
PHYSICAL RE VIEW B VOLUME 9, NUMBER 7

Exchange oytics in Gti-dopeti KnO

1 AP RI L 1974

J. Schoenes and P. Wachter
Laboratorium fiir Festkorperphysik, ETH Zurich, Honggerberg CH-8049 Zurich, Switzerland

(Received 9 July 1973)

This paper is concerned with magne~ptical properties of EuO single crystals, doped with up to
5-at. %%uoGd . Theoptica 1 absorptio nan d theFarada yrotatio nhav ebeenmeasure dabov ean dbelo w the
magnetic-ordering temperatures and in various magnetic fields. In addition the reflectivity between 13
eV and 250 p,m has been observed and the Curie temperature has been deterinined. The measurements

peanit the evaluation of the magnetic short- and long-range order. The exchange interaction between
free electrons and 4f spins can be determined and is found to decrease with increasing doping. The
analysis of the optical data permits the derivation of the carrier concentration, their mobility, and
temperature dependence. The carrier concentration sho~s an exchange-induced ionization near T~ for
nondegenerate samples and the mobility has a sharp ~in'mum at Tz. The transport parameters also
reflect the fact that the electron-4f-spin interaction decreases with increasing Gd concentration,
probably owing to electrostatic-shielding sects.

I. INTRODUCTION

The europium chalcogenides, which all crystal-
lize in the rocksalt structure, are an ideal system
for the investigation of magnetic interactions.
First, within the chalcogenide series we find all
kinds of fundamental magnetic order. Second,
these materials are nearly ideal Heisenberg mag-
nets. Third, the undoped compounds are insula-
tors or semiconductors. However, by suitable
doping one can introduce free carriers and thus

study the additional magnetic interactions. ' Fourth,
dopants can be incorporated in various ways and
it is of considerable interest to distinguish between
dopants with and without spin and between doping
in the cation or anion lattice. In this paper we
want to put emphasis on the exchange interactions
in Gd-doped EuO as obtained by optical and mag-
neto-optical investigations of this material.

Without going into the details of a band-structure
calculation of EuO, we want to point out the essen-
tial features of an energy-level scheme on which
all investigators agree. ' ' The highest occupied
valence band is formed by p states of the oxygen.
Above this band the localized and partially occupied
4f'( S,z) states of Eu~ are situated and at still
higher energies conduction bands with 5d and Gs

symmetry are found. n-type doping introduces
donor levels somewhat below the bottom of the con-
duction bang. If Gd is chosen as the donor, and if
Gd' substitutes for Eu~', the donor is a shallow
level (-0.01V eV) with 4f'5d' symmetry. ~ However,
already here we want to remark that with the in-
corporation of Gd, a usually uncontrolled change
in the anion lattice, such as the formation of va-
cancies, may go in parallel. Thermal ionization
of shallow donors yields free conduction electrons
and, at high concentrations of the dopant, impurity
bands will form and the Fermi level will move into
the conduction band.

II. OPTICAL ABSORPTION K(), N)

First, we want to describe the effect of doping
on the optical absorption of EuQ. In Fig. 1 we
show the absorption coefficient K(X, N) for undoped,
off-stoichiometric and Gd-doped EuO. The absorp-
tion edge corresponds to a 4f'-4f'('I'~) 5d(f~, ) tran-
sition. In the Gd-doped samples a free-carrier
absorption at longer wavelengths than the edge is
obvious. If EuQ is prepared the usual way by melt-
ing together Eu+Eu, Q„ the samples generallyhave
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FIG. 1. Absorption coefficient of nearly stoichiometric,
off-stoichiometric, and Gd-doped EuO crystals. The Gd-
doped samples are characterized by their room-tempera-
ture free-carrier concentration.
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FIG. 2. Temperature shift Of the absorption edge of
undoped and Gd-doped EuO. Dashed curve represents
the spin correlation function.

