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keep the following in mind: the ZnS(CuC1) crystals,
on which we carried out our measurements, are a
polytype of a mixed hexagonal-cubic structure, so that,
as one finds from measurements of green electrolumines-
cent emission" two emitting Z states are present, one
for each structure, at different energies from the valence
band. Furthermore, taking the valence band to be made
up of states separated, from one another by 0.05 and.
0.08 eV, the transitions arising from the two upper levels
of the valence band to the Cu~ center are clearly
visible, and precisely localized, whereas the transition
from the continuum to the center does not appear: in
fact, although our method allows us to detect DI/Is

10 s, when absorption of Is is too great, DI/Is is no
longer measurable, even though hI is of the same order
of magnitude as in the other measurements. This is the
case of transitions from the continuum to the Cu++
center. From the foregoing one may associate the four
broad peaks with transitions from the two levels at the
top of the valence band, to the d(E) levels of the two
Cu+ centers, one present in the cubic and the other in
the hexagonal phase. This is reasonable if one takes into
account the separation observed between the 6rst pair
of peaks and the second pair ( 0.13 eV), which corre-
sponds to the energy diRerence one Gnds between the

"A. Crosnier and G. Curie, Luminescence of Organic md In-
organic Materials, edited by H. P. Kallman and G. M. Spruch
(fohn Wiley 8t Sons, Inc., New York, 1962).

green emission of the Cu+" center in the hexagonal
phase and that in the cubic phase (~0.125 eV)."

Our experimental 6ndings show that the position of
the absorption peaks does not vary with applied voltage,
whereas the height of the peaks varies linearly with the
latter. The possible eRect of the 6eld on internal transi-
tions within the center (Stark effect) cannot be detected
on our instruments. There is, however, no infrared.
absorption spectrum shift as a function of applied
voltage. The increase in peak height, with no spectrum
shift, might show that the number of crystal regions in
which the local field, has acquired sufFicient intensity to
excite the centers increases, and, in each of these regions
the Geld reaches a value which, for some reason, cannot
be surpassed. This may be explained as follows: The
applied voltage is such as to increase the barrier 6eld;
tunneling increases the number of carriers that travel
through the barrier, diminishing its resistance and
consequently its potential diRerence. This mechanism
prevents the field from growing beyond a certain value.
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The Hall coefBcient R~ and resistivity p have been measured on ceramic samples of p-type CoO and NiO
between 200 and 1500'K and of I-type ~-Fe203 between 960 and 1500 K. Results obtained on single-crystal
p-type NiO are also reported. Seebeck-effect data are considered in the discussion of the results. For the
paramagnetic phase of NiO and a-Fe203, the behavior of Rz deviates drastically from that found in the case
of a normal-band semiconductor. The sign of RJI is opposite to that normally expected. The corresponding
Seebeck effect has the normal sign. R& remains inversely proportional to the charge-carrier concentration.
Furthermore, the Hall mobility (pa =

~
Err ~/p) has a value which is smaller than that for the corresponding

drift mobility (pz). The difference amounts to two orders of magnitude in the case of NiO and to about a
factor of 4 in the case of o;-Fe203. Below the Noel temperature, RII has the normal sign. The anomalous be-
havior of the Hall effect in the cases of NiO and ~-Fete is thought to be due to an interaction between the
charge carriers and the magnetization induced in the material by the applied magnetic Geld. In the case of
CoO the behavior of RH does not seem to be infiuenced appreciably by the magnetic transition at the Neel
temperature. The value of pJI at high temperatures in the paramagnetic phase is about a factor of 4 lower
than that of p~. A discussion of the Hall-effect data with regard to the mechanism of electrical conduction
in the materials under consideration is also presented.

I. INTRODUCTION

HE mechanism of electrical conduction in transi-
tion-metal oxides such as CoO, NiO, and e-Fe~03

has for long been the subject of extensive investigations.
According to Verwey and. de Boer' ' the occurrence of

~ K. J.W. Verwey and J.H. de Boer, Rec. Trav. Chim. 55, 531
(1936).' J. H. de Boer and E.J.W. Verwey, Proc. Phys. Soc. (London)
49, 59 (1937).

electrical conduction for example in NiO is associated
with the presence of Ni ions with diRerent valency at
normal lattice sites. This situation can be easily ob-
tained by employing the method, of "controlled
valency". ' The introduction of Li into NiO, for instance,
results in the formation of (Li+-Ni'+) acceptor centers.

'K. J. W. Verwey, Semiconducting Materials (Butterworths
ScieotiGc Publications, Ltd. , London, 1951), pp. 151-161.
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Because of thermal excitation, the Ni'+ holes can be
released from these centers and then move freely
through the lattice. ' ' According to this model the activa-
tion energy found in the conductivity is principally d,e-
termined by the acceptor-ionization energy.

Later, the results of resistivity and Seebeck-effect
measurements on NiO and n-Fe203 led Morin' to the
different conclusion that the temperature d.ependence
of the conductivity, especially in the case of samples
with a relatively small dope, is determined largely by
the drift mobility, only a minor contribution being
made by the charge-carrier concentration. It was found
that the drift mobility increases exponentially with
temperature, relevant values of the activation energy
lying between 0.1 and 0.7 eV. For the drift mobility
at room temperature very low values were found
(10 '—10 ' cm'/V sec). Similar conclusions were arrived
at by many other authors. ' "

According to Heikes et ul. ' the activation energy
occurring in the mobility is due to polarization of the
lattice by the free charge carriers. Conduction is
described as a diffusion process wherein a charge
carrier jumps from one lattice site to another. This
model does indeed lead to a mobility increasing ex-
ponentially with temperature. It is known as the
thermally activated hopping mod. el.

The apparent nonmeasurability of the Hall eKect in
these substances was felt at that time to be the logical
consequence of an exceptionally low drift mobility. The
Hall mobility value of 3&(10 ' cm'/V sec for NiO at
room temperature obtained at a later data by Fujime
et ul."did fit in with the expectations.

A new era was inaugurated with the investigations on
NiO by Zhuze et ul." and, by Ksendzov et ul."Zhuze
measured the Hall coe%cient R& and resistivity p on
single crystals between 300 and 500'K. The value of
the Hall mobility (lr&=Rrr/p) at room temperature
was 0.2 cm'/V sec. A lower value (0.07 cm'/V sec) was
found for ceramic samples. The temperature de-

pendence of R~ was found to be almost the same as that
of p up to 400'K. The Hall mobility decreased slightly
with increasing temperature up to 400'K followed by
a sharp decrease. Zhuze concluded that the temperature

4F. J. Morin, Phys. Rev. 83, 1005 (1951); 93, 1195 (1954);
93, 1199 (1954); Bell System Tech, J. 37, 1047 (1958).' R. R. Heikes and %. D. Johnston, J. Chem. Phys. 26, 582
(1957).

