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The dc electrical resistivity p and Hall effect were measured in n-type EuS single crystals.
Data were taken from 300 to 2 K in magnetic fields H up to 140 kOe. At room temperature
all samples had resistivities of the order 10 ~ cm and contained n - 10 conduction electrons/
cme. Negative magnetoresistance was observed at all temperatures. At 77 K the negative
magnetoresistance was due mostly to an increase in the mobility p, although a small increase
in n with increasing H was also observed. The zero-field resistivity as a function of temper-
ature T exhibited a very large peak near the Curie temperature Tz=—19 K. The data are con-
sistent with the interpretation that this peak was due largely to a decrease in p. In the pres-
ence of a magnetic field the resistivity peak decreased in magnitude, became broader, and
shifted to a higher temperature. A very large negative magnetoresistance was observed near
Tc. At moderate fields this negative magnetoresistance was due largely to an increase in p,
but at high fields the changes in p and n were comparable. Well below Tz, the resistivity and
Hall coefficient exhibited hysteresis as a function of H, and were constant at fields above mag-
netic saturation. In the field-increasing part of the hysteresis cycle p decreased monotonically
with time. A resistivity "elbow, " similar to the one observed earlier in Eu-rich EuO, was ob-
served also in the Eu-rich EuS samples. With increasing H the elbow shifted to higher tempera-
tures. Hall-effect measurements at 4. 2 K indicated that at fields above magnetic saturation the
anomalous Hall term was small compared to the normal term. The Hall data also showed that
a large part of both the hysteresis in p and the resistivity elbow were due to a change in n. The
various data are compared with theoretical models and earlier electrical-transport measure-
ments on the Eu chalcogenides.

I. INTRODUCTION

Magnetic semiconductors are materials which
exhibit spontaneous magnetic order at low temper-
atures on one hand, and semiconductor character-
istics on the other. In such materials the elec-
trical transport properties are often strongly af-
fected by the state of magnetic order, and some of
the magnetic properties are influenced by the pres-

ence of charge carriers. In the last several years
there has been a great deal of interest in magnetic
semiconductors. The present knowledge in this
field was summarized in two reviews by Methfessel
and Mattis, ' and by Haas.

The europimn chalcogenides (Euo, EuS, Euse,
and EuTe) form an important group of magnetic
semiconductors. These compounds have the rock-
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salt structure. EuO and EuS are ferromagnetic,
while EuTe is antiferromagnetic. In EuSe the
ferromagnetic and antiferromagnetic interactions
are comparable, and the material exhibits several
magnetic phases with different magnetic order.
Pure and stoichiometric EuS has a Curie temper-
ature T& =16.3 K. However, the Curie tempera-
ture is higher when charge carriers are present. '~'

The magnetic properties of pure and stoichiometric
EuS are due to well-localized spins on the Eu"
ions. The interactions between the localized spins
have been attributed to a ferromagnetic exchange
interaction of each Eu" ion with its 12 nearest
neighbors, and to a weaker antiferromagnetic in-
teraction with its six next nearest neighbors. '~
When a sample of EuS contains charge carriers
there is an additional indirect exchange interaction
between the Eu" spins.

In all the Eu chalcogenides there is a strong in-
teraction between charge carriers and the Eu
ions. This interaction manifests itself in two ways.
First, the magnetic properties are sensitive to the
presence of charge carriers. Second, and of
greater interest here, the electrical-transport
properties are strongly affected by the state of
magnetic order. In the next few paragraphs we
summarize some earlier experimental and theoret-
ical results which are relevant to the present work.

Measurements of the electrical resistivity and
Hall coefficient in the Eu chalcogenides have been
carried out by several groups. Heikes and Chen'
measured the resistivity of several lanthanum-
doped samples of EuS as a function of temperature
and observed a very large peak in the resistivity
near T~. Similar results were obtained by Meth-
fessel et al. in EuQ 95LaQ Q,S. These workers also
found that the magnitude of the resistivity peak was
reduced considerably when magnetic fields up to 15
kOe were applied. A peak in the resistivity was
also observed by von Molnar and Kasuya in gado-
linium-doped EuS. ' '" By analyzing their Hall data,
in fields up to 12 kOe, these authors concluded that
the resistivity peak was due mainly to a decrease
in the mobility. Large peaks in the resistivity as a
function of temperature were also observed in
gadolinium-doped samples of EuSe. ' Hall-effect
measurements on EuQ 95GdQ Q5Se showed that the re-
sistivity peak was not accompanied by an apprecia-
ble change in the concentration of charge carriers. '2

An interpretation of the electrical transport mea-
surements in EuS and EuSe was given by Kasuya,
von Molnar, and co-workers. They distinguished
between the case of low impurity concentration,
where electrical conduction in the paramagnetic
phase is accomplished by a hopping process, and
the case of high impurity concentration with band
conduction. ' '3' 'Ihe first situation was discussed
in detail by Kasuya and Yanase. ' According to

these workers, the interaction of a charge carrier
near an impurity site with the neighboring Eu" ions
causes an alignment of the spins of these ions. This
is called the magnetic impurity state (MIS). The
properties of the MIS, which are inQuenced by tem-
perature and magnetic field, have a strong effect
on the activation energy of hopping from one impu-
rity site to another.

According to von Molnar and co-workers, the
change in the conduction process from hopping to
band conduction occurs at impurity concentrations
of the order of 1 at.%.' "' In the case of band con-
duction, one expects that the charge carriers will
be scattered by spin Quctuations. " Near T~ this
scattering mechanism should result in a resistivity
peak. ' A second mechanism which may lead
to a resistivity peak near T~ is the scattering of
those electrons which participate in band conduc-
tion by the spin clusters of the MIS. ' This assumes
that a fraction of the electrons are localized and
form the MIS. In addition, magnetic polaron effects
may be important near T~. '

Studies of the resistivity in EuO revealed two sep-
arate phenomena.

