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The resistivity p and the Hall effect are studied in seven n-type EuO single-crystal samples at
temperatures 4.2 < T < 300 K and external magnetic fields 0 < H,, < 150 kOe. Attention is focused
on three phenomena: (i) the anomalous Hall effect (or lack thereof), (ii) the resistivity peak near the
Curie temperature T . ~ 69 K, and (iii) the insulator-metal transition (IMT). The Hall data at
T < T indicate that the anomalous Hall term in EuO is small compared to the normal term and
that the effective magnetic field which governs the Hall effect is equal to the magnetic induction
B = H, + 4wM. On this basis it is assumed that the anomalous Hall effect is negligible at all
temperatures. Measurements of p(H .,, T) vs T, show that as H ,, increases the resistivity peak
decreases, becomes broader, and shifts to higher temperatures. The Hall data indicate that the resistivity
peak is due to the combined effect of dips in the Hall mobility w and in the carrier concentration n.
Measurements of T . by several methods show that T . is several degrees lower than the temperature
T .ax at which the zero-field resistivity is maximum. A new method for obtaining T . from
magnetoresistance measurements is discussed. Near room temperature the resistivity of some samples
decreases exponentially with increasing T, with an activation energy of ~ 0.3 eV at zero magnetic
field. For these “activated” samples p changes by many orders of magnitude near the IMT. In other
samples (called “nonactivated”) p varies slowly with T near room temperature and the resistivity
change near the IMT is smaller. In both types of samples H .,, shifts the IMT to higher temperatures
and makes the transition more gradual. Hall measurements show that in samples with a large IMT, the
IMT is almost entirely due to a change in n, whereas in samples with a small IMT, the IMT is due to
comparable changes in both n and p. Near room temperature the Hall coefficient is H independent in
the nonactivated sample, but decreases substantially with H in the activated samples. In both types of
samples the Hall mobility at 298 K increases by ~ 25% when a magnetic field of 140 kOe is applied.
This indicates that spin-disorder scattering is one of the main causes for the zero-field resistivity at
room temperature. The various data are compared with earlier measurements by the groups at Lincoln
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Laboratory and at IBM, and are also discussed in terms of current theoretical models.
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EuO is a ferromagnetic semiconductor with a 105 Eu0 _
Curie temperature T-~69 K. The physical pro- H=0 2A
perties of EuO and of the other Eu chalcogenides 104}
have been the subject of numerous investigations _
in the last few years. The results prior to 1968 E 103 _
have been reviewed by Methfessel and Mattis. * c 2A
Two extensive investigations of electrical trans- ; 102} -
port in EuO by the groups at Lincoln Labora- E
tory, 2% and at IBM*"!° have been reported since Z 10
then. In this paper and the following one!! we re- g
port on measurements of the electrical resistivity e 1
and Hall effect in EuO in fields up to 150 kOe. The
present work extends the earlier work on EuO and 1071
is also a continuation of our earlier electrical-
transport studies in EuTe'® and EuS®® at high mag- 102
netic fields.

The electrical resistivity p of EuO is strongly 1073
influenced by the magnetic order of the localized

. PP . . : 1074 L ‘1 | T NN NN N WO B
spins of the Eu™ ions. The present investigation 0 50 100 150 200 250 300
centers primarily on two phenomena which are TEMPERATURE (K)
illustrated in Fig. 1. The first of these is the FIG. 1. Temperature variation of the zero-field re-

rapid increase in p with increasing T which starts

8

sistivity of samples 2A, 4A, and 5.
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TABLE I. Electrical properties of the various EuO samples.

Sample No. 1 2A 2B 3 4A 4B 5
p(298 K) 2x10° 1.16x 10* 7% 104 1.8x10% 6.0x 102 5.6% 1072 2.1x 102
(Q cm)

n(298 K) oo 1.9x 1013 cee 2.9x10!® 5.5x1018 6.2x 10!8 1.5%x101°
(electrons/cm?)

p(298 K) 29 . 12 19 18 20
(cm?/V sec)

Ay ~0.3 0.32+0,02 0.34%0.02 0.32+0.01 nonactivated nonactivated  nonactivated
eVv)

p(4.2 K) 4,1x10% 4,5%10% 6.3x 10 8.3x 10 2.2x10
(Q cm)

n(4.2 K) 1.7x10% 1,2x10"? e 1.5x 10'° 3,4x 109 3.2x 10'° 7.5x 101°
(electrons/cm?)

p4.2 K) 1.3%x10% . 0.92 x 102 2.9x% 10° 2.3x 102 3.7x 102
(cm?/V sec)

Tnax . .. . 73.4+0.4 74.3+ 0.6 79+ 1
(K)

Prmax . 2.1 1.0 0.16

(Q cm)

T, 69.4% 0.2 . 69.8+ 0.3 70.2% 0.5 71.2% 0.4 <72

(K)

% (T), n(T), and u(T) are the zero-field resistivity, carrier concentration, and Hall mobility, at a temperature T, re-
spectively. The accuracy of p varies between 10 and 50%. The relative accuracy of p in a given sample, as a function
of H and T, is much higher. #(7T) is calculated from R, using Eq. (2). The values for u(T)=R((T)/p(T) are accurate to
within a factor of 2. A is the activation energy of the IMT at T>>T, deduced from p vs T between 230 and 300 K.

Tmax 18 the temperature where the zero-field resistivity has a maximum. pg,, is the zero-field resistivity at Tp,,. T¢
is the Curie temperature obtained from differential susceptibility measurements.

at ~50 K. Earlier investigations have shown that
the magnitude of this increase is strongly influ-
enced by the stoichiometry and impurity content

of the samples, which depend on the procedures

of crystal growth. #® In particular, samples which
contain excess Eu, within certain limits (e. g.,
sample 2Ain Fig. 1), show a change of many or-
ders of magnitude in p at temperatures slightly

An important question concerning both the re-
sistivity peak and the IMT is to what extent the
observed variation in p, in each case, is due to a
change in the carrier concentration» and to what
extent it is due to a change in the mobility u. The
direct way to answer this question is to determine
n by measuring the Hall effect. However, Hall
measurements on EuO are difficult to perform and

above 50 K. This large change in p has been re-
ferred to as the “insulator-metal transition”
(IMT). ® In other samples, withdifferent stiochio-
metry or impurity content (e.g., samples 4A and
5in Fig. 1), the change in log p at temperatures
slightly above 50 K is much smaller, and it ap-
pears as an “elbow” in a plot of log p vs. T.2 In
this paper we shall use the term IMT to describe

both cases.

The resistivity near 7. could be measured only
in samples with a small IMT. In these samples a
second phenomenon, a resistivity peak near T,

). The procedures of

crystal growth, which govern stoichiometry and
impurity content, influence the magnitude of the
resistivity peak and the temperature at which it

was observed (see Fig. 1

occurs. g

their interpretation is not straightforward, for
Due to these difficulties,
the groups at Lincoln and at IBM used less direct
methods for separating the contributions of » and

K to the resistivity p. One of the primary objec-
tives of the present work was to use Hall measure-
ments to check their conclusions directly. The
present work also examines the anomalous Hall
effect in EuO (or lack thereof), and the tempera-

reasons discussed later.

ture at which the resistivity peak occurs.

