
INTRINSIC SURFACE STATES ON IONIC CRYSTALS

surface Coulomb sums for many surface faces of NaCl,
CsCl, wurtzite, and zinc-blende lattices. Calculations of
p are made for 46 ionic crystal halides, oxides, and
sulMes of the form MX. Because the effective charge s
of these crystals is fractional in general, a simple
procedure is used to calculate an effective e(s). This
flexible feature of handling fractional charges enables
electrostatic principles to be applied to zinc blende and
wurtzite crystals which are known to be partly ionic
and partly covalent. Electrostatic criteria show that
checkerboard-like surfaces are expected to be more
stable than layer-like surfaces. Numerical calculations
of the 48 crystals investigated show that surface states
should lie closest to band center for HgS, CdS, and
ZnS, and they should lie closest to the band edges for
the alkali halides. Various effects can be incorporated
in the above theory, if desired. They are band broad-
ening, subsurface states, symmetry properties of the
general 3E„X crystal, surface relaxations of an initially
unstable 3IIX(i) surface, ion core repulsions, and the
addition of partial covalency.

For the (1120) face of CdS, detailed analysis has been
made leading to an estimate of 0.2—0.4 eV for surface

trap depths. Each surface Cd'+ ion is an electron trap
and each surface 5' ion is a hole trap.

Intrinsic surface states were detected on the (1120)
surfaces of vapor-phase-grown insulating CdS single
crystal platelets with photoconductivity experiments.
The intrinsic surface states were observed only when
the surface was free of chemisorbed ions. The experi-
mentally detected surface states have the following
features in common with the computed intrinsic surface
states: (1) The surface states function as traps for
carriers from the bulk; (2) there are surface states that
trap electrons as well as surface states that trap holes;
(3) electrons and holes can be trapped in nearly equal
numbers on an MX(C)-type surface; (4) the energy
depth of the traps is bracketed by the limits of 0.2 and
0.7 eV. It is also shown that a large minority carrier
lifetime plays a double role in the detection of the
intrinsic surface states by photoconductivity measure-
ments. First, it makes possible the isothermal desorp-
tion of chemisorbed ions that otherwise interfere with
the detection of the intrinsic surface states. Second,
it makes possible the surface-compensated Ailing of the
intrinsic surface states.
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The electrical conductivity and the Seebeck effect are measured in the temperature region of 100 to
1300'K in Nio doped with Li. From the results it is concluded that the mobility of the charge carriers in-
volves no activation energy. The temperature dependence of the conductivity is almost completely deter-
mined by the charge-carrier concentration. In order to calculate from the measurements the mobility p as
a function of temperature, the behavior of the density of states NI must be known. p has been calculated
for two cases, viz. , NI independent of temperature and Ny proportional to T'~2. The resulting values of p
at room temperature are 0.5 and 5 cm'/V sec, respectively. In the discussion the results of Hall-effect
measurements are also considered.

I. INTRODUCTION

'ANY of the transition-metal oxides, if pure and
- ~ stoichiometric, are insulators. This was explained

by Verwey and De Boer' ' by assuming the 3d electrons
to be localized at the metal ions. According to these
authors a necessary condition for an appreciable con-
ductivity in these oxides is the presence of ions of the
same element with different valency at crystallograph-
ically equivalent lattice points. In NiO this can be

' E. J. W. Verwey and J. H. Boer, Rec. Trav. Chim. 55, 531
(1936).

2 J. H. de Boer and E. J. W. Verwey, Proc. Phys. Soc. (London)
49, 59 (1937).

achieved by creating Ni vacancies or more easily by
substituting Li for Ni at Ni sites. Each Li'+ ion is then
compensated by a Ni'+ ion (principle of controlled
valency' ). At low temperatures the holes formed by the
Ni'+ are bound to the, effectively negative, Li'+ ions.
At high temperatures the holes are free and can move
through the lattice by the interchange of electrons be-
tween Ni'+ and Ni'+ ions. It was assumed that no acti-
vation energy is needed for this process. The activation
energy occurring in the conductivity must then be the
energy needed for loosening the holes from the Li'+ ions.