' 3 At temperatures slightly
above To =69 K the zero-field resistivity p(0, T) ex-
hibited a peak. This peak was due mostly to a de-
crease in the mobility p. and not to a change in the
concentration n of charge carriers. A second phe-
nomenon was observed in EuO samples grown from
Eu-rich solutions. As these samples were cooled
below Tc, p(0, T) decreased very rapidly (some-
times by many orders of magnitude) near 50 K.
Oliver et al. called this phenomena the resistivity
"elbow. " Further studies showed that the resistivity
elbow was due primarily to a change in n and not to
a change in p, . To explain the change in yg, Oliver
et al. proposed a model which involves a trap level
and a conduction-band edge whose energy decreases
with magnetic order. Near 50 K the energy of the
conduction-band edge drops below that of the trap
level, which leads to an increase in the number of
conduction electrons. A similar model was proposed
earlier by Lehmann to explain his results in z-type
CdCr2Se4. It has been recently proposed that the
trap level in EuO is an oxygen vacancy which traps
two electrons. "'~

The present paper describes measurements of
the dc resistivity and Hall effect in n-type EuS sin-
gle crystals. The measurements were carried out
from 2 to 300 K and in magnetic fields from 0 to
140 kOe. The results can be divided into three
categories: (i) results which are similar to those
observed earlier in EuS, e.g. , the resistivity peak
near Tc; (ii) results which were not observed
earlier in EuS, but which are similar to those ob-
served in other Eu chalcogenides, e. g. , a re-
sistivity "elbow"; (iii) results which were not
observed earlier in any of the Eu chalcogenides,
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e.g. , hysteresis and time dependence of the resis-
tivity at liquid-helium temperatures. Preliminary
results of the present work appeared in an abbrev-
iated form earlier. ~

II. EXPERIMENTAL TECHNIQUE

Measurements were made on several samples
which were obtained from four single crystals
grown using techniques which were described ear-
lier. 6 Two of the single crystals (Nos. 1 and 4)
were grown from a nominally stoichiometric melt
of EuS, whereas the others (Nos. 2 and 3) were
grown from Eu-rich solutions of Eu and S. The
two types of crystals will be called "nominally
stoichiometric" and "Eu rich, " respectively. None
of the crystals was intentionally doped with impu-
rities, but the presence of small amounts of such
impurities cannot be overruled. The origin of the
charge carriers in the various samples (i. e. ,
whether they are due to nonstoichiometry, impu-
rities, or various crystal defects) and their degree
of compensation are not known. However, it is
likely that at least a fraction of the charge carriers
in the Eu-rich samples were due to the excess Eu.

All samples were rectangular parallelepipeds,
prepared by cleaving larger single crystals. The
faces of the samples were parallel to the (100)
equivalent faces, and the dimensions of a typical
sample were 1x1x4 mm. Electrical contacts
were made with indium solder using an ultrasonic
soldering iron.

The procedures used in the electrical measure-
ments, in the control and measurement of the tem-
perature, and in the generation of magnetic fields,
were very similar to those used in our earlier work
on EuTe. All measurements in the present work
were carried out with the magnetic field H perpen-
dicular to the direction of the electrical current
(i.e. , perpendicular to the long dimension of the
sample). Corrections for the demagnetizing field
were applied as in the case of EuTe. However,
since EuS is ferromagnetic (unlike EuTe which is
antiferromagnetic}, the demagnetizing corrections
were quite large in some cases. Much of the data
at temperatures near T& were taken with the samples
immersed in liquid hydrogen.

III. RESULTS AND DISCUSSION

A. General Comments

Measurements of the dc resistivity p(H, T) and
Hall effect were carried out from 300 to 2 K in mag-
netic fields from 0 to 140 kOe. Many of the results
indicate a strong correlation between the magnetic
properties and the electrical transport properties.
This correlation manifests itself most dramatically
in the temperature variation of the zero-field re-
sistivity p(0, T), an example of which is shown in
Fig. 1. The very large peak occurs either at or
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FIG. 1. Temperature variation of the zero-field resis-
tivity p(0, T) in sample 1A (semilog scale). The insert
shows p(0, T) vs T near the resistivity minimum (linear
scale).

near Tz. A correlation between the magnetic prop-
erties and the electrical behavior is also found both
at T» Tc and T & T~. The presentation below is
divided into three parts corresponding to the three
temperature ranges: T» Tc, T = T~, and T & Tc.
Each of these three ranges is associated with dif-
ferent phenomena.

Several remarks should be made concerning
the scope and limitations of the discussion of the
experimental data. (a) The discussion consists
essentially of a comparison of the data with avail-
able theoretical models and previous experimental
results in the Eu chalcogenides. (b} While some
of the experimental data agree with theoretical
predictions, other data either remain totally unex-
plained or their interpretation is uncertain. (c) The
art of preparing EuS single crystals has not reached
the point where one has a good control over the con-
centrations of donors and acceptors. The lack of
detailed knowledge of the types and concentrations
of donors and acceptors, and the degree of compen-
sation of each sample, makes the interpretation of
the data still more difficult.

B. Results for T&) T~

1. Zero-Field Resistivity

The room-temperature resistivities of all sam-
ples were of order 10 0 cm. Hall-effect measure-
ments indicated that the samples were n-type, with-10"conduction electrons/cm' at 300 K. The Hall
mobilities at 300 K were about 30 cm /V sec, ex-
cept for one sample with a mobility p =8 cm jV sec. '
The values for the mobilities at 300 K suggest that
electrical conduction at this temperature was band
conduction, rather than conduction by a hopping
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TABLE I. Electrical properties of the various samples. ~

Sample No.

p(0, 300 K)
cm

l.A 1B

1.9 x 10-2 2. 2 x 10-2

2A

1.6x 10

2B

5. Ox 10

2C

2. 9 x10-2

3 4A 4B

4. 2x1p-2 1.7x].p-' 1.6x1p '