A de-

tailed study of the temperature and magnetic field
dependence of the IMT is also presented. Some
aspects of this study involve magnetization and
optical measurements in addition to transport mea-
The results are compared with sev-
eral alternative models for the IMT.
This paper, the first of three papers, deals with

surements.
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the resistivity peak and the general features of the
IMT. Paper II'! contains a more quantitative
analysis of the IMT. Paper III** is a theoretical
paper in which the two-spin correlation function

of a ferromagnet is calculated as a function of
magnetic field H. This theoretical calculation has
a direct bearing on the discussion in Paper II

II. EXPERIMENTAL TECHNIQUES

A. Samples

Measurements were made on seven n-type sam-
ples cleaved from five single crystals. Samples
1, 3, and 5 were obtained from three different sin-
gle crystals. Samples 2A and 2B were cleaved
from a fourth crystal, and samples 4A and 4B
from a fifth, The five crystals were grown from
Eu-rich solutions using the procedures described
by Reed and Fahey. !* The growth solution for
sample No. 5 was doped with 0. 1-wt% Gd,O;, but
the concentration of Gd incorporated in sample
No. 5 is not known. The other samples were not
doped intentionally. Some of the physical proper-
ties of the samples are listed in Table 1L

Oliver et al.? classified EuO samples into two
types. Type A, grown from Eu-rich solutions,
exhibited resistivity anomalies near and below T.
Type B, grown from stoichiometric solutions, ex-
hibited no resistivity anomalies. In terms of this
classification, all our samples are type A. A
more detailed classification of EuO crystals in
terms of crystal-growth parameters, infrared ab-
sorption, and resistivity behavior was given by
Shafer et al.® On the basis of the resistivity
behavior, our samples 1, 2A, 2B, and 3 are
type IV, whereas samples 4A, 4B, and 5 are
type V.

The samples were rectangular parallelepipeds
with typical dimensions of 1X1X4 mm. In order
to obtain some idea of the inhomogeneity in the
carrier concentration in our samples, the Hall co-
efficient R in a given sample was measured sev-
eral times, each time changing the position of the
Hall leads. Samples 2A, 4B, and 5 were studied
in this fashion. For a given sample, R did not
vary by more than a factor of 1. 5. The change
AR/R as a function of magnetic field H and tem-
perature T was very nearly independent of the po-
sition of the Hall leads. On this basis we expect
that the inhomogeneity in the carrier concentration
did not affect the results for the H and T variations
of p and R. However, the inhomogeneity might
have introduced an error in the values of the
Hall mobility u=R/p (Table I), because the
values for R and p represented average values for
different regions of the sample. In most cases the
error in the absolute value of p due to this cause
was probably smaller than a factor of 1.5.
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B. Electrical Measurements

Electrical leads were attached to the cleaved
{100} faces of each sample with indium solder us-
ing an ultrasonic soldering iron. Immediately be-
fore soldering, the area of the solder joint was
scraped with a scalpel. Resistivity and Hall mea-
surements were performed with a dc electric cur-
rent I supplied by a Keithley model No. 225 cur-
rent source. The voltage was measured with a
Keithley model No. 155 microvoltmeter preceded
by a Hewlett-Packard model No. 2411A guarded
data amplifier, which had a much larger input im-
pedence. The output of the microvoltmeter was
fed to a recorder and could be read with a preci-
sion of ~ 0. 1%.

The resistivity measurements were made with a
standard four-terminal arrangement. Resistivities
up to ~ 10° © cm could be measured reliably. The
current I varied between 10”7 and 10" A and was
chosen in each case to be high enough to give an
easily measured resistive voltage but low enough
to avoid sample heating. The resistive voltage
Vg was always linear with I. Except for one case
the measurements in a magnetic_,field were made
with the external (applied) field H.; perpendicular
Eo the long axis of the sample, and hence to f, i.e.
11/[100] and H,,, |/[010]. The exceptional case is
discussed in Sec. VI. In measuring the magneto-
resistance, the direction of ﬁm was reversed at
each value of Hey. The values of Vg for the two
directions of H,,; were always very nearly the
same, and they were averaged to obtain the final
value.

Because of the finite size of the solder joints
the distance between the voltage contacts could be
determined only to within 10-50%, and there was
a corresponding uncertainty in the exact value
of p. However, the relative variation of p with T
and H was measured with a precision of ~ 1%, ex-
cept in one case (Fig. 11), where the precision
was 0. 2%.

Hall measurements were made in all but one
case with two Hall-voltage leads attached to oppo-
site faces of the sample. The standard method of
reversing H,,,; and fwas used. The major problem
was the presence of a resistive voltage between the
Hall leads, due to an unintentional offset of these
leads. This offset problem was troublesome in
cases where the resistive voltage varied rapidly
with Hg,, or with T, since in reversing the direc-
tion of ﬁm the magnitude of H; could not be kept
exactly the same and T could not be kept constant
to better than ~0. 02 K, unless the sample was im-
mersed in a cryogenic liquid. In these cases the
resistive voltg.ge could not be eliminated entirely
by reversing Hg;. Whenever the estimated error
from this source was comparable to or larger than
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the Hall voltage, the Hall data were rejected. As
H,: increased, the Hall voltage increased faster
than the offset resistive voltage. Therefore, the
offset problem introduced a lower limit for the
field H ., at which reliable Hall data could be ob-
tained. This lower limit varied with temperature
and sample.

In one run with sample 4B the offset problem was
reduced by using two voltage leads on one face of
the sample and one on the opposite face. The volt-
age Vy, between the first two leads was divided at
H,:=0 in such a way that the output potential V
was equal to the potential V3 of the third lead. The
voltage (V,,— V3) was then measured as a function
of H . for both directions of H,;, and the Hall
voltage was deduced in the standard way. This
three-voltage-lead technique was not used exten-
sively because it introduced noise problems.

C. Magnetization Measurements

Measurements of the magnetic moment versus
H, were performed using two different magnetom-
eters: a vibrating-sample magnetometer (VSM)'®
at fields below 60 kOe, and a very-low-fre-
quency vibrating-sample magnetometer
(VLFVSM)" in fields up to 150 kOe. In most cases
the magnetization M was normalized to its satura-
tion value M, measured at 4. 2 K. Except at tem-
peratures above 150 K, where the magnetization
was smaller, the accuracy of M/M, was better
than ~ 1%, and the precision was better than ~ 0. 5%.
The low-field susceptibility near room temperature
was measured with a VSM with an accuracy of
~2%. All measurements of M were performed on
the same samples which were used in the electri-
cal measurements.

Measurements of the differential susceptibility
dM/dH .., were performed using an apparatus sim-
ilar to the one described by Goldstein et al. *®
Data were taken at zero dc external magnetic field,
using a modulation field with a frequency of 90 Hz
and an amplitude of several Oe. Only the relative
change of dM /dH ,,, with temperature was measured
by this technique.

D. Thermometry

Electrical measurements were made from 4. 2
to 300 K. The samples were mounted on a copper
block which could be placed inside a copper can.
The temperature of the block was regulated in one
of three ways: (i) by immersing the block (without
the surrounding copper can) in a cryogenic liquid;
(ii) by introducing He exchange gas into the sur-
rounding can and immersing the can in a cryogenic
liquid; (iii) by evacuating the can (P<10™® Torr),
immersing the can in a cryogenic liquid, and heat-
ing the copper block with an electrical heater to a
temperature higher than that of the liquid. Liquid

helium (4. 2 K), liquid hydrogen (20 K), liquid ni-
trogen (64— 78 K), liquid argon (84-88 K), and
freon-11 (trichlorofluoromethane, from below 230
to 300 K) were used.

Temperatures above 20 K were measured with a
platinum resistance thermometer placed inside the
copper block. The electrical leads to both the ther-
mometer and the sample were wrapped around the
copper block. Thermal contact between the block,
the sample, the thermometer, and the leads, was
improved by using Crycon grease. ! Corrections
for the magnetoresistance of the thermometer were
applied, as described earlier.?’ The temperature
was measured and controlled with a precision of
0.02 K. The accuracy of the temperature mea-
surements was better than 0. 2 K. Temperatures
near 4.2 and 20 K were determined by measuring
the vapor pressures of the liquid helium and the
liquid hydrogen, respectively.