R. R. Heikes, A. A. Maradudin, and R. C. Miller, Ann. Phys.
(Paris) 8, 733 (1963).' S.van Houten, J.Chem. Phys. Solids 17, 7 (1960).

G. H. Jonker and S. van Houten, Halbleiterprobleme UI
(Frederick Vieweg und Sohn, Braunschweig, Germany, 1961),
p. 118.

9 M. Nachman, L. N. Cojocarn, and L. V. Ribo, Phys. Status
Solidi 8, 733 (1965).' G. Parravano, J. Chem. Phys. 23, 5 (1954).

"S.Fujime, M. Murakami, and E. Hirahara, J. Phys. Soc.
Japan 16, 183 (1961).

'2 V. P. Zhuze and A. I. Shelykh, Fiz. Tverd. Tela 5, 1756
(1963) /English transl. :Soviet Phys. —Solid State S, 12/g (1963)].

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

dependence of p is almost entirely due to the charge-
carrier concentration. He found his results to be in
confhct with the hopping model. The same conclusion
was reached by Ksendzov on the basis of results ob-
tained from Hall-e8ect measurements on ceramic
samples between 150 and 500'K and from measure-
ments of p and the Seebeck coefficient 0. between 100 and
500'K. Ksendzov arrived at an average value of 0.01
cm'/V sec for err at room temperature. Further mea-
surements of the Hall effect in NiO performed by Roilos
et ul." on single crystals and by Bosman et ul." on
ceramic samples resulted in a value of 0.25 cm'/V sec
for pII at room temperature, confirming the results
obtained, by Zhuze on single crystals.

Ksendzov was the first to recognize the importance of
impurity conduction in NiO at lower temperatures.
Because of the presence of donors (oxygen vacancies)
the (Li+-Ni'+) acceptors are partially compensated,
thus making an extra conduction via the acceptor
centers possible. The final model, as proposed by
Ksendzov for NiO, in which, besides conduction in a
narrow band, carrier transport occurs simultaneously
via impurity centers, is quite analogous to that employed
in the case of broad-band semiconductors. The presence
of impurity conduction has been definitely confirmed by
the results of resistivity measurements on single crystals
of NiO down to 20'K performed by Springthorpe et ul."

Bosman et u/. "have shown that the introduction of
the hopping model in the case of NiO was based on
erroneous interpretations of resistivity and Seebeck-
effect measurements. They derived their arguments from
measurements on samples with a small I i content. If
grain-boundary effects are avoided and if the con-
tribution of impurity conduction can be neglected in
the temperature region under investigation, the tem-
perature dependence of logp and e prove to be com-
pletely the same. This means that there is no coercive
reason for introducing the hopping model. Measure-
ments can even be interpreted in terms of narrow-band
conduction. The value of the drift mobility (le) at
room temperature calculated from these measurements
is of the order of 1 cm'/V sec.

In the light of the recent developments described
above, one might expect the Hall effect in p-type NiO
to be normal, i.e., Rrr = r/pe, where p and e are the free-
hole concentration and absolute value of the electron
charge, respectively, and where r denotes the Hall
factor which is of the order of unity and which is inde-
pendent of temperature. The sharp decrease of p,~
as found, by Zhuze et ul."in NiO above 400'K, however,
already pointed. to an anomalous behavior of E&.
Therefore, the present authors extended the measure-
ments on NiO towards higher temperatures. " In the
temperature range 300 to 500'K our results for ceramic

~' M. Roilos and P. Nagels, Solid State Commun. 2, 285 (1964).
'~ A. J. Bosman, H. J. van Daal, and G. F. Knuvers, Phys.

Letters 19, 372 (1965)."A. J. Springthorpe, I. G. Austin, and B.A. Smith, Solid State
Commun. 3, 143 (1965).

"A.J. Bosman and C. Crevecoeur, Phys. Rev. 144, 763 (1966).
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material were in agreement with those obtained by
Zhuze on single crystals. The sharp decrease of @II
starting at about 400 K was found to be the prelude
to a total disappearance of the Hall eRect at 600'K
(see Fig. 3 of this paper). At higher temperatures the
Hall eRect could again be measured up to 1100'K.
Above 600'K it proved that the sign of E~ was reversed.
Apart from this sign reversal, the value of p~(=

~
RIr ~/p)

proved to be two orders of magnitude smaller than that
of pD. The sign reversal of RB took place at a tempera-
ture near the Noel temperature, suggesting a close
relationship between this phenomenon and the mag-
netic structure of the material. NiO is an antiferromag-
netic material with a Noel temperature of 520'K.'~'0
The anomaly observed occurred only in the Hall effect
whereas neither the resistivity nor the Seebeck eRect
were found to be inQuenced by magnetic-ordering
eRects.

An anomalous decrease of EII had already been
observed in MnTe single crystals at the Neel tempera-
ture when the magnetic Geld was applied perpendicular
to the hexagonal c axis."Also a sign reversal was found
if the magnetic 6eld had a direction parallel to the c
axis. Conduction in the relevant MnTe samples is
achieved by holes in a broad valence band in contrast
with the ease of NiO where it takes place within a
narrow band, .

Ke extended the investigations to other transition-
metal oxides in order to establish whether the anomaly
observed for NiO could be classified as a general
phenomenon. The oxides taken into consideration are
CoO and e-Fe203. CoO has the same crystal structure
(NaCl) as NiO. It is antiferromagnetic, with a lower
Neel temperature (290'K)"" than that of NiO.
n-Fe203 has a dissimilar crystal structure (corundum).
It is antiferromagnetic, with a higher Neel temperature
(960'K)" than NiO. Between 260'K"" and the Neel
temperature of O.-Fe20g the antiferromagnetic struc-
ture differs slightly from the ideal case resulting in a
weakly ferromagnetic behavior of the material in this
temperature range. "Since the anomalous behavior of
the Hall eRect in NiO was mainly found above the
Neel temperature we were primarily interested in
measurements on CoO and O,-Fe2O3 in the paramagnetic
phase.

In this paper the results are presented of resistivity
and Hall-eRect measurements performed on ceramic

Is E. G. King and A. U. Christensen, J. Am. Ceram. Soc. SQ,
1800 (1958)."V. G. Shide and G. K. Shenoy, Phys. Rev. 143, 309 (1966).

2 The Noel temperature of 640'K arrived at in Ref. 22 is prob-
ably too high.

+ J. D. Wasscher, A. M. J. H. Seuter, and C. Haas, in Ero-
ceeChngs of the InIernotional Conference on SemicomflcIer Physics,
Paris, &64 (Dunod Cie., Paris, 1964), p. 1269.