Eu deficiencies and the deviation from stoichiome-
try manifests itself in a high residual absorption
coefficient [EuO(I)]. Heating such a ground and
polished EuO sample in Eu vapor results in a near-
ly stoichiometric material as verified by its ex-
cellent transparency in the infrared [EuO(II)].
Further heating in Eu vapor of the very same sam-
ple finally leads to a deficiency in oxygen, and the
absorption coefficient displays two discrete humps
at 0.65 and 0.55 eV [EuO(III)].

Exactly these latter samples make an insulator-
metal transition below the Curie temperature.
This transition is interpreted by Torrance et al. 5

as being due to the ionization of a "bound magnetic
polaron. " The doubly positively charged oxygen
vacancy, acting like an F center, can trap two elec-
trons with different binding energies. In the pa-
ramagnetic temperature range these electrons are
bound both electrically and magnetically because
the electrons, owing to their exchange interaction,
polarize magnetically the next-neighbor Eu 4f'
spins during their orbit around the vacancy. Below
Tc the magnetic part of the binding energy disap-
pears more and more and the Coulombic part of
the weaker bound electron is not large enough to
localize the electron, thus leading to a metal-like
conductivity. In the paramagnetic state the total
binding energy, Coulombic and magnetic, of the
oxygen vacancy results in a deep donor (-0.2 eV):
at 300 K only a small part of these deep donors are
ionized; therefore a free carrier absorption in these
off-stoichiometric samples is not observed in the
indicated wavelength region.

It has also been proposede that the two humps ob-
served in the ir absorption spectrum of samples
containing oxygen deficiencies are due to an ex-
change resonance between the electron and the
neighboring 4f'-spin system. In this resonance

the electron is flipping its spin and it is the spin-
orbit coupling which makes this optical transition
allowed and splits the absorption into a doublet.
Thus the oxygen vacancy is acting as a probe for
the strength of the exchange interaction, because
it is a measure of the energy difference between
the spin-up and spin-down state of the electronwhen
it is in an extended state and "sees"several Eu
neighbors. This energy difference then is about
0.6 eV. The absorption edge in the paramagnetic
state appears to be at longer wavelengths for Gd-
doped samples than for pure samples, as best seen
in Fig. 2. This is a general behavior of highly
doped semiconductors where impurities and local
lattice distortions tend to reduce the energy gap
similar as in amorphous materials. '

III. TEMPERATURE DEPENDENCE OF THE ABSORPTION
EDGE K(T, N)

In Fig. 2 we show the shift of the absorption edge
with temperature for undoped and Gd-doped EuO.
For better comparison of the various doped sam-
ples the temperature dependence of an arbitrarily
chosen but common absorption coefficient is plotted.
For all samples we observe a red shift of the ab-
sorption edge upon cooling below about 150 K. We
explain this in the following way: above the Curie
temperature each state in the conduction band can
be occupied by two electrons with opposite spin.
Below Tc the spin degeneracy is lifted and thebands
are split owing to the exchange interaction'

H,„=—2ZJ„(r R„)s -S„(-~0.6 eV for pure EuO),

where s is the spin of a conduction electron, S„are
the spins of neighboring Eu~' ions, and J„(r-R„)is
the distance-dependent exchange constant between
electron and ion spins. The energy gap between
4f' (the highest occupied valence state) and the con-
duction band thus becomes reduced, resulting in a
red shift of the absorption edge. As we see from
the figure the total shift, when the magnetization
0 &M &M„amounts to about 0.3 eV for the undoped
sample and it is thus one-half the total exchange
splitting between up- and down-spin conduction
bands. Inclusion of second-order terms has shown
that the temperature dependence of Il,„ is propor-
tional to the spin correlation function. To demon-
strate this we made a fit of a spin correlation func-
tion —taken from the magnetic part of the specific
heat or the magnetostriction'-with the red shift
of the absorption edge of a pure EuO (dashed line
in Fig. 2).