Measurements of the magnetic moment were
made in liquid helium, liquid nitrogen, liquid argon,
liquid natural gas (LNG), and near room tempera-
ture. Temperatures were measured either with a
copper-constantan thermocouple calibrated at the
normal boiling points of liquid nitrogen and liquid
argon, or with a platinum resistance thermometer.
The accuracy of the temperature measurements
was better than 0.2 K with the thermocouple, and
better than 0. 1 K with the platinum thermometer.

The differential magnetization, dM/dH .,, was
measured only in liquid nitrogen (64-78 K). Tem-
peratures were measured with a platinum resis-
tance thermometer.

E. Magnetic Fields

Most of the electrical measurements were made
in a Bitter-type solenoid capable of generating mag-
netic fields up to 150 kOe. The magnetic field ver-
sus current characteristic of the Bitter solenoid
was measured during each run with a Newport
type-J integrator magnetometer, 2! which had been
calibrated against an NMR probe. The accuracy
of the magnetic field measurement was 0. 1%, and
the precision was + 20 Oe.

When the current direction in the Bitter solenoid
was reversed, keeping the magnitude of the current
nominally the same, the magnitude of H,,; changed
slightly due to a small zero offset in the current-
control circuits. For this reason, the field versus
current characteristic of the solenoid was mea-
sured in each run for both directions of the current,
in order to correct for the small zero offset. With
this correction, whenever the direction of H,,; was
reversed the magnitude of H.; was reproduced to
within 100 Oe.

Some electrical measurements in fields up to
12 kOe were made in a 9-in, Varian electromagnet.
The field was measured to an accuracy of better



8 EuO. I.

than 0. 5% with a Hall probe which had been cali-
brated against an NMR probe. When the direction
of H,,, was reversed, its magnitude was repro-
duced to within 20 Oe.

Measurements of the magnetic moment were
carried out in the following magnets: (i) a 12-in.
Varian electromagnet, (ii) a 60-kOe superconduct-
ing solenoid, and (iii) a 150-kOe Bitter-type sole-
noid. The magnetic field produced by the Varian
electromagnet was known to within 1%. With the
superconducting solenoid, fields above ~ 40 kOe
were known to within 0.3%. The field of the Bitter-
type solenoid was also known to within 0. 3%. 2

F. Demagnetization Corrections

To analyze some of the data it was necessary to
know the magnetic induction B inside the sample,
given by B=H,,+ 41M. Here H,,, is the internal
magnetic field Hy,4= Hgy— NM, where H,, is the
external (applied) magnetic field and N is the de-
magnetizing factor. For an homogeneous ellipsoi-
dal sample H,,; and B are uniform throughout the
sample. However, for the rectangular parallel-
epipeds used in the present work, H;;; and B vary
inside the sample.

In analyzing the electrical transport data for a
particular sample it was assumed that the effect
of a nonuniform B was equivalent to that of a uni-
form effective field B. An effective demagnetiza-
tion factor N was defined by the equation B=H
+(4m - N)M, where M was the average (measured)
magnetization in the sample. It was assumed that
N could be obtained by approximating the sample
by an ellipsoid and using standard tables for N for
ellipsoids of various shapes. The value of N ob-
tained in this way was always close to the average
demagnetizing factor N,, for the sample, deduced
from magnetization measurements at 4.2 K (at T
«T¢, Nay=Hep/M at low fields where M <M).
The data for M(H,, T) used in calculating the de-
magnetizing corrections were obtained from mag-
netization measurements on the identical samples,
keeping the same orientation of Hg; as in the trans-
port measurements. The limitations of the above
procedure for calculating the demagnetizing cor-
rections will be discussed below whenever the re-
sulting errors may be significant.

III. METHOD OF ANALYZING HALL DATA

The primary objective of the Hall measurements
was to obtain the charge-carrier concentration »n
as a function of 7 and H. In the case of EuO the
determination of #» from the measured Hall voltage,
Vy, is complicated by several factors which are
not present in nonmagnetic semiconductors. The
procedure used to obtainz from Vy is outlined be-
low. A similar procedure was used in our earlier
studies of EuTe!? and EuS. 1*
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In magnetic materials the Hall voltage is often
expressed as®

Vy=(RoB+RM) (I/t), (v

where M is the magnetization, B=H,,+ 4nM is the
magnetic induction inside the sample, I is the elec-
tric current, and ¢ is the thickness of the sample
along the magnetic field. R, and R, are the normal
(ordinary) and anomalous (extraordinary) Hall co-
efficients, respectively. Assuming that electrical
conduction is due to carriers in a single band, the
carrier concentration is given as n=7/|Rqe |,
where e is the charge of the electron, and 7 is a
numerical factor of order unity. In the absence of
specific information about 7 it is customary to set
r=1, so that

n=1/|Roe]. (2)

Equation (2), which is based on a single-band
model, is also approximately valid for two con-
duction bands provided that the mobilities in the
two bands are comparable. However, if the two
mobilities are widely different, Eq. (2) will lead
to erroneous results for the total electron concen-
trationn. Two-band conduction may occur in EuO
in some cases due to the spin splitting of the con-
duction band by the long-range magnetic order. In
most of our experiments this splitting was expected
to be large and only the lower-energy subband was
occupied by electrons, so that the single-band
model was valid. However, in a few cases the ex-
pected spin splitting was small (but nonzero) and
both subbands were involved in electrical conduc-
tion. In interpreting our Hall data we shall use
Eq. (2) unless otherwise stated. Situations where
two-band conduction may play a role will be pointed
out explicitly, and the effect of two-band conduction
on the analysis will be considered.

The main difficulty in determining #» from the
measured values of V is that the relative contri-
butions of the terms RyB and R, M to the right side
of Eq. (1) are not known a priori. This difficulty
also arises in the case of ferromagnetic metals,
e.g., iron.?* For ferromagnetic metals and alloys
it is usually assumed that Ry and R, are indepen-
dent of H, With this assumption the coefficients
Ry and R, can then be determined in several ways.
For example, well below T, Vyis linear with B
at fields above magnetic saturation, since the term
R M is then a constant. The slope of the Vy-vs-B
line above magnetic saturation then gives R,;, and
the extrapolated intercept of this line with the V
axis yields R;. In the case of EuO the assumption
that R, is independent of H is not always justified
since in some cases the carrier concentration is
strongly H dependent.

In order to obtain Ry from V, an assumption
must be made concerning the relative contributions
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FIG. 2. Hall voltage Vy in samples 1 and 4B as a func-
tion of magnetic induction B=H,, +4rM, at T=4.2 K.

of the normal and anomalous Hall terms. As a
guide for making a reasonable assumption we mea-
sured V, vs B at 4.2 and 20 K. Since these tem-
peratures are well below the IMT, » (and hence R)
is expected to be independent of B. The results at
4.2 K for samples 1 and 4B are shown in Fig. 2.
The data for V vs B, both below and above mag-
netic saturation, lie on a straight line which inter-
sects the Vy axis near zero. Similar data were
obtained for all the other samples at 4.2 K, and
for sample No. 1 at 20 K. The simplest inter-
pretation of these data is that the coefficient R,

in Eq. (1) is independent of B at these tempera-
tures, and that the anomalous term R, M in Eq.