~ J. R. Singer, Phys. Rev. 104, 929 (1956).
~ E. G. King, J. Am. Ceram. Soc. 79, 2399 (1957).
~4 C. M. Iserentant, G. G. Robbrecht, and R. J. Doclo, Phys.

Letters 11, 14 (1964).
~5 F. J. Morin, Phys. Rev. 78, 819 (1950);
~~ I. Dzyaloshinski, J. Phys. Chem. Solids 4, 241 (1958).

p-type NiO and CoO samples between 200 and 1500'K.
Furthermore, results will be given of the same type of
measurements and of Seebeck-eRect measurements
performed. on e-type ceramic n-Fe203 samples between
960 and 1500'K.

II. EXPERIMEN'TAL

A. Preparation of the Samples

The I i-doped NiO samples were prepared by pre-
6ring intimate mixtures of very pure NiO (grade:
Johnson-Matthey) and LiqCO3 at 700'C in air. After
milling the product obtained, it was pressed into pellets
and thereafter compressed hydrostatically. The pellets
were Gred at 1300'C for 24 h in 1 atm of oxygen and
then cooled in the furnace. The density of the samples
was about 93% of the x-ray density.

CoO was made by decomposition of CoCO3. The
latter material was manufactured starting from very
pure Co (grade: Johnson-Matthey). The Li-doped CoO
samples were prepared by adding Li2CO3 to CoO. This
mixture was pre6red at 700'C in technical nitrogen.
Pellets pressed from the product were heated. for 24 h
at 1300'C in 1 atm of purified nitrogen (10 ' atm of
oxygen). This oxygen pressure was maintained during
cooling in the furnace. Because of the low oxygen
pressure the oxidation degree of the samples remains
low. Furthermore, the low oxygen pressure prevents
the formation of Co304 at the grain boundaries during
cooling. The density of the samples was about 93%
of the ideal value.

The iron-oxide samples wele doped with Zl or Nb
by 6ring a mixture of Q.-Fe203 with ZrO2 or Nb2O5,
respectively. Pre6ring occurred at 800 C in air. Final
6ring was carried out for 3 h at 1300'C in oxygen. To
avoid oxidation at the grain boundaries during cooling
in the furnace, oxygen was replaced by nitrogen at
about 900'C. The M series of n-Fe203 samples was
prepared starting from very pure n-Fe&03 (grade:
Koch'-Light). "Badische Anilin und Soda Fabrik"
(BASF) material was used for the 8 series. In the latter
material Ni is present in a rather large concentration
( 0.05 at.%) as the main impurity, giving rise to
aeceptors. It could be concluded from resistivity mea-
surements at high temperatures as a function of- de-
liberate dope concentration that extra donors, pre-
sumably oxygen vacancies, are present with a concen-
tration of about 0.03 at.%. The advantage of using
BASF starting material is that samples of high density
are obtained ( 98%%uz). For the pure material only
densities of 90% were obtained.

In the preparation of the ceramic samples described
above, high-Ohmic grain-boundary layers can easily
arise, their inQuence becoming noticeable especially at
low temperatures. The absence of these layers was
ascertained for the cases of CoO and NiO in the way
described in Ref. 17.
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3. Measuring Procedure

The samples were in the form of disks about 8 mm
in diameter and about 0.2 mm thick. For electrical
contacts a platinum-gold paste (Engelhard 8228) was
used. The sample holder has already been described
elsewhere "

The dc measuring circuit used when the samples had
a resistance lower than 1 MQ has been sketched in Fig. 1.
By adjusting the potentiometer R, placed. across cur-
rent electrodes 3 and 4, the current pattern established
in the sample (8) between these electrodes and elec-
trode 1 is such that no appreciable potential difference
is present across voltage electrodes 2 and 5. The extra
voltage across electrodes 2 and 5 induced by a magnetic
field perpendicular to the plane of the sample was dc
amplified (A: Keithly 150 AR or Cary 31CV) and then
recorded (Rec. : Philips PR 2210A/25). For samples
with a resistance lower than a few kQ's, amplifier and
recorder were replaced by a micrograph (Kipp BD2).
The magnetic 6eld amounted to 30 kG. The Hall
coeKcient was determined by averaging data obtained
by reversing the direction of electrical current and of
magnetic Geld. The main advantage of the current-
balance method as described above is that the output
terminals of the sample can be connected directly to
the entrance of the ampliher.

For samples with a resistance appreciably larger
than 1 MQ the conventional four-probe compensation
method, was used.

Considerable care should. be taken in these measure-
ments to avoid spurious effects. Most important are
those effects which are of thermal origin. One of these
effects arises either because of an alteration of the
furnace position within the magnet gap or because of
a change of the heating-wire position with respect to
the furnace tube when the magnetic Geld is applied. In
general the temperature gradient at the place of the
sample in the furnace then changes, leading to a
Seebeck-voltage change across the measuring electrodes.
The presence of temperature gradients in the furnace,
longitudinal as well as transverse, cannot easily be
avoided because of the small space available in the

magnet gap. Seebeck voltages in the materials under

investigation amount to about 500 pV/'C at high tem-

peratures. Even a change in temperature difference of

only 0.01'C across the measuring electrodes results in

a potential change of the same order of magnitude as

the Hall voltage. This effect can be avoided by rigidly

positioning both the furnace in the magnet gap and the

heating wire on the furnace tube. In our case the latter
aim was realized by laying a platinum wire bifilarly

in a groove made in the outside of an alumina tube. The

tube was then covered with a layer of an eutectic

sv H. J. van Daal, Pbilips Res. Repts. Snppl. 3 (1965).

FIG. 1. Principle of the
dc circuit used in the meas-
urement of the Hall co-
eScient.

R
3 4

Ca-Al-silicate mixture, " a material which adheres to
the alumina after being heated up to 1400'C in air.
The absence of this effect can easily be ascertained:
With zero current through the sample no voltage may be
induced across the measuring electrodes when the mag-
netic held. is reversed. Moreover, a possible residue of
this effect is eliminated by the averaging procedure
described above.

There is, however, another spurious effect of thermal
origin which cannot be eliminated. by the averaging
procedure. This effect originates from the I.orentz
force acting on current leads and sample. Because of
these forces the sample can shift and/or rotate some-
what with respect to the holder. A displacement of the
sample in the presence of a temperature gradient leads
to a pseudo-Hall-effect which, in the measurement in
general, is indistinguishable from the real Hall effect.
This effect can be suppressed by rigidly positioning the
sample on the holder. A check can be made to determine
whether the positioning of the sample is rigid enough.
For that purpose the current electrodes 3, 1 and 4, 1
(see Fig. 1) have to be short circuited directly at the
sample. The real Hall effect is now absent. I,orentz
forces on current leads and sample, however, are the
same as in the normal measurement, so that the thermal
effect remains unchanged, if indeed it is present at all.