3E. J. W. Verwey, SemicorldlctirIg Materials (Butterworths
ScientiQ. c Publications Ltd. I.ondon, 1951), pp. 151—1(i1.
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In later years 4 "it was concluded from experimental
data that the model mentioned above had to be changed.
If the free holes could move through the lattice without
an activation energy, one would expect the mobility to
be almost independent of temperature. This did not
seem to be in agreement with the experiments, which
pointed to a mobility increasing exponentially with tem-
perature. The activation energy thus introduced in the
mobility was in many cases much larger than the bind-
ing energy of the holes to the Li'+ ions, which was taken
as an indication that the activation energy in the con-
ductivity was mainly due to the mobility and not to
a variation in charge-carrier concentration. The values
of the mobility at room temperature deduced from such
an interpretation were found to be very small (10 '
—10 ' cm'/V sec).

According to Heikes and Johnston' the conduction
mechanism could be considered as a thermally activated
diffusion process (hopping model). The activation en-

ergy for this diffusion process is a consequence of the
trapping of the holes by the lattice polarization (and
the accompanying lattice distortion) induced by the
hole itself.

The conception of a mobility with an activation en-

ergy was first introduced by Morin4 for interpreting
conductivity and Seebeck-effect measurements on NiO
doped with different amounts of Li. In his analysis the
density of states was assumed to be constant and equal
to the number of ionic sites (5.5&&10"/cm'). The trans-
port term occurring in the expression for the Seebeck
effect was assumed to be zero. Then the activation
energy in the mobility was found to be 0.1 eV or more.
In later years different authors' ""also using con-
ductivity and Seebeck-effect measurements arrived at
similar conclusions.

Other arguments used in literature to confirm the
idea of a thermally activated hopping process are the
following:

(a). At high Li concentrations ()5 at. 'Po) the activa-
tion energy in the conductivity is still rather large. At
such concentrations, however, nearly all Ni ions have
Li neighbors, so that the holes can move through the
lattice without leaving the Li'+ ions. The temperature
dependence of the resistivity then must be due to the
mobility. ' "

(b). The conductivity at room temperature is pro-
' F. J. Morin, Phys. Rev. , 83, 1005 (1951); 93, 1195 (1954);

93, 1199 (1954); Bell System Tech. J. 37, 1047 (1958).
'R. R. Heikes and W. D. Johnston, J. Chem. Phys. 26, 582

(1957).' R. R. Heikes, A. A. Maradudin and R. C. Miller, Ann. Phys.
(Paris) 8, 733 (1963).

7 S. van Houten, J. Chem. Phys. Solids 17, 7 (1960).
G. H. Jonker and S. van Houten, EXalbleiterprobleme UI,

(Frederick Vieweg und Sohn, Braunschweig; Germany, 1961), p.
118.

S. P. MitoR, J. Chem. Phys. 35, 882 (1961.)."S. Koide, J. Phys. Soc. Japan 20, 123 (1965).
"M. Nachman, L. N. Cojocarn, and L. V. Ribo, Phys. Status

Solidi 8, 733 (1965).
n G. Parravano, J. Chem. Phys. 23, 5 (1954).

portional to the Li concentration. The simplest explana-
tion is that the number of free holes is equal to the Li
concentration. The activation energy in the conduc-
tivity cannot then be due to the variation in the charge-
carrier concentration.

(c). The low values calculated for the mobility were
in agreement with the fact that no Hall effect could be
detected.

(d). The existence and the behavior of the mechanical
and dielectric losses.""In these experiments the move-
ments of holes around the Li'+ ions to which they are
bound are studied. At high Li concentrations the activa-
tion energy for this process is of the same order of
magnitude as that obtained from conductivity measure-
rnents in the same temperature region.

Recently, however, Hall-effect measurements have
been published, ""giving for the Hall mobility at room
temperature values varying from 5.10 '—3.10 ' cm'/V
sec. These values are much larger than those calculated
from the Seebeck effect and conductivity measurements
using the hopping model. Moreover, the Hall mobility
did not increase exponentially with temperature as one
would expect from the hopping model but decreased
with temperature in the region from 300 to 500'K. Al-
though the interpretation of the Hall effect in crystals
with magnetic ions is not yet completely clear, these
results nevertheless suggest that the thermally acti-
vated hopping model is not correct for NiO.

In this paper we will present further measurements
of the conductivity and Seebeck effect on NiO doped
with small amounts of Li. I'rom these measurements the
mobility p as a function of temperature has been cal-
culated. Our results show that in the case of NiO the
use of the hopping model is indeed not correct.