R(100 kOe, 300 K)
cm3/C

—0.59 —0.66 —1.30 —1.20

n(300 K)
cm+

1.06xlp 9.5x10 4. 8xlp 5.6x10' 5.2x].0'P

p(300 K)
cm2/V sec

30 38 29

p(0, 77 K)
~ cm

2.2xlp 2.3x10 4 3 ]0 1.]xlp 5 4x1Q 4 9x1Q 1 7x1Q 1 5x1Q-

R (100 kOe, 77 K)
cm3/C

—O. 58 —0.62 —1.53 —1.15 —1.43 —0.49

p(100 kOe, 4. 2 K)
~ cm

3. 7 x 10 5.0 x 10" 1.7x10+ 2. Oxlp 1.4xlp 7x10+ 4. 6x10+ 5. Ox 10

Rp(100 kOe 4, 2 K)
cm3/C

Tm3x

K

—0.33

19.4

—0.39 —0. 19

18.9

—0.15

18.8 19.4

—0.35

pmax
~ cm

3.6 x 10 1.6 x 10 3.7x103

p(H, T) is the resistivity at the field 0 and temperature T. The accuracy of p varies between 25% for sample Nos. 1
and 4, and a factor of 2 for sample Nos. 2 and 3. The relative accuracy of p in a given sample, as a function of H and
T, is much higher. R(H, T) and Rp(H, T) are the Hall coefficient and normal Hall coefficient, respectively. The accuracy
of R and Rp is about 5'. n is the carrier concentration at room temperature, derived from R. p (300 K) is the room-
temperature mobility. The accuracy of p is limited by the uncertainties in p and R. T~ is the temperature where p(0, T
is maximum. p~ is p(O, T ~).

process. The room-temperature electrical charac-
teristics of the samples are listed in Table I.

The temperature variation of the zero-field re-
sistivity p(0, T) was measured in samples 1A (nom-
inally stoichiometric) and 2C (Eu rich) from 300 to
2 K. The results in both samples were qualitatively
similar. The data for sample 1A are shown in Fig.
1. On cooling from room temperature, p(0, T) first
decreased, then went through a minimum, and final-
ly increased at a rate which became progressively
higher as T approached Tc. The resistivity mini-
mum for sample 1A occurred at T „=174K, as
shown in the insert of Fig. 1. At the minimum,

p was 10%%u() lower than at 300 K. For sample 2C,
T „=198 K, where p was 14/0 lower than at 300 K.

Thepositivevalueof Sp(0, T)/8T above T „is ex-
plainable by the ordinary increase of the scattering
of electrons by phonons with increasing T. However,
as T decreases towards T~, the influence of the
magnetic ions on p(0, T) becomes progressively
stronger. Several mechanisms whereby the mag-
netic ions influence p will be described later. Be-
low T „, the interaction with the magnetic ions
causes p(0, T) to increase with decreasing T. The
superposition of the effects of both the phonons and

the magnetic ions on p(0, T) leads to a resistivity
minimum.

Values for p(0, 77 K) in the various samples are
listed in Table I. In the nominally stoichiometric
samples, p(0, 77 K) was approximately equal to
p(0, 300 K), while in the Eu-rich samples p(0, 77 K)
was significantly higher than p(0, 300 K). The
Hall-effect data at 300 and 77 K are described be-
low. These data, which were taken only at fields
above several kOe, do not give directly the concen-
tration n of charge carriers at H=0. However, the
value of n(H = 0) can be estimated by extrapolating
the data at finite H to H =0. On this basis we con-
clude that in the nominally stoichiometric samples
n(P = 0) did not change appreciably between 300 and
77 K, whereas in the Eu-rich samples n(H= 0) was
lower at 77 than at 300 K. However, this decrease
in n accounts only for a part of the difference be-
tween p(0, 77 K) and p(0, 300 K). A comparable or
a larger part of this difference was due to a change
in the mobility.

2. Magnetoresistance and Hall Effect

A negative magnetoresistance was observed at
room temperature in all samples which were mea-
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sured. At 100 kOe the fractional change in the re-
sistivity Ap/po ranged from —10% in sample No. 3
to -3% in sample 4A. Larger magnetoresistance
was observed at 77 K where at 100 kOe Ap/po var-
ied from -56% for sample No. 3 to -24% for sam-
ples 4A and 4B. The Eu-rich samples exhibited
a larger negative magnetoresistance at high fields
than the nominally stoichiometric samples, which
actually had a small positive magnetoresistance
at low fields. Figure 2 shows the results in sample
2C (Eu-rich) and in samples 1A and 4A (nominally
stoichiometric).

Hall-effect measurements were carried out at
room temperature and at 7V K. Some of the results
at 100 kOe are summarized in Table I. At room
temperature the Hall coefficient R(H) was approxi-
mately independent of H and the experimental un-
certainty in R(H) was several percent, which is
comparable to &p/po at the highest fields. For this
reason it was not possible to separate the contribu-
tion to the magnetoresistance due to a change in p,

from the contribution due to a change in n.
At 77 K the Hall coefficient showed a slight varia-

tion with the intensity of the applied field. The big-
gest variation was observed in the Eu-rich samples
2A, 2C, and 3 for which R decreased with increas-
ing H. Some of the results for R(H) at 77 K are
shown in Fig. 3. Comparison of these data with
the corresponding data for p(H) in Fig. 2 indicates
that p decreased considerably more rapidly with
increasing H than R. This means that while n
changed with H, the principal cause for the negative
magnetoresistance was the increase in the mobility

This conclusion applies to all samples which
were studied at V7 K.

The decrease of R with increasing H in the Eu-
rich samples means (in a one-band model) that n
increased with increasing alignment of the Eu"

I.O
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40 80 I 20
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FIG. 2. Magnetic field variation of the resistivity of
samples lA, 2C, and 4A at 77 K.
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FIG. 3. H dependence of the Hall coefficient R of
samples 1A and 2C at 77 K.

spins. This trend was more apparent at lower
temperatures where a given magnetic field produced
a larger alignment of the Eu" spins. The exact
cause of the H dependence of n is unknown. However,
in general terms, the change in n apparently re-
sulted from the redistribution of electrons between
states which were in the conduction band (or, pos-
sibly, in an impurity band) and states which were
localized near impurity sites. As is well known,
both the spins of the conduction-band electrons and those
of electrons localized near impurity sites are cou-
pled to the spins of the Eu" ions. An alignment of
the Eu" spins may therefore cause shifts in the
energy levels of both the conduction and the local-
ized electrons. In particular, a parallel alignment
of the Eu" spins causes a Zeeman splitting of the
conduction band, which results in a lowering of the
conduction-band edge. The variation of the energy
of an impurity state with spin alignment depends on
the nature of the impurity. The energy difference
between a given localized electron and an electron
in the conduction band should change with the align-
ment of the Eu" spins, which leads to a redistri-
bution of the electrons.