(1) is very small compared to the ordinary term
RyB. Thus the data at 4. 2 and 20 K suggest that
Vy is well approximated by the expression

Vy=RoB (I/1), 3)

with no anomalous Hall term. Studies in Eus, **
EuSe, % and EuTe'? have shown that in those cases
where the carrier concentration is expected to be
field independent (e.g., at fields above magnetic
saturation), Vy is always well approximated by
Eq. (3). This indicates that in all the Eu chalco-
genides RyM <RyB. In contrast, many ferromag-
netic metals and alloys have a large anomalous
Hall term., 24

Based on the results at 4.2 and 20 K we have
assumed thvoughout this study that the Hall voltage
in EuO is given by Eq. (3) at all temperatures and
fields, i.e., R,M is always very small compared
to RoB. It is important to note that we did not
assume R, to be independent of either temperature
or magnetic field. The carrier concentration at
any temperature and field was calculated from V,
by using Eqs. (2) and (3). The Hall mobility pu was

loo

T T T T T T T

EuO No.48B

T

1072 1 1 1 1 1
60 70 80 90 100

TEMPERATURE (K)

FIG. 3. T dependence of the resistivity p in sample 4B
for various values of the external (applied) magnetic field
H

ext*

calculated from
p=Ry/p. 4)

Three additional points should be made in con-
nection with the foregoing discussion:

(i) As stated above, the observed dependence of
Vyon B at 4.2 and 20 K suggests that R¢B >R, M
at these temperatures. In Sec. VC 2 we present
evidence that the inequality RyB >R, M holds at
least up to ~ 55 K,

(ii) Some of the Hall data in the present work
were taken near room temperature. At these tem-
peratures M << H,,, so that B is very nearly equal

10 T T T T T T T T T
EuO No.4A
1+
—~ 101}
£ 0
S
G
a 102}
103 140 kOe
10-4 1 1 1 | 1 | 1 | 1 1

40 60 80 100
TEMPERATURE (K)
FIG. 4. T dependence of p in sample 4A for various
values of Hey.
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to H,y. In this case the value for Ry deduced from
Vy by using Eq. (3) is close to the value of the Hall
coefficient R given by the standard formula for
nonmagnetic semiconductors, viz.,

Vi=RH gy (I/1). (5)

(iii) The Hall voltage in magnetic materials is
sometimes expressed as

Vy= Rg Hye+ RYM) (I/1). 6)

This expression is equivalent to Eq. (1) with R}
=Ry and Rf=R1+ 4n1R,. Users of Eq. (6) call

Ry Hy,, the “ordinary” Hall term, whereas those
who use Eq. (1) call RyB the “ordinary” term.
Since Eq. (3) describes the Hall data in EuO (at
least at 4. 2 and 20 K), it seems natural to regard
B as the effective field which governs the motion
of a conduction electron in this material. This is
consistent with Kittel’s theoretical treatment of
the motion of a conduction electron in a lattice of
localized spins.2® Although Kittel’s treatment was
motivated by de Haas-van Alphen results in iron,
his model of a lattice of localized spins is more
appropriate for the Eu chalcogenides than for iron.
Throughout this paper we shall call RyB the ordin-
ary Hall term.

IV. RESISTIVITY PEAK

A peak in the zero-field resistivity p (0, T') was
observed in samples 4A, 4B, and 5 at a tempera-
ture near T;. In the other four samples p (0, T)
at T= T, was too high to be measured with our ap-
paratus. Hall-effect measurements were used to
separate the contributions of » and p to the peak
in p. Since the Hall measurements require the ap-
plication of a magnetic field, it is important to
measure also the effect of H on the resistivity peak.

A. Effect of Magnetic Field on Resistivity Peak

The temperature variation of p at various fixed
values of H,,, is shown in Figs. 3-5. Figure 3
shows the results for sample 4B in fields up to 12
kOe, and Figs. 4 and 5 show data for samples 4A
and 5 at higher values of Hg;. As H,, increases,
the peak in p decreases, becomes broader, and
shifts to higher temperatures. These general
trends were observed earlier in EuO by Oliver
et al.? A similar behavior was also observed in
EuS (see, e.g., Ref. 13),

The effect of a magnetic field on the resistivity
peak was also studied by measuring p (H e, T) as
a function of Hg,, at fixed T. The results at 77.7 K
for samples 4A, 4B, and 5 are shown in Fig. 6(a).
For all three samples this temperature is within
several degrees of the temperature T, at which
p (0, T) is maximum. Figure 6(a) also shows that
p decreases most rapidly with H; at low magnetic
fields.
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B. Hall Effect near Resistivity Peak

In Fig. 6(b) the ordinary Hall coefficient R, at
77,7 K is plotted as a function of H,,;. Reliable
data below ~ 10 kOe were obtained only in sample
4B for which the resistive offset voltage was the
lowest. In comparing the Hall data in Fig. 6(b)
with the corresponding resistivity data in Fig. 6(a),
three magnetic-field regions may be distinguished:
(i) below ~ 10 kOe the data for sample 4B show that
the negative magnetoresistance is due to compar-
able changes in log » and log p, although the
change in log n is the larger; (ii) for 105 H
s 100 kOe the negative magnetoresistance in all
three samples is due primarily to a change in p;
(iii) above ~ 100 kOe, the data for R, show a slight
downward curving. This downward curving is con-
sistent with and can be related to the change of R,
near the IMT, which is discussed in detail later.
[The Hall data in Figs. 5 and 8 show that for fields
between 100 and 140 kOe the IMT occurs in a tem-
perature interval which includes 77.7 K, whereas
for lower fields the IMT occurs below 77.7 K.
Therefore in Fig. 6(b) the downward curving of R,
above 100 kOe reflects, in part, the change in the
carrier concentration associated with the IMT.
Below 100 kOe, R, (77.7 K) is not affected by the
IMT.] For sample4Aboth u (77.7 K)and Ry(77.7 K)
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FIG. 5. T dependence of p and the ordinary Hall coef-
ficient Ry in sample 5 for various values of Hey.



2306

10 T T T T T

EuO
T=777K

—_
o
=
L1l

A1 llllll[

p(Q cm)

Ll

Ll

il

-Ry (em3/C)

Lol

1071 1 1 1 1 1
0 25 50 75 100 125 150
EXTERNAL FIELD (kOe)

FIG. 6. Magnetic-field variation of p and R, in sam-
ples 4A, 4B, and 5 at T=77.7 K. Some of the experi-
mental uncertainties for R, are indicated. These uncer-
tainties tend to decrease with increasing Hgy.

change by a factor of 1.4 between 100 and 140 kOe.
Similar results were also obtained with sample
4B.

The temperature variation of R, in sample 4B
between 65 and 87 K is shown in Fig. 7(a). Figure
7(b) shows the inverse Hall mobility u~! deduced
from the R, data and the p-vs-T data of Fig. 3.
The results in Figs. 7(a) and 7(b) show that the
resistivity peak is due to changes in both» and pu.
At the lowest field (H =5 kOe) the changes inn
and p make comparable contributions to the tem-
perature variation of p, but as H, increases the
contribution of 1 becomes dominant. The value
of Ry at 65 K for 5 <H, <10 kOe is comparable to
both the value of Ry at 77.7 K in the region 30 <H .
<100 kOe [see Fig. 6(b)], and to the room-tempera-
ture value Ro=—- 1.0 cm®/C.

Similar plots of the temperature variation of R,
and 1! in sample 4A for H, =25 kOe are shown in
Fig. 8. The corresponding data for p are shown in
Fig. 4. The increase of p (25 kOe, T) between 65
and 90 K is primarily due to a decrease in u, al-
though there is also a decrease in n.

The preceding discussion suggests that the re-
sistivity peak at zero magnetic field is due to the
combined effects of a peak in p"! and a peak inn"t,
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The peak in #n~! is suppressed by applying a mag-
netic field of several kOe, whereas the peak in p™
is suppressed only at much higher magnetic fields.
These conclusions are consistent with the experi-
mental vesults of Oliver et al.,? but not with the
discussion by the same authors in which the con-
tribution of the peak in #~! to the peak in p was
minimized.