II. EXPERIMENTAL

Ceramic samples were prepared by prefiring an inti-
mate mixture of NiO and Li~COS at 700 C in air. After
milling the product obtained, it was pressed to bars and
thereafter these bars were pressed hydrostatically. The
bars were fired at 1300'C in oxygen for 24 h and there-
after cooled in the furnace. From 1000'C to room tem-
perature the samples were cooled in air. The amount of
Li'+ and Ni'+ was determined by chemical analysis. I'he
density of the samples was about 93% of the x-ray

"R.G. Miller and R. R. Heikes, J. Chem. Phys. 28, 348 (1958).' S. van Houten, J. Phys. Chem. Solids 23, 1045 (1962).' S. van Houten and A. J. Bosman, in Informul Proceedings of
the Buhl International Conference on Materials, Pittsburgh, 1963,
edited by E. R. Schatz (Gordon and Breach Science Publishers,
Inc. , New York, 1966).

"A.J. Bosman and S. van Houten, in Proceeds'ngs of the Seventh
International Conference on the Physics of Semiconductors, Puris,
1964 (Academic Press Inc., New York, 1965), p. 1203."P. V. Zhuze and I. A. Shelykh, Fiz. Tverd. Tela 5, 1756
(1963) /English transl. :Soviet Phys. —Solid State 5, 1278 (1963)g.

'M. Ksendzov, N. L. Ansel'm, L. L. Vasileva, and V. M.
Latysheva, Fiz. Tverd. Tela 5, 1537 (1963) )English transl. :
Soviet Phys. —Solid State 5, 1116 (1963)j.

M. Roilos and P. Nagels, Solid State Commun. 2, 285 (1964).
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density. The length of the finished bars was about 15
mm, their cross sections about 10 mm'.

One of the samples was heated to 1000'Cgand then
slowly cooled in nitrogen to see whether in this tem-
perature region the gas atmosphere had any inhuence
on the conductivity and Seebeck effect.

The conductivity and Seebeck effect were measured
from 100 to 1300'K in air. For the conductivity a four-
point method was used. To be sure that the measured
values of the conductivity indeed represent the conduc-
tivity of the bulk, ac measurements were performed up
to 5 Mc/sec.

Below room temperature the Seebeck effect was de-
termined by measuring the thermal emf and the tem-
perature difference with thermocouples mounted in cop-
per blocks soldered at the end of the NiO bar. Such a
unit was clamped between two large copper blocks, one
of which could be heated. For the measurements above
room temperature the thermocouples were mounted in
narrow and deep holes in the sample.

Hall-effect measurements in the temperature region
300—1100'K were also performed. "The magnetic Beld
used was 30 000 Oe.

12
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FIG. j.. Resistivity
as a function of recip-
rocal temperature for
NiO containing 8.8
X10 ' at.% Li. Owing
to grain-boundary ef-
fects, the sample
cooled in nitrogen (2)
has a much larger dc
resistivity than the
sample cooled in air
{1). For the latter
sample the dc and ac
resistivities coincide.
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III. RESULTS

Figure 1 gives log~op for NiO containing 8.8&(10—'
at.% Li as a function of the reciprocal temperature.
Sample 1 was cooled in air and sample 2 in nitrogen. It
is seen that there is a considerable difference in the dc
conductivity. The ac measurements, however, show that
the bulk resistivity has not been changed by the differ-
ent heat treatment. The ac values of both samples lie
practically on the dc curve of sample 1.This means that
on cooling in nitrogen grain-boundary effects completely
dominate the dc measurements. All further resistivity
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FIG 2 Resistivity as a function of reciprocal temperature for
NiQ doped with different amounts of Li. The Li concentrations
are determined by chemical analysis, except the value of 5&&10
at.%, which was calculated from the amount of Li2COq added to
the pure Nip. The dashed line represents the resistivity of pure
NiO in equilibrium with oxygen (1 atm) measured on a single
crystal (see Ref. 9).

FrG. 3. Resistivity
at high temperatures
as a function of the Li
concentration. The
values of the resistiv-
ity are obtained from
Fig. 2 by extrapolating
the measurements to
1/2' =0.
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values given in this paper have been obtained from dc
measurements performed on samples cooled in air.