The two spurious effects mentioned above can intro-
duce an inertness in the response of the output signal
to a change in magnetic field. The corresponding relaxa-
tion time is given by the product of heat resistance and
capacity of the relevant system. The "magnetic vis-
cosity" found below the Noel temperature" in NiO and
the "time dependence" as noticed above this tempera-
ture'o can possibly be attributed to the presence of one
or both of these effects.

» G. H. Jonker, J.T. Klomp, and Th. P. J.Botden, in Science of
Ceramics, edited by G. H. Stewart (Academic Press Inc. , I.ondon,
1965), Vol. 2, p. 295.

» M. Nachman, F. G. Popescu, and J. Rutter, Phys. Status
Solidi 10, 519 (1965).

3 I. G. Austin, A. J. Springthorpe, and B. A. Smith, Phys.
Letters 21, 20 (1966). Note added in proof. In a recent paper
t Proc. Phys. Soc. (London) 90, 157 (1967)j Austin et al. state
that their Hall-eGect data above TN were spurious owing to
movement of the sample in the magnetic Geld.

GI. RESULTS

A. CoO

In Fig. 2 experimental values for p and XII and
corresponding values for pII have been plotted as a
function of 1/T for the case of different p-type Coo
samples. The temperature range considered extend s
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Pro. 2. Resistivity p, Hall
coeKcient E~, and Hall mo-
bility p~ as a function of
reciprocal temperature for p-
type Li-doped ceramic CoO.
Measurements have been taken
in technical N~ (10 ' atm of
O~). Some data obtained at
high temperatures in 1 atm of
O~ are also presented. The Noel
temperature T~ has been indi-
cated. Logarithms are to the
base 10.

10"/7 ( )()
I S . ~ ~ ~ a ~ ~ I s I ~ a

from about 20D'K in the antiferromagnetic phase

through the Neel temperature (290'K) up to 1500'K
in the paramagnetic phase. Measurements were tat.en

in technical nitrogen. At high temperatures some

additional data were obtained from experiments in

1 atm of Og.

R~ has the positive sign and is independent of the

magnitude of the magnetic field, . Furthermore XII

and p have practically the same temperature depend-

ence in the whole range considered leading to an
almost constant Hall mobility with a maximum value of
0.1 cm'jV sec. The value of pz is practically inde-

pendent of dope indicating that XII is inversely pro-

portional to the free hole concentration. At temperatures

close to the Weel point a slight change in temperature

dependence of E~, p, and p,~ is noticeable. Similar
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results for p have been found by other authors. ""
Qualitatively our results are similar to those obtained,
between 300 and 1000'K by Zhuze et al.32 for non-
d,eliberately-doped single crystals. Zhuze 6nds a Hall
mobility which increases slightly with temperature and
which has values between 0.04 and 0.07 cm'/V sec at
300'K. For a single crystal with a Li content of 1 at.%
the value of p~ between 250 and 400'K as measured

by Austin et al.rs increases from 0.01 to 0.02 cm'/V sec
in that temperature range.

Charge-carrier concentration up to 800'K is pre-
dominantly determined by thermal release of holes from
Li acceptors that become exhausted at higher tempera-
tures. A value of p~ for holes at high temperatures can
be obtained from an extrapolation of p from about
800'K towards high temperatures and the assumption

P—Prlf. For different samples with Li dopes varying
between 0.02 and 3 at.% a value of (0.3+0.1) cm'/V sec
ls obtained fol p,~.

Above 800'K a marked decrease of E~ as weD as of

p becomes noticeable especially in the case of the
lightest doped sample. At any temperature above
1100'K roughly the same p values and the same E&
values are found for the different samples. Values for
XII and p obtained, in 1 atm of 02 above 1250'K behave
similarly to the corresponding values obtained in N2,
but are one order of magnitude lower. The extra con-
duction found above 800'K is due to the presence of
Co vacancies (Vo,).s'

The Hall mobility starts to decrease slightly at
500'K. For sample II, p~ reaches a constant value of
0.07 cm'/V sec between 1000 and 1500'K. For sample

I, p~ 6rst goes through a minimum and then reaches a
value of 0.06 cm'/V sec at high temperatures. The dip
found, in p~ at about 900'K for the lightest doped. sample
is not characteristic of the bulk. At this temperature
the concentration of Co vacancies tends to become
smaller than that quenched. in the material after cooling
from 1300'C (see Sec. II A). Because this temperature
is relatively low, a diminution of (Vc,j can only be
achieved within thin grain-boundary layers. In the case
of a sample with a relatively low Li concentration this
leads to an increase of grain-boundary resistivity and,

thus to an increase of the over-all resistivity. E~ is
less sensitive to the presence of thin high-Ohmic grain
boundaries and remains characteristic of the bulk
properties. The data obtained below 500'K certainly
will not be influenced by the presence of this type of
giain boundary bccausc the Ll-acceptor ccntcrs which
have a lower ionization energy than that of the Vc,
acceptors then preponderantly determine cond.uction.
At temperatures above 1100'K grain-boundary CGects

@B.I"isher and D. S. Tannhauser, J. Chem. Phys. 44, M63
(1966).

"V.P. Zhuze and A. I. Shelykh, Fis. Tverd. Tela 8, 629 (1966)
/English transl. :Soviet Phys.—SoM State 8, 309 (1966)j."A. J.Bosman and C. Crevecoeur (to be published).
' 84 J. Volger, Phys. Rev. 79, 1023 (1930).

disappear because equilibrium is reached during the
measurements throughout the material. At high tem-
peratures no appreciable change is found, in the value of
p~ if the concentration of Co vacancies is enlarged due
to an increase of oxygen pressure. This confirms that
E~ is inversely proportional to the charge-carrier con-
centration. The value of p~ at high temperatures
amounts to (0.07&0.015) cm'/V sec, which is signifi-
cantly lower than the corresponding value of (0.3+0.1)
cm'/V sec found for pn. Similar values for pn have been
d,erived from gravimetric and resistivity measurements,
viz. , 0.4 cm'/V sec at 1350'C" and 03 cm'/V sec at
1500'K.'s The ratio pn/irrr at high temperatures thus
lies between 2.4 and. 7.3.

S. Hi0

In Fig. 3 experimental values for p and, E~, and,
corresponding values for p~ obtained, for different
ceramic NiO samples with Li dopes varying between
0.005 and 0.09 at.% are presented as a function of
1/T. The different values for p and Err found for the
two samples with the same Li dope of 0.005 at.% can
be attributed to different content of counter-dope
elements. Measurements have been taken in 1 atm of
02. For temperatures between 300 and 1100'K the
greater part of the results had already been reported. ."
An extension of data down to 200'K and up to 1500'K.
is given here. A brief description of the anomalous
Hall-effect behavior in the case of NiO can be found in
the introduction to this paper.