The peak in#™! vs T, inferred from the low-field
Hall data, presumably occurs because the number
of conduction electrons decreases as some of them
become localized. There have been several theo-
retical treatments of the possible localization of
electrons by the magnetic interaction. Localiza-
tion can take place near impurities which provide
some Coulomb attraction (magnetic impurity state,
or bound magnetic polaron), 27 or even in the ab-
sence of a Coulomb attraction (magnetic polaron). ®
The discussion in Ref. 9 suggests that the condi-
tions for localization of electrons are most favor-
able near T.

The existence of a peak in p! at temperatures
near T, can be understood qualitatively in terms
of several theories for the scattering of electrons
by spin fluctuations. 223 An externally applied
magnetic field should reduce spin fluctuations,
which would result in an increase in p, as is ob-
served.

It should be noted that our conclusions concern-
ing the variation of » are based on the assumptions
made in Sec. IO for analysis of the Hall data. One
of these assumptions was that the conduction elec-
trons are in a single band. This assumption is

4 T T T T T T
s EuO No.4B Hext = 5 kOe
M\. _
E 2L (a) 7 kOe i
< L 10 kOe
1

oL, 1 | | | | |
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E 0.06 -
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2 0.021
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FIG. 7. T dependence of R, and the inverse Hall
mobility u™ in sample 4B for H,, =5, 7, and 10 kOe,
Corresponding data for p are shown in Fig. 3.
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probably invalid near T, where, in the presence
of a magnetic moment (spontaneous or field-in-
duced), the conduction band splits into two subbands
which may both contain electrons. However, un-
less the mobilities in the two subbands are quite
different, the use of Eq. (2) to obtain # will not
lead to serious errors. The other assumptions are
that the anomalous Hall term is negligible and that
the Hall factor 7 is a constant.

C. Comparison between 7, . and T

According to Oliver et al.? the resistivity peak
at zero applied magnetic field occurs at a tempera-
ture T, which is several degrees above T¢. On
the other hand, Capiomont ef al.®! reported that
T max Was about 25 K below T in EuO films con-
taining a large excess of Eu. In the theories of
de Gennes and Friedel, # and of Kim? the magnetic
scattering of electrons is dominated by long-range
spin fluctuations. These theories predict that the
peak in p"! is exactly at T¢. In a later paper,
Fisher and Langer® showed that the magnetic scat-
tering of electrons is dominated by short-range
spin fluctuations and that, therefore, the peak in
r™!occurs at T >T,. In view of these conflicting
experimental and theoretical results, we decided
to measure T and compare it to T p,y.
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The Curie temperature of EuO depends on the
impurity content and stoichiometry. For nominally
pure stoichiometric samples the reported values of
T lie between 69. 2 and 69. 6 K, 3734 but values as
high as 120 K have been reported for doped or non-
stoichiometric samples.?3! Since T is sample
dependent, a meaningful comparison between T .,
and T, can be made only if both temperatures are
measured on the same sample.

The Curie temperature T was measured by
three different techniques which are all based on
the fact that at T < T the low-field magnetization
is limited by the demagnetizing field. Measure-
ments of T, were carried out on sample 4A with
Tpax="73.4+0.4 K, on sample 4B with T, ="74.3
+0.6 K, on sample 5 with T,,=79+1 K, and on
samples 2A and 3 for which T, was not deter-
mined. The most extensive measurements were
carried out on sample 4B, for which T was de-
termined by all three techniques. For most of the
other samples T was determined only by the dif-
ferential susceptibility technique described below.

1. Determination of T, by Differential Susceptibility
Measurements

The differential susceptibility (dM/dH o), at zero
dc applied magnetic field was measured as a func-
tion of T. Since Hy,y=Hy~NM,

AH oy /g 1+Nxo ’

where xo= (dM/dH ), is the differential suscepti-
bility with respect to the internal field. The right-

ext
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FIG. 9. Differential susceptibility (dM/dHe)y vs T in
samples 3 and 4B. The ordinate scale is in arbitrary
units and is different for the two samples. The arrows
indicate the Curie temperatures (for values and uncer-
tainties of T see Table I).
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hand side of Eq. (7) increases monotonically with
increasing y, and approaches 1/N as yo—~=. When
the temperature of a ferromagnet decreases to-
wards T, Xoincreases. For T <Tg, Xo>N!(xo
is infinite in an ideal ferromagnet). Therefore,
as T decreases toward T¢, (dM/dH,y), first in-
creases and then assumes the constant value 1/N
at all temperatures below T.. The temperature
where (dM/dH o), becomes constant is Tc. In pure
stoichiometric EuO samples, the temperature
where (dM/dH ext)o Decomes constant can be deter-
mined easily to within 0. 2 K. For samples which
contain many conduction electrons the uncertainty
in T is larger because (dM/dH ext)o approaches a
constant value more gradually.

Measurements of (dM/de)o vs T were per-
formed on several samples with room-temperature
resistivities pys from 1072 to 10* R cm. The data
obtained for the high-resistivity sample No. 3 and
the relatively low-resistivity sample No. 4B are
shown in Fig. 9. These data were taken with the
modulation field H,,,; along the long axis of each
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FIG. 10. T dependence of the magnetization M in sam-
ples 3 and 4B for various values of Hey,. The orientation
of ﬁm with respect to each sample is indicated. The ar-
rows show the (approximate) positions of Ty (H,) and the
extrapolated values of T..

sample. Values for T and T, are given in Table
I. For the highest resistivity samples T was
close tothe values reported in the literature for pure
stoichiometric EuO. For all the samples whichwe
studied, T .wasbetween69and 72 K, where 72 Krep-
sents an upper limit for 7. in sample 5 for which
T could not be determined accurately. For all
samples in which T, was measured, T, was
higher than T.

2. Determination of T, by Magnetization Measurements

To determine T from magnetization measure-
ments we used a method first proposed by Rayl
and Wojtowicz® and used on EuO by Menyuk et al. 2
This method utilizes the fact that the M-vs-T
curve, for a low fixed H ., exhibits a kink at a
temperature Ty (H:). For a given H,, the mag-
netization at T < Tk is constant (equal to H,,;/N)
but above Tk, M decreases rapidly with 7. T, is
obtained by extrapolation of the curve for T (H o)
VS H gyt 10 Hory= 0.

Results for M vs T in samples 3 and 4B, for var-
ious values of H,y, are shown in Fig. 10. The or-
ientation of H,,, relative to each sample is indi-
cated in this figure. The demagnetizing factor N
is much smaller when Hg,; is parallel to the long
axis of the sample, which results in a sharper
kink in the M-vs-T curve. These measurements
gave T-="T71+1 K for sample 4B, in agreement
with the value T¢="71.2+ 0. 4 obtained from mea-
surements of (dM/dH,,t)o. Measurements of M vs
T on sample 3 gave T¢:=69.8+0.5 K, in good
agreement with T'-=69. 8+ 0. 3 K obtained from
measurements of (dM/dH o),

3. Determination of T, by Magnetoresistance Measurements

In a conducting sample the carrier concentra-
tion may be inhomogeneous resulting in a varia-
tion of T inside the sample. In this case the val-
ue of T obtained from the two magnetic methods
described above may not be representative of the
more conducting parts of the sample which govern
the resistivity behavior. Since T, is determined
from resistivity measurements, a more meaning-
ful comparison between T,,, and T is obtained if
T is also determined from the resistivity.

The principle of determining 7' from magneto-
resistance measurements is illustrated by the re-
sults in Fig. 11 where the ratio p (H «)/p (0) for
sample 4B is plotted versus T for two values of
H.,:. For each value of H,,; the negative magneto-
resistance disappears abruptly at a temperature
marked by an arrow. This temperature is close
to the value of T'x (H¢) in the lower part of Fig. 10
(the data in Fig. 11 and the lower part of Fig. 10
were taken with the same orientation of H ,; rela-
tive to the sample).