In Fig. 2 the results of the resistivity measurements
in the temperature region of 300 to 1300'K on different
samples are given. The dashed line represents the re-
sistivity of NiO being in equilibriura with oxygen (1
atm) as measured by MitofP on an undoped single
crystal. The saturation value of the conductivity at
high temperatures is seen to be proportional to the Li
concentration (Fig. 3), indicating that the conductivity
is brought about by the Li added, and not by an un-
known impurity or a deviation from stoichiometry by
oxidation. Only for the sample with the smallest amount
of Li (0.005 and 0.011 at. 'Po) at high temperatures oxida-
tion seems to inQuence the conductivity.

"A. J. Bosman, H. J. van Daal and G. P. Knuvers, Phys.
Letters 19, 372 (1965).

10 I t I ( II

10~ 10 10 1 10
-= Li concentration(at. Cf'o)
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FIG. 4. Thermoelectric power n as a function of temperature for
NiO containing 8.8X10 at.% Li. Note the change in both scales
at 500'K.

In Fig. 4 we have plotted the thermoelectric power 0.

of NiO containing 8.8&&10 at.
%%uoLi (sampl e 1 in I'ig.

1). At about 140'K the thermoelectric power shows
a maximum. Below this temperature e decreases rapidly.
This decrease is not believed to be due to a systematic
error in the measuring method for high Ohmic samples
since heavier doped samples with much lower resistivity
show the same phenomenon. Above 140'K the thermo-
electric power decreases with temperature and reaches
a minimum value at about 900'K.

The thermoelectric power of sample 2 in Fig. 1 is the
same as that of sample 1.Thus the thermoelectric power
is not influenced by grain-boundary effects caused by
cooling in nitrogen.

portional to (1/T) exp( —tt/kT), where q is the activa-
tion energy for the hopping process. If q were of the
order of 0.1. eV, such a mobility would also become al-
most constant at temperatures around 1200'K.

From Fig. 4 it is seen that the thermoelectric power
n depends markedly on temperature. It is clear that at
room temperature the number of free holes p is by no
means constant and equal to the dope concentration,
because then o. would be constant with respect to tem-
perature. The fact that o. decreases up to high tempera-
tures is already an indication that the variation in
charge carrier concentration plays an important part
in the conductivity.

If the conduction can be ascribed to one kind of charge
carrier we can write for the thermoelectric power cP':

Ãv k Zve")
n= +A-=- ln yA =2.3-log, o I. (1)

re kT e p e

Here Ep is the Fermi level, 2 is a term connected with
the kinetic energy of the free holes, Sz is the density
of states and p is the number of free holes. If we compare
a/(2 3k/e) =. logro(Eve"/p) and logrop=logro(1/pets) we
see that the temperature dependence of 0. is determined
by tha, t of p if Nv and A are constant, and the tempera-
ture dependence of p by that of p and tt. If the mobility
p, involves an activation energy the temperature de-
pendence of p must be stronger than that of o..

In Fig. 5 we have plotted the measured values of n
(see I'ig. 4) in units of 2.3k/e = 198 tt V/'K as a function
of the reciprocal temperature. IA'e have also plotted logppp.

Iv. DISCUSSION

A. Conluction Mechanism above 140'K

As can be seen in Fig 1 the resistivity of sample 1
(Nio containing S.SX10 ' at. 'Po Li and cooled in air)
changes by a factor of 10" in the temperature region of
100 to 1300'K. Since the ac measurements show that
grain-boundary eA'ects are absent, this curve represents
the behavior of the bulk. In the temperature region of
140 to about 400'K log~pp depends linearly on the re-
ciprocal temperature. The corresponding activation en-

ergy amounts to 0.30 eV. At temperatures higher than
400'K the temperature dependence gradually decreases.
Below 140'K the temperature dependence also de-
creases. The behavior of the conductivity at these tem-
peratures will be treated in the next section.

The question which now has to be answered is whether
the activation energy of 0.30 eV originates from the
charge carrier variation, or from the mobility, or from
both.

In Fig. 2 it is seen that the temperature dependence
of the conductivity practically disappears at high tem-
peratures, indicating that the temperature dependence
of the mobility is also small. However, this fact itself
cannot be used as an argument to reject the hopping
model. According to this model the mobility is pro-

11—
ttog, p(A, cm)

10—i-—A D
I

'x~'it-xt
I

I I

X=8.8x10 ~

~ 2.3k/p

-3 1
0 1 2 3 4 5 6 7„8 9 105'= —(w()7

Fxo. 5. Resistivity and thermoelectric power as a function of
reciprocal temperature for Nio doped with 8.8&(10 at. /0 Li.
Above 170'K the temperature dependence of logIpp is practically
identical to that of u/2. 3 (k/e), indicating that their common origin
is the variation in charge carrier concentration. The behavior of
p and n below 170 K can be ascribed to impurity conduction.