Nachman et al.29 have reported experimental results
up to 700'K. These differ completely from ours.
Among other things they find no sign reversal of the
Hall effect within the temperature range considered.
As far as we can see, however, no precautions seem to
have been taken by these authors to avoid the inQuencc
of spurious effects. (see Sec. II B.)

Austin et al.' did 6nd a sign reversal of E~ in the
case of single-crystal NiO. However, their outcome
points to a lower transition temperature (500'K) than
ours (600'K). Furthermore, above the transition tem-
perature they find a value for p~ one order of magnitude
larger than ours. In connection with these results wc
did some additional measurements on ceramic and also
on single-crystalline material around the transition
point. Our former 6ndings were confirmed by these
measurements. Conduction in the single crystals con-
sidered by us (manufactured by Marubeni-Osaka) was
pred, ominantly determined by nonstoichiometry, i.e.,
by the presence of nickel vacancies (VN;). In Fig. 3
values of p as measured in a rapid run oo a thick single
crystal are given (broken curve). The two steps in
which the VN; acceptors 6rst become singly ionized at
lower temperatures then doubly ionized at higher tem-

» A. I.Shelykh, K.S.Artemov, and V. E.Shvaiko-Shvaikovskii,
Fis. .Tverd. Tele 8, 883 (1966) t English trsnsl. : Soviet Phys. —
Solid State 8, 'l06 (1966)g.
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as a function of reciprocal tempera-
ture. Values of p for ceramic samples
have been indicated by solid lines
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of single crystals at high tempera-
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disk (0.4 mm thickness) measured
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urements performed on a thick bar
(10X4X4 mm'). The Noel tempera-
ture T~ has been marked; Logarithms
are to the base 10.
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peratures are clearly distinguishable in the temperature
dependence of p. The resistivity of a thin crystal mea-
sured in a rapid run is almost analogous in behavior to
that measured on a thick crystal. (See Fig. 3.) However,
if the same crystal is cooled down very slowly, as is
done in Hall-effect measurements, signi6cantly higher
values for' p are found. (See Fig. 3.) The higher values
of p for the slowly cooled thin crystal must be attributed
to the fact that equilibrium with the gas atmosphere is
reached, throughout the material down to a lower tem-
pqraturj than that reached in the case of rapid cooling.

We were able to obtain some E~ values for thin crystals
between 600 and, 1000'K. (See Fig. 3.) Err again proved
to have the anomalous negative sign. Corresponding
p,II values were about the same as those resulting for
ceramic material. The larger value for p~ as found by
Austin et al. is possibly because of the inQuence of a
thermal eRect with a negative sign. (See Sec. II 8 and
Ref. 30.) The presence of such an effect also shifts the
transition point towards lower temperatures.

In the range 1000—j.500'K for the ceramic samples I
and II, p and XII decrease markedly with temperature.
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Corresponding p Jl values show a minimum at 1200'K.
In this temperature range, the inhuence of nickel
vacancies on conduction becomes noticeable for Li-
d.oped material too. These vacancies evidently intro-
duce higher activation energies for conduction than the
Li acceptors. Above 1400 K all samples considered show
the same p behavior which is identical with that already
found by Mitoff."The dip found in the values of @II
as a function of temperature may be due to the same
type of grain-boundary CGects as proposed for the case
of CoO. (See Sec. III A.) These effects can be present in
the samples as long as the conductivity due to VN;
cclltcrs ls hlghcr than that duc to Ll ccntcrs.

In the paramagnetic as well as in the antiferromag-
netic phase the value of R~ proved to be ind, epend, ent of
the magnetic field. For all samples between 670 and.
1000'K, irIr has a roughly constant value of (4&1)X 10 '
crrP/V sec. The drift mobility amounts to (5&2)X10 '
cm'/V sec in the temperature range considered. '"
Thus pH is two orders of magnitud, e smaller than pL).

It follows from the above that, in spite of the anomalous
sign of the Hall CQect and its anomalously low value,
RII remains inversely proportional to the charge-carrier
conccntl ation.

In the low-temperature range between 200 and 400'K
@II slowly decreases with increasing temperature for
the samples with a Li content of 0.1 at.%. For the
lighter doped samples p~ has lower values and exhibits
a maximum at about 300'K. The dissimilar behavior of
pH for the diferent samples is probably due to a vary-
ing inQuence of impurity conduction.
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In Fig. 4 values of a, p, E~, and. @II as measured, on
various e-type a-FC203 samples with di6'erent Nb or Zr
dopes have been plotted as a function of 1/T. The tem-
perature range consid, ered lies above the Neel point
(960'K) and extends up to 1500'K. In the measuring
procedure actually adopted, values for p and XII werc
measured in 1 atm of 02 at successively higher tempera-
tures. Thereafter, at the highest temperature, the
oxygen pressure was reduced to 0.01 atm, the material
allowed to reach equilibrium, and then p and E~ values
werc determined, at consecutively lower temperatures.
Values of n mere determined for these samples only at
1 atm of 02. For the heaviest doped sample (5) n is
constant throughout the whole temperature range. It
has the negative sign as might be expected for an
e-type sample. For the same sample p is almost a
constant too. Conduction for this sample is extrinsic
with total exhaustion of the donors. For the lighter
doped samples the inhuence of intrinsic conduction
becomes noticeable in a decrease of n at high tempera-
tures. The temperature at which this decrease starts is
lower according as the dope is lower. For the lightest-
doped sample (1) due to intrinsic conduction a even

'6 S. P. Mito8, J. Chem. Phys. 35, 882 (1961).
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I lo. 4. Seebeck coef5cient n, resistivity p, Hall coefBcient gII,
and Hall mobility @II for ceramic e-type o;-I'e203 samples as a
function of reciprocal temperature. The samples numbered 1
through 5 have been doped with 0.01 at.%%uoZ r l1), 0.1at.%%u~ Zr( 2),
0.12 at.% Nb (3), 025 at.% Nb (4), and 1 at.% Zr (5). Samples 1
and 2 belong to the M series, 3-5 to the 8 series (see Sec. II A),
The black markings represent values obtained in 1 atm of 02, the
open markings indicate values resulting from measurements jn
0.0i atm partial pressure of O~. The Neel temperature has been
marked T~.