The principal contribution for the negative mag-
netoresistance at VV K was the increase of p, with
increasing H. The increase of p, with H was larger
at lower temperatures. The exact mechanism of
the increase in p, is not known. Some of the pos-
sible mechanisms are (i) a decrease in scattering
due to spin fluctuations as the magnetic order in-
creases with H and (ii) a decrease in the scattering
by spin clusters associated with the MIS. As H
increases the number of such clusters may decrease
because some electrons move from localized states
intothe conduction(orimpurity) band. Also, asH
increases the difference between the spin alignment
inside and outside the cluster decreases, which may
lead to a weaker magnetic scattering.
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function of T in several fixed fields, and (b) as a
function of H at fixed temperatures. The results
ir sample 28 for p vs T (at several fixed fields)
are shown in Fig. 4. Qualitatively, the magnetic
field reduced the magnitude of the resistivity peak,
broadened the peak, and shifted the peak to a higher
temperature. Earlier measurements on
Euo»Lao O,S in fields up to 14 kOe also showed
a reduction of the resistivity peak with H, and a
shift of the peak to higher temperatures. Similar
effects were also observed in EuSe doped with Gd, '~

and in EuO. ' Note that in EuS the resistivity at
130 kOe increases rapidly near 28 K. This effect
will be discussed later.

Measurements of p as a function of H at fixed
temperatures near T „were performed on various
samples. The results for samples 1A and 2C are
plotted on a semilog scale in Figs. 5 and 6, respec-
tively. The large negative magnetoresistance shown
in these figures is consistent with Fig. 4. The rate
of decrease of p with increasing H, Idp/dHI, was
larger at low fields than at high fields. Also, at
the highest fields p appeared to approach saturation,
although complete saturation was not achieved at
130 kOe.

Near T ~ the resistivity in sample 2C decreased
fairly abruptly with H at -72 kOe (Fig. 6}, whereas
a similar effect was not observed in sample 1A
(Fig. 5}. The abrupt change of p at -72 kOe was
also observed in two other Eu-rich samples. This
effect will be discussed further in Sec. IIID.

FIG. 4. Temperature variation of the resistivity of
sample 2B at several fixed values of the applied magnetic
field (semilog scale).

IQ2

C. Resistivity Peak and Hall Effect near T~

1. Resistivity Peak

One of the most prominent features of the resis-
tivity data is the very large peak in p(0, T) vs T at
or near T~. Figures 1 and 4 show this peak in a
nominally stoichiometric sample and in a Eu-rich
sample, respectively. A similar behavior was
observed earlier by several workers. '

The resistivity peak in sample 1A occurred at
T ~ = 19.4 K. Ultrasonic-attenuation measurements
on the same sample indicated that the Curie tempera-
ture T& was at or close to T ~. While insulating
samples of EuS have a Curie temperature T~=16.3
K, higher values for T~ were reported in samples
which contained charge carriers (Ref. 1, p. 514).
Table I gives the values for T ~ and the correspond-
ing values of p —=p(0, T ) in several samples.
Note that p ~ was orders of magnitude larger than
the room-temperature resistivity.

A very large negative magnetoresistance was
observed at temperatures near T . The magne-
toresistance was studied by measuring p (a) as a

IQ
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K

l0-2,

10 ~
0

4.2 K

40 80 120
APPLIED FIELD (kOe)

FIG. 5. Magnetic field variation of the resistivity of
sample 1A at 19.4, 14.4 and 4. 2 K (semilog scale).
The insert shows the hysteresis at 4.2 K more clearly
(linear scale).
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2. Hall Effect

In interpreting the Hall data, we shall assume
that electrical conduction is due to carriers in a
single band. As is well known, the resistivity in

a one-band model is related to the concentration
n of conduction carriers and to the mobility p by
the relation

p=(neLL) ',

FIG. 6. H dependence of the resistivity and normal
Hall coefficient of sample 2C at 18.9 K. Some typical
uncertainties in Ro are indicated by the error bars. These
uncertainties become progressively smaller as the field
increases.

The coefficient Ro cannot be determined uniquely
from the measured Hall voltage V~ because
the relative contributions of ROB and RgM to the right-
hand side of Eq. (3) are unknown. The usual pro-
cedure in the case of a ferromagnet below Tc is
to assume that Ro and R, are field independent. At
fields above magnetic saturation R&M is then a
constant, and Ro is proportional to the slope of V&

vs applied field. This procedure was used by von
Molnar and Kasuya who concluded that the resis-
tivity peak in EuS was due mostly to a decrease in
p, and not to adecrease inn. ' However, the assump-
tion that Ro and Rj are H independent is questionable
in the case of EuS, in view of the large dependence
of the transport properties on H. The data shown
below are consistent with a marked dependence of
Ro on H. Thus it is unlikely that a value of Ro which
is obtained from data at fields above magnetic sat-
uration (where p is much lower than at II=0) gives
a reliable measure of n at H= 0. In addition, mag-
netization measurements on the present samples
(see, for example, Fig. 7) showed that even at
T «T& the magnetization was saturated only at
fields in excess of 75 kOe, which are much higher
than the maximum field of 12 kOe used by von Mol-
nar and Kasuya.

An alternative procedure for obtaining Ro was used
in the present study and in the earlier work on
EuTe. This procedure is based on experimental
results at 4. 2 K which show that at fields above
magnetic saturation the term R,M in Eq. (3) is
small compared to R+. The Hall-effect data at
4. 2 K will be presented below. These data also
suggest (but do not prove) that at 4. 2 K and at fields
below magnetic saturation RLM«RDR. On this basis

V„=RII„,(I/s), (2)

where R is the Hall coefficient, H„, is the external
(applied) magnetic field, I is the electric current
through the sample, and s is the thickness of the
sample along A. In a one-band model n = 1/!Re I .