"A. F. Ioffe, Physics of Semiconductors (Infosearch Limited,
London, 1960).
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As can be seen the linear parts of these curves are paral-
lel, indicating that the corresponding temperature de-
pendences are the same. The large value of the activa-
tion energy (0.30 eV) found from the conductivity
measurements is therefore completely due to the varia-
tion in free hole concentration. The temperature de-
pendence of the mobility thus seems to be very slight.
This means that the change in slope of log~op versus the
reciprocal temperature above 400'K is due to exhaus-
tion of the acceptors.

This result is completely in contradiction with the
thermally activated hopping model and points to con-
duction in a band. In Sec. C we will give amore quan-
titative analysis of the conductivity and Seebeck-effect
measurements.

o= oy+oi) (2)

where o-„ is the free-hole conductivity and 0.; the im-
purity conductivity. For the thermoelectric power we
can write"

k o'o EF ) o, JEST
—Eg)+~ I+—I—

e o kT t o E kT
(3)

where E& is the energy level of the acceptors with re-
spect to the transport level. From the theory of partly

B. Conduction Mechanism below 140'K

The change in the temperature dependence of the
conductivity at low temperatures was already found by
Morin4 and ascribed to an extra conduction along grain
boundaries originating from oxidation. However, this
behavior at low temperatures is also found in highly
doped NiO. In this case it is almost impossible that the
conductivity in the grain boundaries due to oxidation
is larger than the conductivity in the bulk due to the
I.i. Moreover, measurements on single crystals" having
a Li content of the same order of magnitude (0.2 at.%),
show the same phenomenon. Therefore it is likely that
this effect is a real bulk effect, most probably caused by
impurity conduction" as was also found in SiC, Ge, etc.
Ksendzow ef, al." suppose that in consequence of the
simultaneous presence of donors in the form of oxygen
vacancies an equal amount of Li'+-Ni'+ acceptors have
accepted an electron at low temperatures. Owing to the
presence of unoccupied Li'+-Ni'+ centers these electrons
can give rise to impurity conduction becoming notice-
able at low temperatures. In Subsec. C it will be shown
that the measurements above 140'K demonstrate that
the samples are partly compensated, proving that
donors are indeed present.

In Fig. 5 it is seen that at about 140'K, where the
temperature dependence of p starts to change, the
thermoelectric power n has a maximum. Below this tem-
perature we assume the simultaneous presence of two
different conduction mechanisms. For the conductivity
we can then write

I I

'x 'it-xt

X=e.ex 10 ~

03 ===—

02

0.1

compensated semiconductors" it is known that at low
temperatures the Fermi level is given by

Er =Eg—kT ln((E~ Nn)/En—), (4)

where Ã~ and Ã~ are the concentrations of acceptors
and donors, respectively. Here it is assumed that the
factor describing the impurity spin degeneracy is equal
to one. According to Eq. (4) the Fermi level at T=O
coincides with the acceptor level and is lowered with
increasing temperature, E~—E~ becoming negative.
From Eq. (3) it is seen that the erst term dominates as
long as o.;/o((1. When the temperature is lowered, start-
ing say at 2 =300 K, the thermoelectric power initially
increases with decreasing temperature. However, as soon
as «7; becomes comparable with 0„ the first term in Eq.
(3) decreases, while the second, negative term increases.
This explains the maximum in the n-T curve.

C. Quantitative Analysis

In Subsec. 8 it was assumed that the behavior of the
conductivity and Seebeck effect below 140'K can be
ascribed to impurity conduction, made possible by the
presence of donors. The measurements above 140'K give
reason to believe that the samples are indeed partly
compensated. If the conduction can be ascribed to one
kind of charge carrier Eq. (1) gives the relation between
the thermoelectric power n and the Fermi level Ep.
In Fig. 6 we have plotted Ep= ecxT—AkT as a function
of temperature for two values of A. It is seen that the
presence of impurity conduction already becomes notice-
able at about 170'K. Below this temperature Eq. (1)
can no longer be used to calculate Ep. Above this tem-
perature the Fermi level decreases with increasing
temperature. This is in accordance with Eq. (4), which
holds for the case of partial compensation.