changes sign at the highest temperature. The presence
of intrinsic conduction also becomes noticeable, al-

though less markedly so, in a decrease of p at higher
temperatures. Conduction in all samples is mainly
extrinsic at about 1000'I4. The increase in the p
values for the diferent samples at this temperature is
less than inversely proportional to the deliberately
added dope. This is because the concentration of oxygen
vacancies (Vo) for the lighter doped samples can no
longer be neglected. A value for the drift mobility of the
electrons of (0.10&0.02) cm'/V sec has been deduced
from the dependence of p in the exhaustion range on the
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dope and from the assumption that the free-electron
concentration equals the effective dope. '~

The Hall coeKcient behaves quite anomalously. For
all samples at all temperatures considered in Fig. 4,
RII has the positive sign, i.e., opposite to that of n.
At a temperature close to the Neel point, R~ goes
through zero and changes sign below this transition
temperature. There, in the weakly ferromagnetic range,
it depends largely on the spontaneous magnetization
as already found before. ' We were not able to separate
the contributions to R~ arising from the spontaneous
magnetization and from the external 6eld with magnetic
field values up to 30 kOe. The behavior of RII at tem-
peratures around the Noel point is analogous to that
found in the case of NiO. For n-Fe203 too R~ has the
normal sign below the Noel point and the anomalous
sign above this temperature. Above the transition
temperature in the extrinsic range (between 1000 and
1100'K)err for all samples has about the same value of
(0.025&0.005) cm'/V sec. Thus the value of pH is
about a factor of 4 smaller than that of p~. The dope
invariance of @II implies that RII is inversely propor-
tional to the free-electron concentration. Furthermore,
R~ proves to be independent of the magnitude of the
applied magnetic 6eld. Thus R~ remains proportional
to the normal Hall coeS.cient in spite of the anomalous
sign and value of the proportionality constant. The
inQuence of intrinsic conduction on the value of R~
also becomes noticeable at higher temperatures es-
pecially in the case of the lighter doped samples when
measured in 1 atm of 02. The decrease of pH—e.g., for
sample 1 as measured in 1 atm of 02—is due to this
effect. When the oxygen pressure is lowered, it is seen
that pH again increases at high temperatures. This is
because the inQuence of intrinsic conduction is reduced
due to an increase of oxygen-vacancy donors.

IV. DISCUSSION

In Table I a survey is given of the results for CoO,
NiO, and n-Fe203. With regard to the behavior of R~,
a striking difference has been found between NiO
and O.-Fe203 on one side and CoO on the other. For
p-type NiO, with increasing temperature Err shows a
sign reversal from positive to negative at a temperature
somewhat above the Noel point and rema, ins negative
up to 1400'K. Prior to this sign reversal a sharp de-
crease of +II sets in already at 400'K. In the case of
e-type O,-Fe203, with increasing temperature R~
changes sign from negative to positive at the Neel
point and remains positive up to 1500'K. For CoO on
the contrary, RII does not change sign at the Neel
temperature. Furthermore, p~ proves to be inQuenced
only weakly by the magnetic transition and in a way
which is not relevant for the present discussion. (See
Fig. 2.) These results suggest that for p-type NiO and.
e-type O.-Fe203 the Hall eBect is markedly inQuenced by
"A. J, Bosman (to be published}.

the magnetic properties of the material whereas no
such influence seems to exist in the case of p-type CoO.
The difference found in the case of CoO between the
values of p,& and p& at high temperatures may be
attributed to the Hall factor r. This factor then lies
between 0.15 and 0.40. It is not yet known whether the
scattering mechanism for holes in CoO and/or the
band structure of this material can lead to such a Hall
factor. For all materials, e and p remain characteristic
of an extrinsic semiconductor up to the highest tem-
peratures considered, the only exception being the
lowest doped e-Fe20~ samples.

A transition from extrinsic to intrinsic conduction can
lead to a sign reversal of R~ if the charge carriers with
a sign opposite to that of the extrinsic charge carriers
have a greater mobility. In the case of NiO the sign
reversal of R~ takes place at 600'K. No inQuence from
intrinsic conduction could be observed in e up to
1300'K.'~ The same holds for p even up to 1300'C.
At this temperature, conduction in undoped NiO at
oxygen pressures varying between 10 and 1 atm is
still fully determined by the concentration of doubly-
ionized Ni vacancies. "The behavior of n and p is in
agreement with the large value of 4 eV for the energy
gap of NiO.""Because of this large value, the intrinsic
equilibrium constant E;(=pm) is extremely small at
600'K. The sign reversal of RII cannot therefore be
attributed to the onset of intrinsic conduction, not even
if the ratio between electron mobility (p„) and hole
mobility (a~) were high. Furthermore, the ratio p„/p~
cannot be expected to be very large in the paramagnetic
phase because there, owing to spin-disorder scattering,
electron mobility is limited to about 1 cm'/V sec
whereas the experimental value for p„ is 0.5 cm'/V sec.
It has been suggested by Fisher et al."that the concen-
tration of free electrons might be signihcantly enhanced
compared to that of free holes because of the presence
of native defects with a donor character, thus leading to
a sign reversal of R&.It has, however, been shown by the
present authors" that this suggestion is based on an
erroneous interpretation of the electroneutrality con-
dition. For the case of e-Fe203, the inQuence of intrinsic
conduction on p and 0. for the heaviest doped sample is
negligible up to 1500'K. In this case a positive Hall
eGect at this temperature could only be explained if
p~/p„has a very large value. This is again quite im-
probable because of the presence of spin-disorder
scattering. Moreover, it can be deduced from the be-
havior of n and p for the lightest doped sample that
p,„&p, . It is therefore questionable whether R~ can
ever change sign for an e-type n-Fe203 sample due to

'8R. ¹wman and R. M. Chrenko, Phys. Rev. 114, 1507
(1959).

'9 Ya. M. Ksendzov and I. A. Drabkin, Fiz. Tverd. Tela. 7,
1884 (1965) [English transl. : Soviet Phys. —Solid State 7, 1519
(1965)j."B.Fisher and J.B.Wagner Jr., Phys. Letters 21, 606 (1966}.

1H. J. van Baal and A. J. Bosman, Phys. Letters 23, 525
(1966}.
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Ther, E I. Summary of experimental data for ceramic CoO, NiO, and n-I'e203 samples. XII. Hall coefficient; p~. Hall mobility; p~.'
drift mobility. The value of p has been calculated using the relation: If~=(1+y)E,~, with R „=+1/ae. AF: antiferromagnetic;
WP: weakly ferromagnetic; par: paramagnetic. The temperature ranges in which the mobility values as given are valid can be found in
the text.