In magnetic materials the Hall voltage is often
expressed asso

where e is the magnitude of the charge of the elec-
tron. Often, one tries to separate the contributions
of n and p, to p by determining n from the Hall effeet.
In nonmagnetic materials the Ha)1 voltage V„ is
given by

200
gl

~ l60E

X
LIJz l20
O

80
UJ
X

40

I I I I I I I I l

V» = (R++RLM)(I/s), (3)

where B is the magnetic induction inside the sample,
and M is the magnetization. The coefficients Ro
and R, are the normal and anomalous Hall coeffi-
cients, respectively. In a one-band model n = 1/
IRoel, so that Eq. (1) gives

0 ~ I I I I I I I I

0 40 80 I 20 I 60 200
APPLIED FIELD (kOe)

FIG. 7. Magnetization curves for sample No. 1 at 4. 2,
19.4, and 77 K. The insert shows more clearly the ap-
proach to magnetic saturation at 4. 2 K (after Foner and
McNiffj.
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toe assumed that R,M «RvB at all temperatures and
fields so that Eq. (3) is well approximated by

Vs RO——B(I/s). (5)

-0.8
I I I I I
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All Hall-effect data were analyzed using Eq. (5).
To obtain B from the external (applied) field we used
the magnetization data of Foner and McNiff (ex-
amples of which are shown in Fig. 7), and the ap-
propriate demagnetizing factors for the various
samples. At T» T~, M «H„, so that the coef-
ficient Ro derived from Eq. (5) was nearly equal
to the coefficient R obtained from Eq. (2}. However,
at Ts T~, and especially at T«T~ andatlowfields,
the difference between R~ and R was substantial.

Figure 8 shows Ro vs H for sample 1A (nominally
stoichiometric) at T = 19.4 K. The error bars
show some typical experimental uncertainties at the
lowest fields. The uncertainties at these fields
were largest because the Hall voltage was small
and the superimposed resistive voltage (due to the
unintentional offset in the positions of the Hall
leads) was large. Figure 9(a) shows the field de-
pendence of p, Ro, and p, ', all norr. dualized to their
values at 130 kOe. The values of p,

' were calcula-
ted using Eq. (4). Comparison of Ro(H) and p (H}
indicates that at 16 & H &80 kOe the negative mag-
netoresistance was due largely to an increase of
p, with increasing H, while above -80 kOe the frac-
tional change in n(H) was comparable to the frac-
tional change in p(H). Although reliable Hall data
could not be obtained below -15 kOe, extrapolation
of the data at higher fields to the low-field region
suggests that the large negative magnetoresistance
at low fields was due largely to a variation in p, .

The H dependence of Ro for sample 2C (Eu rich)
near Tc is shown in the bottom part of Fig. 6. The
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FIG. 9. H dependence of p, R(}, and p
' in samples lA

and 2C at a temperature near T ~. The various functions
f= p, R(), p,

' were normalized to their values at 130 kOe.
The uncertainties at the lowest fields are indicated by
bars. The uncertainties at higher fields are much
smaller.

3. Discussion

data indicate a monotonic increase of n with increas-
ing H. Near 72 kOe, where p decreases rapidly,
R() also decreases rapidly. The contributions of
n (or Ro) and p to the magnetoresistance are shown
in Fig. 9(b). Below 40 kOe the mobility contribu-
tion to the negative magnetoresistance appears to
dominate, although the large uncertainty in Ro below
-30 kOe makes this conclusion somewhat uncertain.
Above -40 kOe, p '(H) and Ro(H) change at approxi-
mately the same rate. Hall-effect measurements
at 18.8 K on another Eu-rich sample (No. 3) showed
a similar dependence of Rp on II. The results alsoin-
dicate that in the Eu-rich samples 2C and 3, the
carrier concentration varied more strongly with
H than in the nominally stoichiometric sample 1A.

0
0

I

40 80
APPLIED FIELD (kOe)

I

I20

FIG. 8. H dependence of Ro in sample 1A at 4.2, 19.4,
and 77 K. The uncertainties at the lowest fields are in-
dicated by error bars. The uncertainties at higher fields
are much smaller. Note the hysteresis at 4.2 K.

A peak in the zero-field resistivity was observed
earlier in all the Eu chalcogenides which are ferro-
magnetic, namely, EuO, ' ' EuS, ' andGd-doped
EuSe. ~~ The first question which arises in connec-
tion with this peak is whether it is due primarily to
a sharp decrease in the mobility p. or to a sharp de-
crease in the concentration of charge carriers. In
earlier studies it was concluded on the basis of Hall-
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effect measurements' ' and optical measurements 21

that the peak in p(0, T) was due primarily to a de-
crease in p. . In the present work the measurements
of Rp at temperatures near T ~ did not extend to
fields below —15kOe. Therefore, we cannot separate
the contributions of p, and n to the zero field-resis-
tivity near T . However, the experimental evi-
dence discussed below is consistent with the con-
clusion that the peak in p(0, T) is due mostly to a
decrease in p, .

Results for the variation of iJ(H, T) with T are
limited to fields where Hall-effect data are avail-
able. The lowest field Hl, for which reliable Hall-
effect data were obtained near T was -20 kOe for
sample 2C, and -15 kOe for sample 1A (see Figs.
6 and 6). An analysis of the results for p(Hz, T) and

Ro(H~, T) as a function of T indicates that the large
decrease in p(H~, T) between T ~ and 4. 2 K was
primarily due to an increase in p. and only second-
arily to an increase in n. This suggests that the
same was true for the change in p(0, T) between
T ~ and 4. 2 K.

Further evidence for the low zero-field mobility
at temperatures near T is given by the H depen-
dence of p and Ro. Although Hall-effect data at very
low fields are not available, the curves in Fig. 9
suggest that the total rise in p as H changed from
130 kOe to zero was largely due to a decrease in p. .

Several mechanisms which may contribute to a
resistivity peak near T~ have been discussed in the
literature. (i) Critical scattering of electrons by
spin fluctuations was considered by de Gennes and
Friedel' and by others. ' ' This scattering de-
creases the mobility of the electrons which par-
ticipate in band conduction. (ii) In the case where
some electrons participate in band conduction while
others participate in the formation of the MIS, the
scattering of the band electrons by the spin clusters
of the MIS should increase near Tc. ' ' In addition,
the probability of forming a MIS may also increase
near T&, so that some band electrons may become
localized near Tc. This will have the effect of both
decreasing the number of electrons which participate
in band conduction and increasing the scattering of
those electrons which remain the band. (iii) Elec-
trical conduction by electrons associated with the
MIS was considered by Kasuya and Yanese. ' Con-
duction in this case is carried out by a hopping pro-
cess with an activation energy which is temperature
dependent and which decreases rapidly below Tc.
(iv) The possibility of forming magnetic polarons
near T~ was discussed by von Molnar and Kasuya. '
The relative contributions of these various mechan-
isms to the resistivity peak observed in the present
study are uncertain. It is also not known whether
in addition to these four mechanisms there are others
which contribute to the resistivity peak.