In Subsec. A we saw that the activation energy cal-

n j'. S. Blakemore, Serrticondttctor Statistics (Pergamon Press,
Inc., New York, 1962).

0
0 100 2M 300 400 500 600 700 800 900 10(6

=7 (~)

Fxo. 6. The Fermi level E~ as a function of temperature, calcu-
lated from the thermoelectric power o. (Fig. 4) using the equation
Ez=enT —AkT. This equation is not valid when more than one
type of charge carriers is present, which clearly is the case below
170'K.
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culated from the conductivity measurements amounted
to 0.30 eV. From Fig. 6 it can be concluded that this
energy represents the distance between the acceptor
level and the conduction level. For if we extrapolate the
measurements above 170'K to T=O it is found that
Es ——0.31 eV. According to Eq. (4) the value of E» at
T=O equals E~ and not--', Eg.

For a more quantitative calculation we have plotted
in Fig. 7 on a large scale —n/2. 3(k/e) =logro(P/Nve")
as a function of the reciprocal temperature. If we should
assume that Ny=5. 5X1022 and A=O according to
Morin4 then curve 1 would represent the variation of
p with temperature. The saturation value p„» is then
found to be 17X10"/crn', which is larger than the num-
ber of Li ions (4.9X10"/cm'). Since the amount of
Ni'+ found by chemical analysis is practically the same
as the Li content, the value of p„» can not be larger
than 4.9X10' /cm'. The assumption that Nv=5. 5X10"
and 2 =0 is therefore not correct. In various publica-
tions' ""Seebeck-eGect measurements have been ana-
lyzed with the values of Nz and 3 mentioned above.
The calculated values of p„» are invariably much larger
than the Li concentration found chemically.

The measurements of the thermoelectric power n at
high temperatures show the presence of a minimum.
This minimum in n corresponds to a maximum in
logrp(p/Nve~). This eGect can be explained quite
simply by assuming that Nz increases with temperature.
Let us assume that Ny ~ T'~' as is the case for a broad-
band semiconductor. Replacing Nz by Ã&~30poK)

X (T/300)'i' we have

p
logyo

Ãy(300'K) e

p . T
=logrp +s logrs

Nye~ 300
(5)

From the value of logieP/Nv(spp'K)e" at 1/T=O (see
Fig. 7, curve 2) N v( pep' Kle~ can be calculated to be
1.75X10" using for P,„» a value of 4.9X10" cm '. To
calculate Ny&gpo'~~ the value of the transport term A
has to be known. The following analysis will show that
an estimate of 3 can be made from the measurements.

Since the acceptors are partly compensated by donors
we have

Nv exp-
Ng) kTi

p
logyo

Ng e"

N~-ND
=~ogio

Ng)e" kT
(7)

if P«N~ and P&&Nii. A further indication that the as-
sumption of partial compensation is correct can be
found from the fact that the linear parts of the logypp

versus 1/T curves for NiO doped with diRerent amounts
of I.i give values for pT „of about 5.10 4—10 ' Qcm
upon extrapolation to 1/T=O. In accordance with Eq.
(6) this means that (Ng Nn)/ND —and therefore the
ratio of donors to acceptors is of the same order of mag-
nitude for all I.i concentrations. If there were no com-
pensation at all, this extrapolated value of pz „should
be proportional to N~ '~'. From Eq. (6) it follows that

0

Q2

«5

«$

Li+i(,~)0
X~ 8.8x10 ~

1
(og„-

"g(3oow)eA

ot
0

Applying this equation to our case (Fig. 7, curve 1) we
find that (N~ Nn)/NDe"=—2. From the differences
between the experimental points and the extrapolated
line at high temperatures (curve 1 in Fig. 7), and the
change of p calculated with curve 2 in Fig. 7, the value
of (Ng ND)/ND can—be calculated. "It is found that
(Ng ND)/Nn —10, indicating that e 5. This value
of e" gives Ny(aoo K~ 3.5X10'. This is much lower
than the value of 5.5)&10" for the case of completely
localized levels. The magnitude found for Ny points
to the existence of a fairly narrow band, having a band
width which is still large compared with kT. However,
we must keep in mind that the relatively low value of
Nz(300. K~ is a consequence of the assumption that
Ny cc T3i'2.