EuO containing oxygen vacancies practically has
the same Curie temperature as stoichiometric EuO
and only a small free-carrier concentration at
300 K.' The exchange energy, therefore, will
not be very different from an undoped sample. We
then realize that the exchange energy determined
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from the exchange resonance of the bound magnetic
polaron (-0.6 eV) and the one taken from the red
shift of the absorption edge (-2x0. 3 eV) agree.

Considering now that the total red shift of the ab-
sorption edge in Gd-doped EuO decreases with in-
creasing carrier concentration (Fig. 2), we must
conclude that the exchange energy becomes re-
duced in doped materials. The sample with the
highest carrier concentration (sample 4) displays
a red shift of 0.12 eV, less than half as much as
for undoped EuO. We tentatively conclude that the
exchange interaction energy of this doped sample
is about one-half the one in pure EuO.

IV. REFLECTIVITY OF PURE AND Gd-DOPED EuO R(X, N)

In order to extend our optical measurements also
to higher doping levels, we had to go from trans-
mission to reflection measurements. (Single-crys-
tal specimens could not be ground thinner than
about 10 gm. ) The ref lectivity of variously doped
EuO single crystals at 300 K has been investigated
over nearly five orders of magnitude of photon en-
ergy (13 eV-250 p, m) and is shown in Fig. 3."For
hv &1 eV we observe band to band transitions, a
possible assignment of which has been performed
elsewhere. " Between 10 ' and 5 x10 ' eV we find
ref lectivity minima in the doped samples which are
absent in undoped material. These minima are due
to the plasma resonance of the free carriers. For
hv &10 ' eV, and best observed in pure EuO, mini-
ma and maxima are found which can be attributed to
longitudinal- and tranverse-phonon modes, generally
known as the residual rays. In addition we observe

,
at the higher-doped samples (x represents the at. %-
Gd concentration actually found in the samples and
measured by micro-probe or x-ray fluorescence)
two ref lectivity peaks near 0.3 eV. There can be
no doubt that in these highly doped samples, we
unintentionally also incorporate oxygen vacancies.

Earlier we described the model of the bound mag-

netic polaron and the exchange resonance connected
with the oxygen vacancy. If now we identify these
doublets with the exchange resonance, the oxygen
vacancy acting as the probe of the exchange energy,
we realize that in the higher-doped samples the reso-
nance energy is at 0.3 eV, i.e. , one-half the value
it had in the Gd-free compounds. We arrived at
just the same conclusion in Sec. III concerning
the red shift of the absorption edge, especially if
we note that the Gd concentration of the x = 1.26%%u

and sample 4 are similar. The fact that we do not
observe this exchange resonance in weakly doped
material only indicates that the concentration of
oxygen vacancies is not very large. This is very
important to realize and is experimentally verified,
since our samples 0, 1, and 2 showed no metallic
behavior below T~. Another important feature of
our samples is the fact that with increasing doping
(at least for x «2%%u~) we observe a steadily increas-
ing carrier concentration and a concomitant in-
crease in Tc (see Table I). This is definitely not
the case with Gd-doped EuO, as reported by Sam-
okhvalov et al. ,

'3 and must be due to other defects
also incorporated into the material.

These additional defects are also obvious from
the appearance of an extremely high ref lectivity
peak" (-30'%%uo) at about 0.6 eV which is only weakly
indicated in our samples.

V. QUANTITATIVE COMPARISON OF EXCHANGE
ENERGY AND INCREASE OF Tc

In previous sections we have shown that the ex-
change energy H of Gd-doped EuO is decreasing
with increasing doping level. However, one should
remember that doping with Gd nevertheless in-
creases the Curie temperature; e. g. , for sample 4,
T~ increases to 115 K as compared with 69 K for
pure EuO. The highest reported T~ for Gd-doped
EuO is 135 K for x-3.4 at. %. ' It therefore seems
useful to briefly discuss the various exchange in-
teractions.

~20

10

2QO %0
I

K) m 6 4 2

X 0 0
X * 0$6'L
X' * 126%
X~ 5$%

Wavelength ( tom)
QS Q4 Og Q1

30
( &o)

'~

I ~

15
0.26 028 030 (NV)

FIG. 3. Reflection co-
efficient of pure and Gd-

doped EuO at 300 K. The
insert shows the detailed
structure of R of a 5.6-
at. %-Gd-doped EuO near
0.3-ev photon energy.