Dope

Material

Conduction type
Neel temperature
Magnetic structure

Sign of XII
p~(cm~/V sec)
pn(cm'jV sec)
pa fpII

7

CoO

Li: 0.02—0.1 at.%

P-type
290'K

AI' par

+
0.055—0.085

0.2—0.4
2.4-7.3

Li: 0.005—0.09 at. /0

p"type
520'K

par

0.003-0.005
0.3—0.7
60—230

1,005-1.015

Nb: 0.12-0.25 at.%
Zr. 001—1

s-type
960'K

AF par

+
0.02—0.03
0.08—0.12
2.fp'-6, 0
1.2-1.4

this CGect. For the case of CoO, the value of p,II at high
temperatures remains unchanged when the hole con-
centration is enlarged by one order of magnitude due
to oxidation. This demonstrates that for CoO too the
inQuence of intrinsic conduction is negligible up to the
highest temperatures considered.

An anomalous negative sign of XII was observed for
the case of p-type UOs single crystals at relatively low

temperatures. ~ At higher temperatures a transition to
the normal sign takes place. A normal behavior of p
and o, is found at a)l temperatures. Anomalous effects
have also been found. for p-type single crystals of Si~
and InAs. 44 These anomalies can be attributed to the
presence of generally very thin e-type surface layers
and/or small n-type inclusions. An explanation of the
extreme sensitivity of EIJ to the presence of thin in-
version layers has only been given for the case of InAs
where the electron mobility is much higher than the
hole mobility. 4' Inversion grain boundaries, if present
in the samples investigated by us, might also introduce
an anomalous sign of XII. However, in the case of NiO,
identical results have been obtained for ceramic as
well as for single-crystal material. This could hardly
be expected for samples with such a large difference in
surface area if inversion layers played a dominant role.
Furthermore, at 1400—1500'K the materials under in-
vestigation reach equilibrium with the gas atmosphere
within a short period of time. The existence of inversion
layers thcrefo1c seems hardly posslblc. Ncvcl thclcss,
for such an equilibrium state the sign of E~ remained
anomalous in the case of NiO and O.-FC203. Furthermore,
an extra reduction of n-FC2O3 might be expected to lead
to a complete or partial elimination of p-type surface
layers, if present at all. However, for the lighter doped
samples the anomalous Hall effect even increased due to
this reduction. Therefore one can hardly believe that

~P. Nagels, Atomic Reactor Centre, Mol. Belgium (private
communication).

43 K. H. Putley and %.H. Mitchell, Proc. Phys. Soc. (London}
72, 193 (1958).

~ H. Rupprecht, Z. Naturforsch. Ua, 1094 (1958).
4' J.R. Dixon, J. Appl. Phys. 30, 1412 (1959}.

the anomalies observed are due to the presence of
inversion layers.

It may be concluded from the above that in almost
all cases considered conduction is achieved in each
material by one type of carrier only and that the 1n-
Quence of inversion layers is negligible. It follows then
that for the cases of NiO and e-FC203 a new mechanism
must be introduced in order to explain the experimental
results.

The anomalies observed in the paramagnetic phase of
NiO and o.-FC203 occur only in the Hall CBect and
neither in the resistivity nor in the Seebeck effect. This
suggests that the origin of the anomalies lies in the
magnetization induced by the magnetic 6eld that is
applied when the Hall CGect is measured. Evidently
this magnetization interferes with the drift current and
gives rise to an anomalous Hall CBect. A theory of the
interference between the magnetization and the drift
current has been developed by Maranzana46 for anti-
ferromagnetic as well as ferromagnetic materials. As
already pointed out in his paper, it is questionable
whether this theory can be employed in the case of the
transition-metal oxides considered. Nevertheless, quali-
tativdy the outcome of Maranzana's theory for an
antiferromagnetic semiconductor is in accordance with
the experimental results obtained in the cases of NiO
and O.-FC203.

Maranzana considers two diferent contributions to
the Hamijtonian describing the motion of a charge
carrier which are of. magnetic origin and arise because
of disorder in the magnetic-ion lattice. One of these is
the well-known interaction between charge-carrier spin
and ion spins, that causes spin-disorder scattering and
consequently contributes to the resistivity. The other
contribution is due to the interaction between the ion
spins and the angular momentum of the charge carrier
with respect to the ion positions. A transverse Hall
current comes about due to the combined presence of
the two interactions mentioned. This theory leads for
an antiferromagnetic semiconductor to the following

4' F. E. Maranzana, Phys. Rev. (to be published).
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expression for the Hall coefFicient:

Rlr= (1+y)R ..
where R „denotes the normal Hall coefficient (+r/ee)
and y is a term which for a given material depends on
temperature only. At low temperatures, where anti-
ferromagnetic ordering is complete, y =0.With increas-
ing temperature, starting slightly below the Neel
temperature, y drops below zero and reaches some
negative value at this temperature. Above the Neel
point & remains roughly constant up to high tempera-
tures. If y & —1 at the Neel temperature, the Hall effect
reverses sign in the vicinity of this temperature.
From the theory in its present state only values of p
two orders of magnitude smaller than —1 can be
obtained.

Qualitatively, Maranzana s theoretical result exhibits
the following features found experimentally for R& in
the case of NiO at temperatures below and above T~
and in the case of n-Fe~03 above T~'.

(a) At all temperatures considered Rrr is independent
of the magnitude of the magnetic fieM.

(b) R& at all temperatures remains inversely pro-
portional to the charge-carrier concentration.

(c) The ratio RIr/R „with increasing temperature
drops below unity starting at some temperature below
T~. In the case of NiO this temperature is 400'K.

(d) A sign reversal of Rlr might take place at the Neel
temperature irrespective whether conduction is achieved
by holes (NiO) or by electrons (n-Fe&Os). This can be
explained by the theory only if indeed p= —1 at the
Neel temperature.

(e) The sign of R~ remains reversed up to high tem-
peratures, i.e., up to T 3T~ and T 1.5TN for NiO
and n-Fe203, respectively. In the temperature range
considered above Tz, y is indeed roughly temperature-
independent.

A value of 7 can be derived on the basis of Eq. (1) from
the ratio pn/err, if only the Hall factor r is known. The
values of y given in Table I have been calculated
assuming that r=1.

In the case of CoO the magnetic contribution to R~,
i.e., the term yE „,seems to be absent. If one ascribes
the difference between @II and pD at high temperatures
to the presence of the term yE.„„ this would lead with
r = 1 to 0.6& (—y) &0.9. In that case one would expect
with decreasing temperature a significant increase of
y~ starting at the Noel temperature. This increase,
however, has not been found. The absence of the mag-
netic term is not yet understood. It might be connected
with the fact that the Co'+ ion in CoO can be diamag-
netic, its six 3d electrons having the low-spin con-
figuration. On the contrary, in the cases of NiO and
ri-Fe203, the Ni'+ and Fe'+ ion, respectively, are para-
magnetic. In the last part of this discussion, however,
it will be pointed out that a free hole in CoO most

probably corresponds to a high-spin conlguration of a
Co'+ ion.