The effect of a magnetic field on the resistivity

peak is shown in Fig. 4. These data are qualitative-
ly similar to results obtained by Oliver et al. in
EuO. ' In the presence of a low or an intermediate
field the resistivity peak is reduced, becomes
broader, and moves to a higher temperature. The
rate at which the magnitude of the peak is reduced
with H is largest at low fields. Thus a field of 10
kOe reduces the peak in sample 2B by three orders
of magnitude, while a further increase of H to 25
kOe causes an additional reduction of only one order
of magnitude. The large decrease in p caused by the
application of a low or a moderate magnetic field
near Tc appears to be due largely to a field-induced
increase in the mobility, although a decrease in Ro
is also observed (see Fig. 9).

Near T ~ both p and Ro appear to approach sat-
uration at the highest magnetic fields. This approach
to saturation is apparently related to the fact that
the magnetization at T is approximately 90%
saturated at 140 kOe (see Fig. 7). The saturation
of p and Ro at high fields is more clearly observed
at T «T& . However, already at temperatures
near T ~ the high-field value of Ro is significantly
lower than (i) the low-field value of Ra near T
and (ii) the values of Ro at 300 or 77 K (compare the
values for Ro in Figs. 6 and 8 and the values at 77
and 300 K in Table I). This means that a substantial
fraction of the electrons which participate in band
conduction when the magnetization is saturated (or
nearly saturated) do not participate in band conduc-
tion when the magnetization is far below saturation.
This aspect is discussed further in Sec. III D in con-
nection with the resistivity elbow.

D. Hysteresis, Time-Dependent Resistivity, and Resistivity Elbow
at T&T~

Measurements at temperatures well below T~
revealed three experimentally interrelated phenom-
ena: hysteresis in p and Ro as a function of H,
time dependence of p, and a resistivity "elbow. "

1. Hysteresisin p and Ro

Hysteresis in p as a function of H was first ob-
served in sample 1A at 4. 2 K. After cooling the
sample to 4. 2 K at H =0, the magnetic field was in-
creased from 0 to 140 kOe. The increase in H
caused a monotonic decrease in p. Subsequently,
when the field was decreased gradually from 140
kOe to zero, the dependence of p on H was markedly
different from the dependence observed when H
was first increased from zero. These results are
shown in the insert of Fig. 5. The hysteresis was
observed only below —75 kOe. At these fields p
was higher when H first increased from zero than
when H decreased from high fields. In the following
discussion the hysteresis cycle will be divided into
two parts. The part where H increases from zero
to high field will be referred to as the H0 part of
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the hysteresis cycle. The part where H decreases
from high fields towards zero will be called the Hk

part. Note that the symbols H0 and 04 do not in-
dicate opposite directions of the applied field.

Hysteresis in p was observed only in the first
field up-down cycle after the sample was cooled
to liquid-helium temperatures at H = 0. Once one
field cycle was completed, the behavior of p(H}
in subsequent cycles (for both increasing and de-
creasing fields) was as in the H4 part of the first
cycle. Also, the results in subsequent cycles did
not depend on whether the field was oriented along
the same direction as in the first cycle or along
the opposite direction. Following the first hystere-
sis cycle, a second equivalent cycle in p(H) could
be observed only by first warming the sample above
- 10 K and then cooling it back to liquid-helium tem-
peratures at H = 0. The hysteresis in p(H) was larger
in the Eu-rich samples than in the nominally
stoichiometric samples. Results for one of the
Eu-rich samples are shown in Fig. 10.

As mentioned above, hysteresis in the resistivity
of sample 1A at 4. 2 K was observed only at fields
below -75 kOe. Measurements of the magnetization
M(H) of the same sample at 4. 2 K were carried out

by Foner and McNiff. ' Their results, which are
shown in Fig. 7, indicate that M(H) became sat-
urated only at -75 kOe, which is an unusually high

saturation field for a ferromagnet with low aniso-
tropy at T«Tc No hyst.ersis in M(H) was ob-
served in this sample.
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FIG. 10. H dependence of p and Ro in sample 2C at 4. 2
K. These results were obtained after the sample was cooled
to 4. 2 K at H=0. The data in the H& part of the hysteresis
cycle were taken 5 min after the magnetic field reached a
given fixed value.

-50
I I I

EuS
T= 4.2K
I = IQmA

I I I I

30
C9

O

-20—

X

-IO—

0
0

I I I I I I I

40 BO 1 20
8 (kG)

I60

FIG. 11. Hall voltage in samples lB and 2C as a func-
tion of the magnetic induction B at 4. 2 K. These data
show the hysteresis cycle which is observed after cooling
the sample to 4. 2 K at H = 0.

Hall-effect data at 4. 2 K were taken on samples
1A, 1B, 2A, 2C, and 4B. The Hall voltage of
samples 1B and 2C as a function of the magnetic
induction B inside the sample is shown in Fig. 11.
Three features should be noted:

(a) The Hall voltage as a function of B exhibited
hysteresis. This hysteresis was particularly
pronounced in sample 2C at B~40 kG. The re-
sistivity of this sample also had a large hysteresis
in the same range of magnetic field (Fig. 10}.

(b) The Hall voltage at fields above magnetic
saturation (B~ 85 kG) was approximately pro-
portional to B. The data for V~ vs B at these high
fields were fitted to Eq. (3}using the least-squares
method and assuming that Ro and R& were field in-
dependent at fields above magnetic saturation. The
fits showed that in both samples IB and 2C, R,M/
ROB was less than 5% in fields B&85 kG. Similar
fits for samples 1A and 2A at fields above magnetic
saturation gave R,M/R OlBess than 7%%uz and less than
3%, respectively. The Hall-effect data in sample
4B were not extensive enough to warrant a least-
squares fit, but they showed that the hysteresis in
V& was less than 3%%uo, and that V~ was nearly pro-
portional to B at all fields. The fact that in all five
samples R,M was very small compared to ROB at
fields above magnetic saturation is the basis on
which we assumed that Eq. (3) can be approximated
by Eq. (5).