The analysis given above has been based on the as-
sumption that the acceptors are partly compensated by
donors. This led to Eq. (6) for the number of free holes
P. If it would have been assumed that the number of
donors Nn is so small that always ND«p then

P= (N~Nv)'" exp( —E~/2kT)

0 1 2 3 4 ~ 5 G
10 (og)-(
T

FIG, 7. The thermoelectric power a of Pig. 4 plotted in units
(—2.3k/e) versus the reciprocal temperature (curve 1), giving
log»op/Nve". Curve 2 shows log&ep/Nv&qw K&ee versus 1/2' and has
been calculated from curve 1 with XI =Sy(app'K) (+/300)'/'.

p (Ng 'is 1 Eg
logi0 logle

Nve" t Nve" 2kT. (9)

"H. J. van Daal, W. I'. Knippenberg, and J. D. %'asscher, J.
Phys. Chem. Solids 24, 109 (1963}.
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From Fig. 7 it would follow that at room temperature
(E~/Ev)'"I/e" &~2. If we now assume that Xv is in-
dependent of temperature and 2 =0 (hopping model) it
is found that Ãy 10' cm 3 instead of 5.5)&10"cm '.
If we assume that 2Vy increases with temperature and
e"~5 (band model) than Xv&~4.10"cm '. This is also
much too small. Thus it is seen that in both cases
absurd results are obtained if compensation effects are
neglected.

In the analysis of the results we have found four
physical reasons to justify the assumption of partial
compensation:

1. The occurrence of impurity conduction at low
temperatures.

2. The lowering of the Fermi level with increasing
temperature.

3. The fact that the values of the conductivity extra-
polated to high temperatures are about the same for all
concentrations.

4. The values found for the density of states on the
assumption of practically no compensation are definitely
too small.

—P (~m/Vsec)

I

Qr~~o

~

TABLE I. I.i'+ and Ni'+ concentrations as determined
by chemical analysis.

D,j1+]
at.%
0.011
0.038
0.067
0.088
0.299
2.45

PNj3+]
at.%
0.011
0.037
0.062
0.084
0.245
2.35

LNi'+]

p, f1+]

1.0
0.97
0.93
0.96
0.82
0.96

0.03
0.07
0.04
0.18
0.04

37
12
47
45

42

D. Temperature Dependence of the Mobility

From the conductivity measurements (Fig. 1) and
the values of p, calculated from the Seebeck effect (Fig.
7) and p„,=4.5X10"/cm', the mobility p as a function

We have tried to see whether it would be possible to
determine the degree of compensation by chemical an-
alysis. The results are given in Table I. One sees that
for the samples with a Li concentration &&0.067 at.%
the ratio PNi'+j/PLi'+j is significantly smaller than one,
indicating that these samples are indeed partly com-
pensated. For the samples with a Li concentration
(0.067 at.% the uncertainty in the determination of
LNi'+$ is too large to decide whether these samples are
partly compensated or not. The degree of compensation
is in first approximation independent of the Li content,
indicating that a certain fraction of the Li+ is compen-
sated by oxygen vacancies or I.i interstitials which both
act as donors. The magnitude of the degree of compensa-
tion found chemically agrees very well with the physi-
cally found value. This is a strong support for the anal-
ysis given.

till ill l it II t I l t it I l II I I

0 1 2 3 4 5 6
T'~1 (og)-1

FIG. 8. Mobility p (1 and 2) and Hall mobility pzr (A, 8, C and
D) as a function of the reciprocal temperature. 1 and 2 are calcu-
lated from conductivity and Seebeck-eGect measurements on NiO
doped with 8.8X10 2 at.% Li using Nv =constant and llrvcc 2'+',
respectively. A (see Ref. 20) was obtained on ceramic Nio con-
taining 8.8X10 ' a& 1 1X10 ' g and 5X10 ' at.% Li o. The
curves 3 (Ref. 17) and C, D (Ref. 19) were obtained on single
crystals, undoped and doped with about 0.2 at.% Li, respectively.

of temperature can be derived (see Fig. 8). Curve 1 is
for gy independent of temperature and curve 2 for
/z~T@'. We have also plotted the Hall mobility
p, rr ——Rrro (curve A) measured on ceramic samples of
NiO' containing 8.8X10 s, 1.1X10 ' and SX10 'at.%
Li and p& obtained by different authors on single crys-
tals of NiO (curves 8,"C,' and D"). As can be seen
from Fig. 8 the values of pII obtained on ceramic sam-
ples are in agreement with those obtained on single crys-
tals. The mobility p obtained from the Seebeck-eBect
data, however, is considerably larger than pz. The dis-
crepancy between p and pII increases at high tempera-
tures. The measurements above 600'K have shown that
the Hall coefficient is extremely small in this tempera-
ture region and even has the negative sign."