10 10 ' 10 2 5 10'
Photon Energy (eV)



J. SCHOENES AND P. WACHTER

TABLE I. Collection of magnetic, transport, and op-
tical data of undoped and Gd-doped EuO. Verification of
kdTo = 2(iV/NzgnE for Gd-doped EuO.

Sample T~ (K)

69
80
80
83

115

fry centaur(10~ cm )

«0. 1
3.8
6. 6

16
60

kBTC
(10 4 ev)

0
9.5
9.5

12
40

(eV)

0.260
0.236
0.224
0.188
0.124

2/v/mmmm
(1o 4 ev)

~ 0
6

10
20
50

For undoped EuO we write the spin Hamiltonian
H= -P J S„~S, with S„and S the4f ionspins.
This Hamiltonian leads to a Curie temperature of
69 K. In doped materials the observed increase of
T~ necessitates an additional term in the exchange
Hamiltonian. For this Kasuya and Yanase~ pro-
posed the idea of a giant spin molecule or spin
cluster. Similarly, as in the trapped magnetic
polaron, the impurity electron, owing to its strong
interaction with the 4f spine, polarizes the neigh-
bor Eu ions. For the additional exchange inter-
action, these authors propose the following term:
—2 g&„Z,„s, S„,with s, the spin of the impurity elec-
tron and S„ the spin of the ions. In the case of very
high doping, an electron-electron interaction can
be included, havingthe form —4P;& J,&s& S&. In the
present discussion we will neglect this latter term.
The increase in Curie temperature, therefore,
mainly is given by

k&T~ —2M Jg„s) ' S„,

where n is summed over the number of neighbor-
ing 4f spins and i is summed over the number of
impurity electrons. Therefore, we can rewrite
this expression approximately in the following form:

kdT =(N)N„)(2EJs ~ S),
where N/NE„ is the concentration of impurity elec-
trons.

In the larger parentheses of this equation we find
the same term as used before to describe the ex-
change resonance or the red shift of the absorption
edge and its magnitude is reduced with increased
doping as shown before. Nevertheless the right-
hand part of this equation increases upon doping,
as will be shown quantitatively now. For this pur-
pose we have to know the number of carriers in
our samples and the Curie temperatures.

These quantities are summarized in Table I.
All the values in the table have been determined by
magneto-optical investigations which will be de-
scribed later on. It is, however, essential that all
the information is obtained on the very same sam-

pie to avoid errors due to concentration gradients
of the dopant in different samples of the same nora-
inal concentration. In addition our light-transmis-
sion measurements average over possible volume
donor fluctuations, which is not the case in aphoto-
emission experiment, where local fluctuations are
measured as such. It can be seen from Table I
that the above equation is more or less fulfilled
comparing columns 4 and 6. It is, however, not
our main intention to verify this equation, but to
measure independently the entities entering into
the equation. We observe that the agreement be-
comes better with higher impurity concentration.
The reason is that we inserted the number of free
carriers into the equation instead of the total num-
ber of impurity electrons. For high doping, these
two concentrations coincide due to the degeneracy
of the samples.

In a certain way we can interpret the last equation
also Rs a consequence of energy conservation. In

the model used to describe the red shift of the ab-
sorption edge, the bottom of the conduction band
becomes lowered upon magnetic order. If there
are electrons in the conduction band or in donors,
the lowering of these states represents an increase
in energy of the crystal (column 6). If all this en-
ergy becomes transformed into magnetic energy,
we find a corresponding increase in T~. However,
we have to draw the conclusion that T~ is not in-
creasing proportionally to the impurity concentra-
tion, as has been assumed up to now, ' since the
exchange interactions of the impurity electrons
are decreasing with increasing concentration. We
thus realize that A4T~ will not increase without
limits, but rather exhibit a maximum for doping
in the order of percent, as verified experimentally.