It might be asked whether the Hall-effect data give
additional information about the mechanism of elec-
tronic conduction in the materials considered. The
question is whether conduction takes place within a
narrow band or by thermally activated hopping of small
polarons. (See Sec. I.) The drift mobility of small
polarons in the high-temperature range, i.e., for
T&20&, where 0+ is the Debye temperature, increases
with temperature as (1/T) exp( —e/kT). 4r For the case
of NiO it had already been ascertained from an analysis
of experimental data regarding o. and p that this material
does not exhibit the features characteristic of a hopping
semiconductor. '" (See Sec. I.) In the case of CoO,
from the results of a similar analysis, p& for holes proves
to be temperature-independent below 300'K whereas
above 300'K data for n and p only allow for a slight
increase of pD up to high temperatures. " This result
should be taken into account in the above discussion
of the Hall-eGect measurements for the case of CoO. It
suggests that the free Co~ hole corresponds to a Co'+
ion which is in the high-spin state. Electron transfer
between a Co'+-lattice ion, which is in the high-spin
state, and a neighboring Co'+ ion in the low-spin state
can be expected to be a thermally activated process. "
This would introduce an activation energy in the drift
mobility, which is not found. In contrast with these
results, from a combination of gravimetric and elec-
trical measurements it was concluded by Fisher et al."
that p& for holes in oxidized CoO rises exponentially
with temperature (e=0.3 eV) in the range 950—1350'C.
The interpretation given by these authors of their
experimental results, however, seems to be not justified.
Moreover, from the same type of measurements be.-
tween 900 and 1500'K, Shelykh et al." conclude to a
temperature-independent drift mobility. With respect
to O.-Fe203 the constant value of p for the heaviest
doped samples between 1000 and 1500'K (see Fig. 4)
implies that p~ should be independent of temperature
in the range considered. Below 1000'K, p& probably
does not vary much down to low temperatures. '~

Summarizing, it can be said that certainly for NiO but
probably also for CoO and n-Fe203, data regarding n
and p do not support the validity of the hopping model
for these substances. It is for precisely this reason that
in the analysis given in this paper the Ha11 effect has
been assumed to be normal when disregarding inQuences
of magnetic origin.

The theory for the Hall eGect of small polarons does
not yet seem to be in a definite state. The 6ndings of
different authors are contradictory. " " For the tern-

4r T. Holstein, Ann. Phys. (N. Y.) 8, 325 (1959); 8, 343 (1959).' A. J. Bosman and C. Crevecoeur (to be published).
41'L. Friedman and T. Holstein, Ann. Phys. (N. Y.) 21, 494

(1963).
~ J. Schnskenberg, Z. Physik 185, 123 (1965).
"Yu. A. Firsov, Fiz. Tverd. Tela 5, 2749 (1963) )English

transl. : Soviet Phys. —Solid State 5, 1566 (1964)j.
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perature dependence of @II in the high-temperature
range, dissimilar results have been obtained, viz. , an
exponential increase with temperature, "an almost tem-
perature-independent behavior' and an exponential
decrease with temperature. "However, practically in all
cases considered p~ is predicted to be much larger
than p~.

The temperature dependence of p,~ for NiO between
300 and 500'K first gave reason to doubt the validity
of the hopping model for this material. " (See Sec. I.)
However, the extension of the measurements up to
higher temperatures by the present authors has re-
vealed the presence of an anomalous contribution to the
Hall effect which already becomes noticeable at about
400'K. Therefore the Hall-effect data above 400'K
cannot be used to discriminate against one of the models
for conduction. For NiO at low temperatures, the mag-
netic contribution to XII can be expected, according to
Maranzana, to be small. This is probably true at tem-
peratures below 400'K. The data obtained for NiO
below 400'K militate against the validity of the hopping
model: The value of @II below 400'K is at most equal
to that of pD (see Ref. 17) and decreases with increasing
temperature. It is even questionable whether this be-
havior of p~ can be explained in terms of small polarons.
When considering NiO as a narrow-band semiconductor
the Hall factor, just as proposed for CoO, may be
significantly smaller than unity, leading to a reduction
of pII with respect to pD.

For the case of n-Fe203 one can hardly expect to gain
additional information on the mechanism of conduction
in this material from the Hall-effect data in the tempera-
ture range under consideration (T)960'K).

In the case of CoO the apparent absence of a magnetic
contribution to E~ enables one to draw conclusions
concerning the mechanism of conduction. The fact
that p~ is practically independent of temperature be-
tween 200 and 1500'K supports the same conclusion,
drawn from the results of o. and p measurements, for
the behavior of pD. Moreover, at high temperatures,
the value of @II is smaller than that of pD. These data
for CoO do not support the validity of the hopping
model. They even seem to militate against the supposi-
tion that CoO would be a small polaron semiconductor.

V. CONCLUSION

In this paper it is suggested that the Hall effect for
the antiferromagnetic phase of NiO, at temperatures

above 400'K, and for the paramagnetic phase of NiO
and n-Fe203 is strongly inQuenced by an interaction
between the magnetization induced in the materials,
and the charge carriers. Following Maranzana, it is
proposed that the Hall coeS.cient for the paramagnetic
phase of NiO and n-Fe203 is composed of two compo-
nents: One of these is the coefficient normally found in
nonmagnetic band semiconductors (normal component),
the other is thought to be due to the interaction men-
tioned above (magnetic component). In the two cases
the magnetic component has a sign opposite to that of
the normal component. This applies for conduction
achieved by holes (NiO) as well as by electrons
(n-Fe203). Furthermore the magnetic component is
proportional to the normal component. The propor-
tionality factor d,epends on material properties and, is
fairly constant in a wide temperature range. In the cases
of NiO and o.-Fe203 the magnetic component overcom-
pensates the normal component by 1 and 25%%uo, respec-
tively, leading to a sign reversal of the total effect and
corresponding reduction of its absolute value. The degree
of overcompensation has been calculated on the
assumption that the Hall factor for the normal com-
ponent is unity. Below the Neel temperature in the
antiferromagnetic phase of NiO and in the weakly
ferromagnetic phase of n-Fe203 the Hall effect has the
normal sign. In the antiferromagnetic phase of NiO a
reduction of the Hall coefficient due to the presence of
the magnetic component becomes noticeable at tem-
perature above 400'K.

In the case of CoO the magnetic component seems
to be absent. The Hall factor in the paramagnetic
phase at high temperatures is proposed to be about
0.25.

The Hall-effect data obtained for Ni'0 and CoO
support the conclusion, reached. at from the results of
resistivity and Seebeck-effect measurements, that there
is no reason to introduce the hopping model.
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