The results in Fig. 11 can be explained if one
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assumes that the magnetoresistance is determined
by the internal field, H,,;. For each value of H .
smaller than NM, there is a temperature below
which Hy;;=0. This temperature is Ty (H.,:), as
defined in the discussion of the magnetization mea-
surements. Consequently the negative magnetore-
sistance disappears when the temperature is below
Ty (H:). Extrapolating Ty (Hey:) VS Hexy t0 Hey =0
gives T¢. It is clear that this method of determin-
ing T is similar to that in Sec. IV C2, except that
Tk (Hoyt) is determined from p rather than from M.
(See Note added in proof.)

Measurements of p (H.,;)/p (0) were carried out
on sample 4B for H,,;=0.2, 0.5, 1.0, 1.5, and
2.0 kOe. The results in all fields were similar to
those shown in Fig. 11. Avalue T,=71.5+0.7TK
was obtained from these data. This value, which
is close to those obtained from measurements of

M and (dM/dH o), is lower than T pu.

4. Conclusion

For all samples in which both T, and T were
determined, T, Was several degrees higher than
Tc. This result agrees with that of Oliver et al.?
and is also consistent with the theory of Fisher and
Langer. ¥

V. INSULATOR-METAL TRANSITION (IMT)
A. Model for the IMT

The present understanding of the IMT is based
on a model which was proposed by Oliver et al.?™*
and modified later by several authors, 3:6:9:10:3 A
similar model was introduced earlier by Lehmann®
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to explain the behavior of n-type CdCr,Se,. Since
much of the following discussion is based on this
model, we review its main features below.

1. Basic Model

In EuO there is a large interaction between the
spin of an electron in the conduction band and the
spins of the Eu** ions. Due to this interaction the
energy of the conduction-band edge depends on the
magnetic order, and therefore on T and H. More-
over, below T this interaction splits the conduc-
tion band into two subbands: a lower subband for
electrons with spins parallel to the net magnetiza-
tion, and a higher subband for electrons with spins
in the opposite direction. *® These effects of the
magnetic order on the conduction band are shown
schematically in Fig. 12. One consequence of the
lowering of the conduction-band edge with increas-
ing magnetic order is that the optical absorption
edge shifts to longer wavelengths with decreasing
temperature. This so-called red shift has been
observed in EuO by several investigators. %

The main assumption of the model for the IMT
is that this transition is due to the presence of
electron traps which at T > T, are located a few
tenths of an eV below the conduction-band edge.

In their original model, Oliver et al. postulated
that the energy of a trapped electron did not depend
on magnetic order. Although this assumption has
been modified in later versions of the model, many
of the basic features of the model are not altered
by these modifications. For the moment we shall

i Hext # 0 Y

ENERGY —»

,/ TRAP LEVEL

TEMPERATURE —»

FIG. 12, Schematic energy-level diagram showing

the basic features of the model for the IMT. The shift
and splitting of the conduction-band edge (CBE) with tem-
perature for both Hg,; =0 and He, = 0 are indicated. The
trap level is represented by horizontal dashed line. T
is the temperature where the conduction-band edge
crosses the trap level. € is the energy separation be-
tween the CBE and the trap level at high temperatures.

x
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assume a trap level which does not depend on mag-
netic order. This trap level is represented by a
dashed horizontal line in Fig. 12.

As shown in Fig. 12, the conduction-band edge
moves below the trap level as T decreases. The
crossing of the trap level and the conduction-band
edge occurs at a temperature T, which is lower
than T.. This level crossing at T, results in a
transfer of electrons from the traps to the con-
duction band for decreasing T, and vice versa for
increasing T. The change in the carrier concen-
tration » in the conduction band produces the large
change in p which is the IMT.

The shape of the p-vs-T curve depends on
whether the trap concentration N, is larger or
smaller than the total concentration N, of electrons
which are potentially available for electrical con-
duction. K N, >N,, then conduction at T > T is
due to the relatively small concentration n of elec-
trons thermally excited from the trap level to the
conduction band. At these high temperatures
p (T)~e?/*T where A, is an activation energy
which depends on the energy separation €, between
the trap level and the conduction-band edge at
T > T, There are two limiting situations®®: (i)

If there are enough compensating acceptors, the
Fermi level is pinned close to the trap level, and
Ag= €, Penney et al.® have argued that this is the
case for samples with Ay~ 0.3 eV. (ii) In the
absence of acceptors, the Fermi level is approxi-
mately halfway between the trap level and the con-
duction-band edge, so that Ag= 3€,.

In the opposite case when N, <N,, there is al-
ways a concentration of at least (N, — N,) electrons
in the conduction band. In this case p (T') does not
vary exponentially with T at T > T, except at very
high temperatures where the concentration of ther-
mally excited electrons becomes comparable to
N,-N,. Inaddition, the change in log » attemper-
atures near T, will be smaller in the case N, <N,
than in the case N, >N,, so that samples with N,
<N, exhibit a small IMT (resistivity “elbow”)
rather than a large IMT.

2 Refinements of the Model

Since Oliver et al.?* introduced the trap model,
several modifications and refinements of the model
have been proposed. These refinements do not al-
ter the basic feature of the model, which is that the
IMT resultsfrom acrossing of atraplevel and the
conduction-band edge. Thevarious modifications
and refinements can be groupedinto three categories:

a. Nature of the trap. The assumption that the
energy of the trapped electrons is independent of
magnetic order implies that these electrons are
completely localized at the trap sites.?® The com-
plete localization of the trapped electrons was
questioned by von Molnar and Kasuya.®? Instead,

they proposed that the traps are oxygen vacancies.
Each vacancy acts as a center with a positive
charge + 2 le |, which can trap two electrons. The
electronic ground state of the two trapped electrons
is similar to that of the He atom, i.e., two elec-
trons in the 1s-orbital state, one with spin up and
the other with spin down (1s4 1s¥). The same
model for the trap was also proposed independently
by Oliver et al.? The suggestion that the traps are
oxygen vacancies is supported by studies of the de-
pendence of the IMT on the stoichiometry of the
EuO samples. #® Later, Torrance et al. '° argued
that the electronic ground state near an oxygen va-
cancy is not similar to that of the He atom, and
that instead it can be described as a bound mag-
netic polaron. In this model the exchange interac-
tion between the electrons and the Eu** ions plays
an important role in determining the binding en-
ergy of trapped electrons. Very recently the in-
fluence of the exchange interaction on the binding
energy of an electron near a hydrogenic impurity
has been considered by Leroux- Hugon. 3 His
treatment differs from other treatments in that
the dependence of the binding energy on the elec-
tron concentration is considered. According to
his analysis the IMT should occur only for a rela-
tively narrow range of N,. It should be noted that
the calculations by Leroux-Hugon for hydrogenic
impurities, each with + le| charge, may not apply
directly to EuO because the traps in this material
are probably oxygen vacancies.

The various ideas summarized in the last para-
graph suggest that at present the exact nature of
the electronic ground state of the trap is still open
to discussion.

b. Excited states of electrons neav the trap.
Petrich et al.® and Penney et al. ® have discussed
the excited states of electrons near the traps. I
one assumes that the traps are oxygen vacancies
with a (1s4 1s+¥) electronic ground state, then the
first excited state is a triplet state (1s4 2s4) with
a net spin of 1. When long-range magnetic order
is present, the triplet state will split into three
levels. Moreover, due to the random distribution
of traps there will be some spread in the energy of
the excited states. Excited states with sufficiently
high energy may mix with conduction-band states.
This picture was invoked by Petrich et al.® to in-
terpret their results on the isomer shift in Eu-rich
EuO samples which show an IMT.