At high temperatures curves 1 and 2 in Fig. 8 give
about the same value for the mobility. At these tem-
peratures the calculated value of p is almost independent
of the interpretation of the Seebeck effect. The conduc-
tivity measurements in this temperature region already
lead directly to a value for the mobility if it is assumed
that P P„t, t Lij. The temperature dependence of p at
high temperatures, however, does depend on the inter-
pretation of the Seebeck effect. The assumption that Xy
is constant leads to an improbable decrease of p at high
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temperatures (see Fig. 7, curve 1) resulting in an in-
crease of p with temperature. The assumption that
Ey~ T't' leads to a behavior of p as one would expect
(see Fig. 7, curve 2). The mobility in this case decreases
with temperature in the whole temperature region.

At lower temperatures there is a considerable differ-
ence between curves 1 and 2. At this moment we have
no further indication of which assumption on the be-
havior of Ey is the most appropriate. However, if we
survey the different arguments we prefer curve 2. The
decrease of p at high temperatures when Ev is assumed
to be constant cannot be true. Moreover, the degree of
compensation obtained from the analysis in which
Sy~ T" has the same order of magnitude as found
chemically. Unfortunately, the preference for curve 2 is
not supported by the behavior of the Hall mobility.
However, in view of the behavior of the Hall effect at
high temperatures it is not yet clear how to interpret the
Hall-eGect measurements.

V. CONCLUSIONS

From the analysis given above it is clear that a study
of both Seebeck effect and conductivity does not lead
to the thermally activated hopping process as was stated
by many authors. The value of the mobility at room
temperature is relatively large and decreases with in-
creasing temperature. How then is it to be explained
that so many authors have arrived at the hopping model
from their experimental results) First of all we have
seen that due to grain-boundary effects the gas atmos-
phere in which the samples are cooled has a very marked
influence on the results obtained from dc conductivity
measurements. It is quite probable that the presence
of these effects has in many cases affected the experi-
mental results and led to erroneous conclusions. Another
source of errors may have been a wrong interpretation
of the Seebeck eGect. Most measurements were carried
out on NiO doped with large amounts of Li. It appears,
however, that for NiO doped with 0.5 at.% Li or more
the Seebeck effect at temperatures only just below room
temperature cannot be described with one type of charge
carrier. If this nevertheless is done, the values found for
the energy Ez will be much too small.

In the Introduction we mentioned some other argu-
ments used in the literature in favor of the hopping

model. (a) and (b) both were concluded from conduc-
tivity measurements only. However, we think it is im-
possible to arrive at definite conclusions from measure-
ments of one kind only. Moreover, concerning argu-
ment (a), the supposition that the loosening energy
must become zero at large Li concentrations need not
be correct. One may expect that it is precisely at high
concentrations that new centers will be formed consist-
ing of neighboring Li ions to which Nis+ is strongly
bound. Further, concerning argument (b), it can be seen
in Fig. 2 that at room temperature the linear relation-
ship between the conductivity and the dope concentra-
tion does not exist. The third argument (c) has already
been overruled by the results obtained from Hall-e6ect
measurements. The results from mechanical and dielec-
tric-loss measurements on doped NiO finally appeared
to give the best support for the hopping model. In the
case of small dope concentrations it was already con-
cluded" "from dielectric measurements that the activa-
tion energy q for the jumping of a hole around a Li'+ ion
is much smaller than the activation energy Q occurring
in the conductivity. Only for large dope concentrations
do mechanical loss measurements indicate that q is com-
parable to Q. However, these measurements were always
performed at low temperatures, where impurity conduc-
tion is thought to dominate. It may be that the me-
chanical losses are not only due to the jumping of holes
around the Li'+ ions. Electrons jumping from one center
to another can also give rise to mechanical losses.

Summarizing we can conclude that the conductivity,
Seebeck effect, and Hall effect clearly demonstrate that
there is no coercive reason to introduce the model of
thermally activated hopping in the case of NiO. From
an analysis of the experimental data it even follows that
employment of the band model leads to reasonable
results.
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