VI. MAGNETIZATION OF Gd-DOPED EuO

While the red shift of the absorption edge is pro-
portional to the magnetic short-range interaction,
the magnetization is proportional to the long-range
order. Since the Faraday rotation for strong spin-
orbit interaction is proportional to the magnetiza-
tion, we measure the long-range order magneto-
optically in an applied field of 6.7 kOe. In Fig. 4
we compare the magnetization of a sample having
N=16x10' cm~ with undoped EuO. For better
comparison the saturation magnetization at 4.2 K
and the Curie temperature has been normalized.
We realize that in practically the whole tempera-
ture region the magnetization of the doped sample
is below the one for the pure material, for T/To = I
the difference is nearly a factor 1.5.

We must conslude that the doped material is
harder to magnetize, which is also observed in a
M-vs-H curve. This type of behavior is often
found in amorphous ferromagnets where the mag-
netic ions are distributed statistically as compared



EXCHANGE OPTICS IN Gd-DOPED EuO 3101

't.o

I

0 Q5 ig 5
T/TC

FIG. 4. Normalized magnetization of an undoped and

Gd-doped EuO with 16 &&10 9 electrons/cm3. A magnetic
field of H = 6.7 kOe is applied.

with the corresponding crystalline material. ' Also,
we must conclude that the Gd dopant locally has a
large fluctuation in concentration and that statisti-
cally Gd clusters form. Thus we can describe
these highly doped materials as "amorphous ferro-
magnets. "" It is not so much the crystal structure
that becomes amorphous, but due to the large local
distortions introduced by the Gd clusters and with
doping levels close to degeneracy, the bottom of
the conduction band becomes locally warped, as is
the case for an amorphous glass. Thus these highly
doped materials may be termed "electronically
amorphous. "'7

On the other hand, it has been shown in EuS films
doped with Gd, ' and more recently with single crys-
tals of the mixed system Eu, Gd„S, @thattheGdspin
enters the material antiparallel with respect to the Eu
spins. It is obvious thatfor the Gd concentrations we
are discussing in this section, the saturation magne-
tization at 4 K can only be reduced on the order of
10 due to antiferromagnetic Gd clusters. This
would be within the limits of error of the measure-
ments. However, at intermediate temperatures,
appreciable deviations from the magnetization
curve of an ideal ferromagnet can be understood
qualitatively.

VII. EVALUATION OF TRANSPORT PARAMETERS

lem in these doped ferromagnetic semiconductors
is the determination of the Curie temperature in
zero external magnetic field. It should be realized
that an external magnetic field may have different
effects on the electron and on the ion spin system,
so the usual extrapolation methods to zero field
fail when using a molecular-field approximation.
Taking T~ from the maximum of a specific-heat
curve also has only a nonconvincing accuracy, since
the sharp A. anomaly in pure EuO is replaced by a
more and more rounded peak upon doping, '7'

which is just another indication that simple molec-
ular-field theory is not applicable. We therefore
have chosen the appearance of ferromagnetic do-
mains in zero field as the sign of long-range ferro-
magnetic order. Owing to the Faraday rotation of
individual ferromagnetic domains, linearly polar-
ized light transmitting the sample becomes depolar-
ized at T~.

To determine the transport parameters, the car-
rier concentration N, their mobility p. , and the ef-
fective mass m*, we have to perform three differ-
ent, but correlated, types of experiments. We
have chosen the free-carrier absorption, the Fara-
day rotation due to free carriers, and the plasma
resonance of the free carriers. The Faraday ro-
tation of bound electrons is used to evaluate the
magnetization. The equations interconnecting the
measurements are shown in Table II. In the first
column we have the complete formulas when the
damping term cannot be neglected against frequency.
In the second column the well-known simplified
equations are shown in the case g «&. In all these
equations the parameters N, g, and m*appear,
where g = e/(m*p). Only when the damping factor g
is frequency independent, simple Drude theory pre-
dicts a X law for the absorption coefficient K. This
is expected to occur for very low frequencies
(hvgkT) which is not the case in our experiment4 2'

In the other cases g, and therefore p, is a func-
tion of frequency, the dependence of which is found
experimentally by observing the frequency depen-
dence of the free-carrier absorption. If K vs X is
found to obey a power law with a power e different

TABLE II. Drude's formulas.