¢ . Dependence of the activation enevgy A on
magnetic ordev. The shape of the logp-vs-T curve
in samples with N, >N, is determined primarily by
the dependence of the energy separation between
the trap level and the conduction-band edge on mag-
netic order. Several proposals for this dependence
have been advanced. #° This topic is discussed in
detail in the following paper. !
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B. Dependence of the IMT on H

Figure 1 shows that some of our samples had a
very large IMT, whereas others had a relatively
small IMT (resistivity “elbow”). In terms of the
trap model of Sec. V A thelarge IMT corresponds
to N, >N,, and the small IMT corresponds to N,
<N,. As shown later in Sec. VI, this interpreta-
tion is consistent with the results near room tem-
perature.

The effect of an external magnetic field on the
IMT is shown in Figs. 4 and 5 for samples with a
small IMT, and in Figs. 13 and 14 for samples with
a large IMT. Two features should be noted: (i)

As H,,, increases, the IMT shifts to higher temper-
atures. (ii) The increase of logp with increasing

T becomes more gradual as H,,; increases. These
two features were observed earlier by Oliver et al.?
who studied the IMT in magnetic fields up to 48 kOe.
These authors pointed out that both features can be
explained by the trap model. For example, the
shift of the IMT to higher temperatures with in-
creasing H ., is attributed to the increase of mag-
netic order with increasing Hy;. As shown in Fig.
12, a magnetic field lowers the conduction-band
edge and therefore increases the temperature T,

at which the conduction-band edge crosses the trap
level.

A detailed analysis of the resistivity data in Figs.
13 and 14 will be presented in the following paper. !!
Here, we only point out the striking similarity be-
tween these two sets of data for samples from dif-
ferent single crystals.
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C. Hall Effect near IMT

To determine the variation of » and p near the
IMT, the Hall voltage V, was measured as a func-
tion of T at fixed values of H¢,;. The Hall data
were analyzed by the method described in Sec. III,
using magnetization data to obtain the values of the
magnetic induction B inside the sample. The val-
ues of R, obtained from this analysis were then
used to determine n by means of Eq. (2). Values
of 1 were calculated from the values of R, and the
resistivity p by using Eq. (4).

1. Changes of n and u near IMT

The Hall measurements were carried out on
samples 2A and 3 (N, >N,), and on samples 4A and
5 (N; <N,) in fields up to 140 kOe. In the latter
samples the resistivity changed by only one order
of magnitude near the IMT (see Figs. 4 and 5).

The separate contributions of » and p to the IMT
in sample 4A are shown in Fig. 8 where Ryand p!
are plotted against temperature. For H,;= 140
kOe the IMT occurs between ~60 and ~90 K. In
this temperature range R, (140 kOe) increases by
a factor of 4.2 and p (140 kOe) decreases by a fac-
tor 2.5. For Hg,=100 kOe, the IMT occurs be-
tween ~ 55 and ~ 85 K where R, increases by a fac-
tor of 4.1 and p decreases by a factor of 3.0. For
H =25 kOe, the IMT occurs between ~ 45 and

~65 K, where R, increases by a factor of 4.2 and
p decreases by a factor of 4. 1.

The above results for sample 4A show that (i)
the change in log » and logu near the IMT are com-
parable, although the change in log » is somewhat
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FIG. 14. IMT in sample 3 at Hg,:=0, 30, 100, and
140 kOe.
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larger. Oliver ef al. arrived at a similar conclu-
sion for comparable samples (see Fig. 10 of Ref.
2). (ii) The change in# near the IMT is nearly
the same for all values of Hg,;. This result is con-
sistent with the trap model of Sec. VA. According
to this model, if N, <N, thenn=N, at T <T, (H o),
and 7= (N, ~N,) at T> T, (Hey), for all values of

H . Therefore, the change in# near the IMT is
approximately equal to N, for all H,;. (iii) The
change in p near the IMT, for a fixed H,,;, de-
creases as the value of H,,, increases. A possible
explanation of this effect is that the low-tempera-
ture “tail” of the resistivity peak overlaps the high
temperature part of the IMT. Consequently, some
of the mobility variation near the IMT reflects the
mobility changes associated with the resistivity
peak (see the curve for p™! at H,,.= 25 kOe in Fig.
8). Since the resistivity peak decreases rapidly
with H,,, the mobility change due to the “tail” of
the resistivity peak decreases with H ;.

Results for p and R, in sample 5 are shown in
Fig. 5. These results are similar to those in sam-
ple 4A, and lead to similar conclusions.

In samples 2A and 3 the resistivity changed by
many orders of magnitude near the IMT. The var-
iation of Ry with T in sample No. 3 for H,;=100

~
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FIG. 15. T dependence of R in sample 3 at Hey =100
and 140 kOe (lower part). The upper part of the figure
shows the T dependence of u;}m for the same fields (for a
definition and a discussion of p,,, see text). Correspond-
ing data for p are shown in Fig, 14,

and 140 kOe, is shown in Fig. 15. Also shown in
Fig. 15 is the apparent Hall mobility p,,,= Ro/p.
The word “apparent” is used for the following rea-
son. Both p and R, are sensitive to a change in B,
where B=H ,;+ (41— N)M. The field B is nonuni-
form in a nonellipsoidal sample. Since the resis-
tivity and Hall data were taken with different sets
of voltage leads, it is possible that the effective
demagnetizing factor was not identical in both
cases. This means that for the same H,,; the mag-
netic induction B may have been slightly different
for the two sets of data. Therefore, the true Hall
mobility u© may be different from p,,,. This dif-
ference can be estimated from the dependence of
p on H,; and the fact that two demagnetizing fac-
tors cannot differ by more than 47. Assuming a
difference of 4m between the two values of N one
obtains a maximum possible difference of a factor
of 10 between ., and u. More realistically, the
difference between the two effective demagnetiz-
ing factors probably did not exceed 3, and [ ,,,/1
was probably between 3 and 2. In samples 4A,
4B, and 5, u,,, was closer to u because p and R,
were less sensitive to a change in B than in sam-
ples 2A and 3.

From Fig. 15 it is clear that the IMT in sample
No. 3 is due almost entively to a change in n.
This conclusion agrees with the results of Oliver
et al. for samples with a large IMT (see Figs. 4
and 6 of Ref. 2).

Hall data on sample 2A, taken at 100 and 140
kOe, gave similar results to those obtained with
sample No. 3.

Concerning the small variation of p near the
IMT of saraple 3, it should be noted that the change
in logp was comparable to that found in samples
4A and 5, which had a much smaller IMT (com-
pare Figs. 8 and 15 for 100 and 140 kOe). Owing
to experimental difficulties, the variation of R,
and p in magnetic fields well below 100 kOe could
not be measured in sample No. 3. However, the
results in samples 4A and 5 show that the change
in logu near the IMT was larger at low fields, ap-
parently because the low-temperature tail of the
resistivity peak overlapped the high-temperature
part of the IMT. Although no low-field Hall data
were taken for samples 2A and 3, we expect that
also in these samples the change in lcgu near the
IMT would be larger at low fields than at high
fields.

To summarize, we find that in samples with a
large IMT, the IMT is due almost entirely to a
change inn. In samples with a relatively small
IMT (one order of magnitude change in p) the
changes in log » and logu near the IMT are com-
parable, although the change in log n is slightly
larger. The change of logu near the IMT, for a
fixed H ., increases as the value of H,,; decreases.



8 EuO. I.

At zero and low magnetic fields the low-tempera-
ture tail of the resistivity peak may overlap the
high-temperature part of the IMT, which makes
the separation of the two phenomena difficult.