(c) In all five samples which were studied, the
Hall voltage in the Irk part of the hysteresis
cycle was proportional to B at all fields, including
fields below magnetic saturation. The simplest in-
terpretation of this experimental result is that
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(i) V„ is well described by Eq. (5) (i.e. , R,M «ROB
at all fields), and (ii) Ro is independent of B, so that
n is field independent in the H4 part of the cycle.
The alternative interpretation is that (i) Eq. (5)
is invalid at fields below magnetic saturation (i. e. ,
R~M is not very small compared to ROB), and (ii)
both Ro and R, vary with B, but in such a way that
V„remains proportional to B at all fields. We
regard this alte rnative interpretation as implausible.

The H dependence of Ro at 4. 2 K for samples 1A
and 2C is shown in Figs. 8 and 10, respectively.
The values for R, were obtained using Eq. (5).
The results indicate that in the H4 part of the hys-
teresis cycle n increases monotonically with H,
and that n assumes a constant value at fields above
magnetic saturation. In the Hk part of the cycle n

is field independent and is higher than in the H4

part of the cycle. The data for p(H) and Ro(H) show
that in sample 1A (nominally stoichiometric) the
hysteresis in p is due to comparable changes in
both n and p. However, in sample 2C (Eu rich) the
hysteresis in p is largely due to a hysteresis in n,
with a smaller contribution due to a hysteresis in
P ~

(a)

8
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2. Time Dependence of p
O

Another phenomenon associated with the hysteresis
cycle is the time dependence of p. This phenomenon
was observed only in the H0 part of the first field
cycle, after cooling at H = 0 to liquid-helium tempera-
tures. In this part of the first cycle, the resistivity
at a fixed value of H decreased monotonically with
time t. In some cases, the time dependence of p
was studied for more than 1 h. The rate at which
p decreased with t became progressively slower
as t increased. The function p(t), for a fixed H,
could not be described by a simple exponential func-
tion involving one time constant. A time depen-
dence of p was observed only at low and intermediate
fields where the resistivity in the H4 part of the
cycle was higher than in the H4 part.

Figure 12(a) shows some results for p(f) in the
H4 part of the hysteresis cycle. These data were
obtained on sample 2C at two fields and at two tem-
peratures. Note that at 17.4 kOe the resistivity
was still changing appreciably after 1 h. Note also
that for small t, td lnp/dtl was larger at the higher
field and at the higher temperature. Figure 12(b)
shows in greater detail the variation of p in the
first 15 min at 4. 2 K. This figure also shows the
results, at the same fields, in the H4 part of the
hysteresis cycle where p was independent of t. At
29. 6 kOe, the resistivity in the H0 part of the cycle
seemed to approach the resistivity in the H4 part
asymptotically with time, although a difference
of several percent still remained after 70 min.

The results in Fig. 12 need some clarification.
The data for a given fixed field H, were taken im-
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FIG. 12. Time dependence of p in sample 2C. (a) Re-
sults for the first hour in the H'I part of the hysteresis
cycle. These data were taken at both 4. 2 and 2. 0 K in
fixed fields of 17.4 and 29.6 kOe. (b) Results at 4. 2 for
the first 15 min in both the H& and Hh parts of the hyster-
esis cycle.

mediately after H was increased from 0 to Ho.
Typically this increase in field took about 30 sec,
but this time varied by as much as a factor of 2
from run to run. The time t was always measured
from the instant at which H reached the value Ho.
The data for p(t) obtained in this manner depended
on the speed S at which the field was increased to
Ho. This dependence of p(t) on S was most pro-
nouncedattimesnear t=0, where dp/dt was largest.
However, for t »1 min, p(t) was not sensitive to
a small change in S, because in all cases p(t) did
not change appreciably in -30 sec at times t»1
min.

Due to the time dependence, p was not uniquely
determined by H in the H4 part of the hysteresis

RESISTIVIT Y AND HALL EFFECT OF EuS
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cycle. To obtain consistent resistivity data which

could be compared with Hall-effect data, we chose
to take both types of data at t =5 min. This proce-
dure was used in obtaining results such as those
shown in Fig. 10.

The time dependence of p in the Ht part of the
hysteresis cycle suggests that in this part of the
cycle the sample is in a metastable state. This
higher-resistvity metastable state drifts with time
towards a lower-resistivity state. At fields above
magnetic saturation the sample reaches a stable
state with a lower p and a higher n. The stable
state remains as H is decreased isothermally back
to zero. To obtain the metastable state again, it is
necessary to warm the sample above - 10 K and

then cool it back to liquid-helium temperatures at
zero or low magnetic field.

The origin of the metastable state is unknown. It
is possible that it is related to the presence of do-
main walls. However, the persistence of the meta-
stable state to fields as high as 75 kOe makes this
explanation unlikely, although it does not rule it out
completely. Ultrasonic measurements, with shear
waves, did not reveal any strong attenuation due to
domains, except at fields below - 10 kOe. Thus
the question of the origin of the metastable state
remains open.

3 Resistivity Elbow

A third phenomenon observed a~ T Tc is the re-
sistivity "elbow. " The term "elbow" was used by
Oliver et al. to describe the large sharp increase
in p with increasing T in EuO. ' 2' The same phe-
nomenon has also been referred to as a metal-insu-
lator transition. In EuO the resistivity elbow oc-
curs at -50 K, which is well below T&, and the phe-
nomena associated with the elbow are easily sep-
arated from the phenomena associated with th~ re-
sistivity peak near T&. It has been suggested by
Petrich et al. that a resistivity elbow should not
occur in EuS, in agreement with their resistivity
data 23

In the present work, the first measurements of
the resistivity at temperatures below Tc were car-
ried out in the absence of a magnetic field at any
phase of the measurements. These early data for
p(0, T) vs T did not reveal a resistivity elbow. How-

ever, after observing the hysteresis in p(H) at 4. 2

K, new measurements of p(0, T) were performed.
In these measurements a high magnetic field was
first applied at 4. 2 K and was then reduced back to
zero. The zero-field resistivity was subsequently
measured as a function of increasing temperature.
A clear elbow in p(0, T) was observed at - 9 K. The
results for sample 2C are shown in Fig. 13. The
dashed curve in this figure represents p(0, T) as
measured by cooling from high temperatures at
H=0, while the solid curve marked by H=Owas
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FIG. 13. Resistivity of sample 2C as a function of T at
various fields. The dashed curve shows data obtained by
cooling at H=0. The solid curves show data obtained by
warming at a fixed H after an 83-kOe field was first ap-
plied at 4. 2 K and then reduced to the given fixed value.

obtained by warming the sample from 4. 2 K after
an 83-kOe field was applied at 4. 2 K and then re-
moved. This solid curve shows an elbow at -9 K.
The magnitude of the resistivity elbow at H= 0 was
approximately equal to the difference between the
zero-field resistivities at 4. 2 K before and after a
high field was applied. Since the hysteresis in p(H)
at 4. 2 K was much larger in the Eu-rich samples,
all studies on the resistivity elbow were carried
out on these samples.