In this section we want to describe the methods
we used to obtain the parameters shown in Table
I. The basic idea behind our method of measure-
ment was to obtain all possible information on the
very same sample and to avoid electrical contacts,
since it is well known that one encounters severe
contact problems with intermediately doped mag-
netic semiconductors, especially when performing
a Hall measurement. Another fundamental prob-
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3.8&&10~ electrons/cm at 300 K.

from 2, the difference can be attributed to gc y~ '."
In general we made use of the equations in the left-
hand column of Table II and solved them rigorously.
The plasma-resonance experiments were performed
at frequencies near w~ which are less than the fre-
quency range covered by E or 8. Therefore we
have to use g~ instead of g, which can be obtained
from an extrapolation using the known frequency
dependence g(&u). This point has not been con-
sidered in Ref. 4 therefore N, p, , and m* in this
work is slightly different from Ref. 4. The plasma-
resonance measurements could not yet be extended
to lower temperatures, so we have kept the effec-
tive mass (m*= 0.35m) obtained at 300 K tempera-
ture independent. With this provision we computed
the temperature dependence of N and p. .

For a sample with 0.66-at. 'Po Gd we show the
temperature dependence of N in Fig. 5. Above
about 150 K one observes a decreasing carrier
concentration with decreasing temperature as typ-
ical for a nondegenerate semiconductor. The acti-
vation energy in this temperature interval is found
to be E~ =0.017 eV (shallow donor). Already ap-
preciably above Tc, where magnetic short-range
order commences, we observe an increase in N,
somewhat below T, N decreases again but now the
activation energy is considerably reduced; the ma-
terial, however, remains semiconducting (no ob-
servable effect of oxygen vacancies! ). To explain,

in principle, the increase in N near Tc we recall
that the magnetic order splits the conduction band
into spin-polarized subbands. An exchange split-
ting must also be expected for a donor level. ~'

However, depending on the degree of coupling be-
tween donor and the conduction band, the splitting
of the donor is always less than the one of the con-
duction band. This results in an effective decrease
of the activation energy of the donor near Tc, thus
that

where ED3pp is the donor activation energy at 300 K,
y is a measure of the donor-conduction-band cou-
pling strength, 0 &y&1, [(SOS,)/S ]dE is the spin cor-
relation function taken from the red shift of the ab-
sorption edge. We therefore observe an exchange-
induced ionization of the donor (see also Ref. 24
for Cr,S,).

Now, in our case the exchange splitting of the
donor has to be taken as the exchange splitting of
the conduction band minus twice the donor activa-
tion energy. Since the latter is only a negligible
fraction of the former, it follows that the donor is
coupled very hard onto its conduction band. 4 The
Gd donor level is a 4f ' 5d' state; therefore, we must
conclude that the lowest conduction band also has
d symmetry.

Further support for this conclusion is obtained
by comparing the pressure dependence of the opti-
cal-absorption edge~5 with the one of the electrical
conductivity in lightly doped EuO. 6 The pressure
coefficients of both the absorption and the conduc-
tivity are identically —4.4 meV/kbar. Since the
excited state of the longest wavelength allowed op-
tical transition is a 5d state and the free impurity
electron is sitting in the lowest possib. e conduction
band, equal pressure coefficients can only mean
that the bands in question are of the same charac-
ter: this is a d band, as indicated by the optical
transition. An additional argument is derived from
the comparison of the optical-absorption energy aC

the edge and the thermal activation energy of con-
ductivity in p-doped EuO. Both energies are iden-
tically 1.1 eV, and since thermal activation of elec-
trons is not governed by selection rules it follows
again that the lowest conduction band, at least in
EuO, must possess d character. A last bit of in-
formation may be enough to settle this problem.
In the model of the bound magnetic polaron in EuO, '
quantitative agreement with the experiment can
only be obtained by assuming the impurity electron
to interact by means of a J«exchange and not a
J& exchange. It thus seems to be well established,
that at least in EuO the 6s conduction band is not
lozeer in energy than the 5d band, as has been as-
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sumed by Kasuya et al. ~