2. Comment Concerning the Anomalous Hall Effect

From the trap model for the IMT one expects
that for a given H oy, n (Hey, T) is temperature in-
dependent at T <T, (H.:). This conclusion agrees
with the results for R, which show that at temper-
atures below the IMT, R, is temperature indepen-
dent (see Figs. 5, 8, and 15).

The preceding argument can be inverted in order
to evaluate the importance of the anomalous Hall
effect at temperatures up to ~55 K. It was shown
in Sec. I that RyM <RyB at 4.2 and 20 K. Sup-
pose now that R, increases with T and that R, M be-
comes comparable to or larger than RyB at some
temperature between 20 and ~ 55 K. If this were
the case, then Eq. (3) would not be valid. The er-
roneous use of Eq. (3) would then lead to values
for Ry (H ¢, T) that would vary with T at tempera-
tures below T, (H,,;), unlessthe carrier concentra-
tion n (H o, T) changes with T in such a way that
the change of R,B exactly cancels the term R M in
Eq. (1). Such a fortuitous cancellation in all sam-
ples is unlikely. Furthermore, the trap model for
the IMT predicts that # (H,,;, T) is temperature in-
dependent below T, (H.:). The fact that Eq. (3) led
to values for R, (H ., T) which were temperature
independent below T, (H ;) is therefore a strong
indication that R, M <R B for all temperatures be-
low T, (H ;). At 140 kOe, T,255 K so that R, M is
small below ~ 55 K.

VI. MAGNETORESISTANCE AND HALL EFFECT AT T> T,

Although the IMT at H=0 occurs below T, some
important information concerning the IMT can be
obtained from measurement at 7> T.. For con-
venience, the measurements of R (H) and p(H) were
carried out between 230 and 300 K, that is, at
T~ 4Tc.

According to the trap model of Sec. V A, the
qualitative behavior of p at T > T, depends on
whether N, >N, or N,<N,. When N, >N, the con-
centration n of charge carriers in the conduction
band at T > T is approximately equal to (N, - N,).
In such samples p varies relatively slowly with T
at T>T., i.e., electrical transport at these tem-
peratures is not governed by an activation energy
and p(T) does not vary exponentially with T. Sam-
ples 4A, 4B, and 5 fall into this category. We
shall refer to these samples as “nonactivated”.

When N, <N, electrical conduction at T > T, is
due primarily to carriers which are thermally ex-
cited from the trap level to the conduction band.

In this case n is proportional to e™2/*7  where
A(H, T) is an activation energy. The zero-field
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resistivity at T > T is governed by the activation
energy 8,=A(H=0, T>Tg), i.e., p(T) ~e0/*T,
We shall refer to such samples as “activated”.
Examples are samples 1, 2A, 2B, and 3. Values
of Aq for these samples are given in Table I.
These values were obtained from the temperature
dependence of the zero-field resistivity between
230 and 300 K. The Hall measurements on sam-
ples 2A and 3 showed that the exponential variation
of p with T was due to a change in n, as expected.
For example, in sample 3 the T dependence of p
gave Ay=0.32+0.01 eV, whereas the T dependence
of n, at H=0, gave Ag=0.34:3% eV.

The application of a magnetic field causes an in-
crease in both the long-range and short-range
magnetic order. For example, at T=4T a field
of 150 kOe increases the reduced magnetization
0=M/Mgfrom zero to ~0.15. For activated sam-
ples the H-induced increase in the magnetic order
decreases 4, which results in an increase of #» and
a corresponding decrease of p. On the other hand,
in nonactivated samples n is expected to be very
nearly H independent (n =N, - N;). There still can
be an H-induced change in p in the nonactivated
samples due to a change of p with H. However,
this magnetoresistance should be smaller than in
the activated samples because in the latter sam-
ples both n and p vary with H.

0.2 ACTIVATED

P(Hexe) /P (0)

1.0~ -
os| (b

0.6 o No.4A
o No. 4B

04L 4 No.5 _

0.21- NONACTIVATED |

0 1 1 ! ! !
0 25 50 75 100 125 150
EXTERNAL FIELD (kOe)

FIG. 16. p(Huy)/p(0) vs Hey at T=298 K. (a) Acti-
Xated samples. (b) Nonactivated samples. In both cases
I 11[100], Hgy lI[010].
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The H dependence of p at 298 K for activated and
nonactivated samples is shown in Figs. 16(a) and
16(b), respectively. The values of p(H:)/p(0) for
all the activated samples fall on one curve, and
those for all the nonactivated samples fall on an-
other. It is clear that the negative magnetoresis-
tance in the activated samples is larger than in the
nonactivated samples, as expected. Additional
measurements on sample 2A (activated) showed_
that p(H)/p(0) depends only on the magnitude of H
but not on its direction relative to the crystallo-
graphic axes.

The H dependence of the Hall coefficient R for
one activated and two nonactivated samples at 298 K
is shown in Fig. 17.% In the activated sample IR |
decreases appreciably with H.;, whereas in the
nonactivated samples R is independent of H ., within
the experimental uncertainties. Both of these re-
sults are in accord with the trap model of Sec. VA.
A detailed analysis of the Hall effect in the acti-
vated samples is given in the following paper. !

The H dependence of the Hall mobility p at 298 K
is shown in Fig. 18. These results were obtained
from the data in Figs. 16 and 17. Note that u (H )/
1 (140 kOe) is similar for both activated and non-
activated samples. At 140 kOe, p is about 25%
higher than at H,;=0. Since at 298 K the reduced

0.5 NONACTIVATED —

1 1 1 1 1 1 |
0 20 40 60 80 100 120 140 160
EXTERNAL FIELD (kOe)
FIG. 17. Hall coefficient R vs Hg,, at 298 K. Upper

part is for sample 3 (activated). Lower part is for
samples 4A and 4B (nonactivated). See Ref. 41.

SHAPIRA, FONER,

AND REED 8
1.1 T T T T T T T
> EUO
S10F T=298K 4
X
S
< o9 .
=2
08 _
% e No. 3, ACTIVATED
T 0.7t o No. 4A, NONACTIVATED-
=2 T o No. 4B, NONACTIVATED
0 1 1 L | 1 1 1
0 40 80 120 160

EXTERNAL FIELD (kOe)
FIG. 18, Variation of the Hall mobility u with Hgy at
298 K. The data for each sample were normalized to
the value of u at Hg,, =140 kOe. Sample 3 is activated,
whereas samples 4A and 4B are nonactivated. Some typi-
cal experimental uncertainties are indicated.

magnetization at 140 kOe is only ~ 0. 13, it is likely
that a higher degree of spin alignment produced by
a stronger magnetic field would result in a further
increase in p. This suggests that at 298 K there
is a substantial magnetic contribution to the scat-
tering of electrons at zero field. Kasuya* and
others?® have shown that the scattering of electrons
by the spins of the magnetic ions does not vanish
above T, and that even at T > T, the scattering
due to spin disorder leads to a finite resistivity.
Qualitatively, the application of a magnetic field
should lead toanincrease in u. The H-induced in-
creasein yu was calculated for some cases by Haas, *?

Since a sizable fraction of the resistivity at H=0
is apparently due to magnetic scattering, it is un-
likely that the room-temperature mobility of EuO
samples will increase substantially when crystals
with ahigher degree of perfectionbecome available.

In summary, the mobility at T ~ 4T, appears to
be influenced by magnetic scattering and it in-
creases with H, as expected. The H dependence
of R in both activated and nonactivated samples is
explained (at least qualitatively) in terms of the
trap model. A quantitative analysis of the Hall
data is given in the following paper, !! which dis-
cusses the dependence of A on magnetic order.

Note added in proof. For analogous results for
the tunneling conductance in EuS, see Thompson
et al., AIP Conf. Proc. 5, 827 (1971), Fig. 3.
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