The possibility that the shape of the resistivity
elbow at H = 0 was influenced by a time dependence
of p was studied. It was found that below 7 K and
above 10 K the resistivity did not change by any
measurable amount during 5 min. However, be-
tween 8 and 9 K (i. e. , at the elbow) p increased
slowly with time. Thus the exact shape of the re-
sistivity elbow at H = 0 depended on the speed at
which data were taken as the sample was warming.

The remaining solid curves in Fig. 13 show data
obtained by first applying an 83 kOe field at 4. 2 K,
then reducing it isothermally to a fixed lower value
(9. 6, 19.3, and 28. 9 kOe), and finally warming the
sample at the fixed field. Note that the resistivity
elbow shifted to higher temperatures as H in-
creased. For samples 2B and 2C the elbow at an
external field of 130 kOe occurred near 28 K (see
the curve for 130 kOe in Fig. 4).

The data for p(0, T) depended very strongly on
whether these data were obtained by cooling at
H = 0 or by warming from liquid-helium tempera-
tures after a high magnetic field was first applied
and then removed. However, as the intensity of
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EuS ¹ 2C
l4.3 K

FIG. 14. Recorder
tracing of the resis-
tivity of sample 2C
as a function of ap-
plied magnetic field
at 14.3 K. Note the
"elbow" at - 43 kOe.
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the magnetic field increased, the data for p(H, T)
as measured by these two procedures (cooling at
a fixed H, or warming at the same H after a high
field was first applied) became progressively
closer to each other. As a consequence, at mod-
erate and high fields the resistivity elbow could
also be observed when the sample was cooled at a fixed
field. Also, the shape of the resistivity elbow at
moderate or high fields did not depend on the speed
at which the temperature was changing near the
elbow.

The resistivity elbow was also observed by mea-
suring p as a function of H at a fixed temperature.
These measurements were performed in liquid hy-
drogen. A recorder tracing of the elbow is shown
in Fig. 14 (see also Fig. 6). Figure 6 indicates
that the normal Hall coefficient Ro(H) also had an
"elbow. "

The H dependence of the temperature T, of the
resistivity elbow was studied in fields up to 130
kOe. T,(H) was defined as the midpoint in the el-
bow of logp(H, T) vs T, for a fixed H. Similarly,
the field H,(T) at the elbow was defined as the mid-
point in the elbow of logp(H, T) vs H, for a fixed
T. The dependence of T, on H (or H, on T) in sam-
ple 2C is shown in Fig. 15. Measurements of
H, as a function of T were also carried out in sam-
ple No. 3 at liquid-hydrogen temperatures. The
results for H, (T) were close to those in sample 2C.
H, (T) were close to those in sample 2C.

The resistivity elbow in EuO was discussed in
detail by Oliver et al. ' ' and by Petrich et al.
Both groups employed a similar model which in-
volves a trap level and a conduction-band edge
whose energy decreases with magnetic order. Ac-
cording to this model, the mechanism for the re-
sistivity elbow at H = 0 is as follows. As T de-
creases below Tc, the ferromagnetic alignment
of the Eu spins increases gradually. At a certain
temperature (- 50 K in EuO) the energy of the con-
duction-band edge becomes lower than that of the
trap level. When this happens, electrons which
were previously trapped move into the conduction
band. The increase in the number of electrons in
the conduction band causes p to decrease. Thus in
this model the resistivity elbow is due primarily
to a change in n, in agreement with the available
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FIG. 15. Dependence of the temperature T, at the re-
sistivity elbow on applied magnetic field in sample 2C.

experimental data in EuO. The model also pre-
dicts that the resistivity elbow will move to higher
temperatures as H increases. 3'

The model used by Oliver et a/. indicates that
the behavior of p at temperatures well above the elbow
depends strongly on whether the number of traps is
larger or smaller than the number of electrons. If the
number of traps is larger, conduction at high tem-
peratures is due to electrons which are thermally
excited from the trap level to the conduction band.
If the number of traps is smaller than the number
of electrons, conduction at high temperatures is
due largely to the excess electrons which always
remain in the conduction band. It appears that in
the present samples the number of traps was
smaller than the number of electrons.

The present experimental data for the resistivity
elbow in EuS are similar to those in EuO, with a
few notable exceptions. In EuO the resistivity el-
bow can be observed by cooling the sample at H = 0,
whereas in EuS the elbow cannot be observed by
this procedure (except, possibly, if the cooling
process is very slow). On cooling EuS at H = 0 to
liquid-helium temperatures one apparently obtains
a metastable state. This metastable state gives
rise to hysteresis and time dependence in p, which
are phenomena not observed in EuO. However,
aside from those features which are associated
with the metastable state, the data on the elbow
in EuS bear a close resemblance to those in EuO.

The Hall-effect data in EuS indicate that the re-
sistivity elbow is accompanied by an appreciable
change in n. Thus the constant value of Ro in the
H4 part of the hysteresis cycle at 4. 2 K is con-
siderably lower than (i) the values of Ro at 77 and
300 K, and (ii) the low-field value of Ro near T
(see Figs. 6 and 10 and Table I). The elbow in
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Ho(H) vs H at liquid-hydrogen temperatures also
shows that the resistivity elbow is associated with
a change in n (see Fig. 6). These observations
are consistent with the model used to explain the
resistivity elbow in EuO. ' ' At present this
model provides the only available explanation of
the resistivity elbow.
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