Considering again the carrier concentration N(T)
in Fig. 5, we want to stress the point that our Gd-
doped samples do not exhibit a temperature-induced
insulator-metal transition below 300 K. This ob-
servation is in sharp contrast with measurements
of Samokhvalov et al. ~~ in Gd-doped EuO, where
an insulator-metal transition is claimed to occur.
As mentioned already, these authors" ~" apparently
have incorporated in addition with Gd also a sizable
amount of oxygen vacancies, which are the cause of
the insulator-metal transition near T~: With oxygen
vacancies as the only defect, an insulator-metal
transition is found, ' with Gd doping alone (see
above) an insulator-metal transition upon cooling
is absent. This statement is confirmed by con-
sidering also N(T) in EuO with different concentra-
tions of electrons than shown in Fig. 5. With a
much larger concentration of N, EuO is degenerate
and metallic-like already at 300 K and N is nearly
temperature independent. With a smaller concentra-
tion of N, the sample is semiconducting at 300 K,
the swing in N near T~ is somewhat larger [slight
increase in hE (see Fig. 2)], but the maximum in
N below To never reaches values higher than N at
300 K (shallow donor). The absence of an insulator-
metal transition in Gd-doped EuO follows also from
the model of a shallow donor which is hard-coupled
to the bottom of the conduction band, a modelwhich
has been derived and verified above.

However, doping with Gd in the percentage range,
the formation of Gd clusters and the consequent lat-
tice distortions will always result in the formation
of electronic trapping levels other than Gd states. "
Near these distortions Eu deficiencies, for ex-
ample, may appear with the formation of a deep-
trap Eu'. The number and kind of electronic
states in the energy gap other than Gd and oxygen
depend on the history of sample preparation and
is generally not known. The measured number N
is thus in no quantitative relation with x, the micro-
probe analysis of at. % Gd. There exist samples
with, for example, the same Gd concentration but
different N and consequently different T~. We
therefore have omitted x in Table I as not being
relevant. The conclusion which must be drawn
from Table I is the important relation between N,

T~, and hE, and not between x and T~ as has been
assumed up to now (see, e.g. , Ref. I).

A further parameter in our analysis of transport
data is the mobility p, . Of course, we primarily
obtain an ac mobility, i.e. , a scattering time at
optical frequencies (see Fig. 3 in Ref. 4). How-
ever, since the frequency dependence of g(&o) and
thus p(&u) is experimentally known, we can extrap-
olate towards the dc mobility, i.e. , towards
hv -k T, since this is the average electron energy
in a dc experiment. ~' The temperature dependence

of the dc mobility for a characteristic sample (EuO
+0.66-at. % Gd) is also shown in Fig. 5. It is re-
markable and reassuring that the absolute value of
the dc mobility at 300 K and at the maximum near
20 K is in reasonable agreement with derivations
of the mobility from Hall effect and conductivity on
a degenerate sample at the same temperatures. ~'

At T~, p. displays a pointed minimum due to critical
scattering on spin fluctuations~ or magnetic trap-
ping effects. In the paramagnetic temperature re-
gion the mobility is of the hopping type with an ac-
tivation energy of 0.035 eV (see insert in Fig. 5).
Similar measurements have been performed in
EuTe doped with iodine. 39 Also, in this material
the mobility is thermally activated in the paramag-
netic region. The activation energy agrees exactly
with the one determined independently by photocon-
ductivity experiments in undoped samples, thus
giving us confidence into our method of evaluating

In EuO as well as in EuTe the activation energy
for the mobility E„is larger than the one for the
carriers E~: E„&E„.

