of log (¢’ — eo) with log frequency.

measured and it is shown in Fig. 2. The plots are

linear, following a relationship
€"(w) « W, (14)

with # = 0.98 + 0.02; it should be noticed that the

o 1 KHz

0 5 KHz

(a)

15
0T
10 T
0k //_/9/./
g0
‘Tg L .
<&
1
L (b)
°
o | .
10
0 5 10 15

IRON CONCENTRATION (x103ppm)

Figure 4 The dependence of (a) ¢ and (b) ¢ on Fe-con-
centration.
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magnitude of n is the same for all the specimens.
The loss factor, €, at a particular frequency is
higher for the doped specimens than for the
pure MgO, giving corresponding increases in
conductivity. Adding an equivalent concentration
of chromijum does not increase €’ by as much as
does the addition of iron.

The variation of log (¢ —€.) with log w was
also plotted for the same specimens (Fig. 3). In
deriving this variation, €., the limiting value of
dielectric constant at high frequencies, was taken
to be the value obtained in microwave dielectric
constant measurements at 9.3 GHz. Once again all
the plots of this variation for the doped specimens
showed the same characteristic shape; all the
characteristics are linear with the same slope,
and all again fit the relation

(n-1)

(15)

€(w) *® w

withn =098 £ 0.02.

In order to clarify the effect of impurity con-
centration on permittivity and conductivity,
plots of €' against Fe-concentration and also of
o against concentration are shown in Fig. 4a and
b, respectively. It is seen that the variations of
both €' and ¢ are linear over the concentration
range examined. There is inverse proportionality
between €' and concentration while o is directly
proportional to the concentration of Fe.



TABLE 1! Dielectric data for investigated samples at room temperature

Specimen number Nominal sample composition ¢ tan § (X 103) Frequency, w
(Hz)
1 MgO Pure 9.62 2.16 1x10°
2 MgO + 310 ppm Fe 9.62 2.49 1x10°
3 MgO + 2300 ppm Fe 9.52 2.87 1x103
4 MgO + 4200 ppm Fe 9.46 3.91 1x103
5 MgO + 12800 ppm Fe 9.40 7.47 1x10%
6 MgO + 800 ppm Cr 9.60 2.44 1x10°
7 MgO + 1300 ppm Cr 9.28 3.15 1x103
8 MgO + 3600 ppm Cr 9.43 3.15 1x10°

5. Discussion

The conductivity of MgO is the sum of the d.c.
conductivity and the pure a.c. conductivity. In
this experiment calculations based on the extra-
polation of Fig. 2 show that the d.c. conductivity,
0o, is very small (~ 107" ohm™ cm™) for all the
specimens examined and thus can be neglected.
Considering first the data for pure MgO it is
found that o,.(w) follows Equation 16 with
n=098+0.02 over three frequency decades.
As regards the dielectric constant, €, there is a
good agreement between the present data on pure
MgO (Table II) and that reported by other workers
(Table IIT).

The major conclusions of this work concern the
effect of doping. The data for all specimens fits
the Jonscher laws, i.e. good agreement was obtained
with the relations

Oac(w) &« W©, (16)
(¢ —e) = " an

and
€'(w) ® W, (18)

The magnitude of the exponent, n, for all samples
is m=0.98 £ 0.02. The two methods for determi-
nation of n, as shown in Figs 2 and 3 give values
of the same magnitude, to within experimental
error. This value of # is independent of the nature
of the dopant and also independent of dopant
concentrations. Since all the specimens yield
identical values of # it can be concluded that the
mechanism of conduction is the same in each case;
only the magnitudes of ¢, . (w) are different and

TABLE III Dielectric data for MgO at room temperature

these increase with increasing dopant concen-
tration. This suggests that the hopping probability
increases with increasing concentrations of the
dopant impurity; this implies that the number of
hopping centres increases but that this occurs
without a change in hopping mechanism. It is
known from electron spin resonance (ESR) studies
{16] that both Fe and Cr enter into the magnesium
oxide crystal on magnesium sites as Fe>" and
Cr*, respectively. Adding Fedons introduces
further vacancies; since Fe®* is occupying a Mg?*
site in the lattice one extra vacancy per two Fe3*
ions is produced in the crystal. Similar vacancy
formation will occur with Cr**ions.

It is of interest to compare the behaviour of Fe
and Cr as dopants. For two specimens doped to
almost the same concentration but with different
impurity ions, [ie. Sample4 (Fe/MgO) and
Sample 8 (Cr/MgO)] the conductivities at any par-
ticular frequency were different and the conduc-
tivity of Fe-doped MgO was higher than that for
Cr-doped MgO. Iron appears to be more effective
in changing both €” and €' than chromium. This
would not be expected on the simple vacancy
production model and the reasons for this effect
are not yet clear.

Work is now being undertaken to extend the
measurements to higher frequencies in order to
establish the behaviour over a wider range.
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Sample e’ tan & (X 10%) Frequency, w Reference
composition (Hz) number
MgO 9.8 - 0 [20]

MgO 9.65 <3 1X10%2-1 X108 [21]

MgO 9.65 <3 1x10%-1X103 [22]

259



References

1.

SR R

260

E. YAMAKA and K.SAWAMOTO, J. Phys. Soc.
Japan, 10 (1955).

S. P. MITOFF, J. Chem. Phys. 3i (1959) 1261.
Idem, ibid. 36 (1962) 1383.

H. SCHMALZRIED, ibid. 33 (1960) 940.

S. P. MITOFF, ibid. 33 (1960) 941.

M. POLLAK and T.H. GEBALLE, Phys. Rey, 122
(1961) 1742.

A. K. JONSCHER, J. Phys. C: Solid State Phys. 6
(1973) L 235.

Idem, Thin Solid Film 36 (1978) 1.

Idem, Nature 267 (1977) 719.

A. K. JONSCHER and K. L. DEORI, J. Mater. Sci.
14 (1979) 1308.

11.

16.

I. G. AUSTIN and N.F, MOTT, Adv.
(1969) 41.

L. HARTSHORN and W.H.WARD, I Inst. Elec.
Eng. 79 (1936) 597. )

A.C.LYNCH, Proc. IEEE 104B (1957) 359.

A. H.SCOTT and H. L. CURTIS, J. Res. Nat. Bur.
Stan. 22 (1939) 747.

Phys. 18

. 1.CHAMBERLAIN and G.W.CHANTRY, “High

Frequency Dielectric Measurement” (Scientific Tech-
nical Press Ltd, 1972).

J.S. THORP, R. A. VASQUES, C. ADCOCK and
W. HUTTON, J. Mater. Sci. 11 (1976) 89.

Received 14 April and accepted 10 July 1980.