Kasuya and von Molnar, "in order to explain a
hopping mobility, have proposed a hopping between
occupied and empty impurity states. In this model
E„must always be smaller than E~. Our experi-
ments rule out this possibility. We therefore pro-
pose that the activation energy for the hopping mo-
bility is purely magnetic in origin and has nothing
to do with a donor or impurity level. In Fig. 5 we
also show the conductivity e=eNp, . The room-
temperature value of 0 has been checked by a con-
ventional four-probe technique and was found to
agree perfectly with the value derived optically.
It is remarkable that the conductivity as well as
the mobility has its minimum value at Tc and o
shows a steep increase below T~, .simulating a
process proportional to the magnetization instead
of the spin correlation function. Only the detailed
and independent measurement of N and p. as per-
formed in this article, reveals that this is not the
case. (In Ref. 32 this point has not been consid-
ered; see also comments in Ref. 33. )

In Fig. 6 we show a comparison of the dc mobil-
ity of EuO taken from different authors, where the
parameter is the degree of doping. In an undoped
sample, the mobility, as derived from the photo-
conductivity, 3 has a minimum at T~ and an in-
crease of five orders of magnitude below To. (The
photoconductivity is proportional to Pp, v, where P
is the quantum efficiency and 7 is the lifetime of
the excited carrier. It has been shown in several
cases that P7 becomes constant below about 100 K,
so that the photoconductivity is proportional to p. ~~)

A 0.66-at. %-Gd-doped sample as described in this
paper shows an increase in p, of more than two
orders of magnitude, and a 2-at. %%uo-Qd-dope dsam-
ple which is degenerate displays only a one-order-
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FIG. 6. Comparison of the temperature dependence of
the dc mobility of undoped and Gd-doped EuO crystals.
EuO+2-at. % Gd after Ref. 28).

The basic interest in doping the Eu chalcogenides
has been the increase in T~ and the possibility to
use these materials as magneto-optical memory
devices. Gd has been chosen as a donor because
it has the same 4f'-spin configuration as Eu. It

of-magnitude increase in p, below Tc. Haas ' has
shown that the spin-disorder scattering depends
on H as given in our first equation. The reduc-
tion of the dip of the mobility at Tc with increasing
doping then is a manifestation of the decreasing H,
a conclusion which has been arrived at in other
parts of this paper. Apparently electrostatic shield-
ing and correlation effects between the conduction
electrons are the cause of this effect.

VIII. CONCLUSION

now appears that heavy doping, and especially with
Gd, introduces a lot more problems than were
thought of at the beginning. The Gd spin has a ten-
dency to enter the material antiparallel to the Eu
spins, and it forms pairs or clusters of Gd. This
in turn leads to local degeneracy and a coexistence
of the metallic and semiconducting state. The ma-
terial thus becomes "electronic amorphous" and as
a consequence electrical and magnetic switching
effects of the Ovshinsky type can be observed. " On
the other hand, the additional magnetic coupling via
impurity electrons results in a distribution of ex-
change constants and a smearing out of the mag-
netic order. One might say that the long-range
magnetic order is gradually turned on by the short-
range magnetic interactions.

One of the severe and not generally realized
problems in doping these materials is the uncon-
trolled change in the stoichiometry of the samples.
Such compensational effects are the reason that in
the past sometimes doping up to 2% were reported
with no appreciable change in the conductivity and
in Tc. It is one of the main purposes of this paper
to demonstrate that already with very weak doping
and in the nondegenerate case one can have a steady
increase in o and a concommittant increase in T~.
Besides we have shown for the first time the mag-
neto-optical behavior of Gd-doped EuO single crys-
tals and the dependence of N and p. near Tc in still
semiconducting samples, and we have demonstrated
that with increasing doping the exchange interac-
tions due to impurity electrons are decreasing.

In the meantime similar measurements have been
performed for antiferromagnetic EuTe doped with
iodine and first results have been published. ~9 An
extended report is in preparation.
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