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A new model is presented for the insulator-xnetal transition in Eu-rich EuO: At 1ow

temperatures the electrons are only very weakly bound to oxygen vacancies and conduc-
tion is metallic; near and above T~ the electrons localize and form bound magnetic po-
larons by ordering the Eu + spins neighboring the vacancy, thereby gaining exchange
energy. Magnetic-susceptibility data are presented which support this model.
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FIG. 1. Conductivity of Eu-rich EuO (after Ref. 5}

and oxygen-rich EuO (after Ref. 7).

The conductivity behavior typical of Eu-rich
EuQ is shown by the solid curve in Fig. 1. As
the temperature is lowered below 300 K, the con-
ductivity decreases with an activation energy of
typically 0.3 eV, similar to an ordinary semi-
conductor. Between 120 and 70 K the conductivity
is too low to be measured. However, below the

ferromagnetic ordering temperature of 69 K, the

conductivity suddenly increases by more than 13

orders of magnitude and becomes nonactivated,
or metallic, below 50 K. This insulator-metal
transition was first discovered by Qliver' and
has since been examined by a number of authors. ' '
For comparison, the dashed curve in Fig. 1 is
the conductivity for an oxygen-rich sample,
which has an activation energy of typically 0.6
eV and shows no insulator-metal transition. 7

Therefore, the transition is not intrinsic in or-
igin, but involves the extra electrons in Eu-rich
EuQ, which are presumably associated with ox-
ygen vacancies. "' In this Letter we propose a
new explanation for the insulator-metal transi-
tion in Eup" and present new magnetic-suscep-
tibility data which favor this model over earlier
models.

Oxygen vacancies hold two electrons and,
hence, are much more complicated than one-
electron donors. The basic assumption and the
new feature of the model described here, the
bound magnetic polaron (BMP) model, is that ox-
ygen vacancies in EuO are shallosv donors, as
in CdQ, ' ZnQ, ""and possibly BaQ." This im-
plies that one of the electrons is loosely bound.
In this paper we shall concentrate on the effects
of this e1ectron and neg1ect the other, more
tightly bound electron. Thus, the ground state in

1168



VOLUME 29) NUMBER 17 PHYSICAL REVIEW LETTERS 2$ OCTOBER 19?2

the absence of magnetic interactions is a rather
delocalized electron in a large-radius molecular
orbital around an oxygen vacancy. For moderate
vacancy concentrations (~ 0.1%), these states will
exhibit nonactivated, or metallic, conduction.

We must now include the effects of the exchange
interaction between this electron's spin and the
4f' spine, which are localized on the Eum' ions.
If the electron, in its orbit around the vacancy,
overlaps n Eu" ions equally, the exchange ener-
gy ls

where o is the spin of the orbiting electron,
(S') „ is the average z component of the spin of
the n Eum' ions, and S =27. The factor 1/n enters
because the orbiting electron spends that fraction
of its time on each Eu ' site. The magnitude of
the exchange interaction, I, depends strongly on
whether the orbiting electron has primarily 5d,
6s, or 6p character. " Infrared measurements'"
as well as conductivity data' indicate that the ap-
propriate value is the atomic 5d value, Iyf +0.1
eV (ferromagnetic), "giving IS = 0.35 eV.

At lowest temperatures, all the Eum' spins are
ordered and (S')„/S= 1. From Eg. (1) the orbit-
ing electron can gain an energy IS=0.35 eV if it
aligns its spin parallel to the Eu2' spins. Since
this will require no change in its molecular or-
bital, the electron will remain as delocalized as
in the absence of the magnetic interaction. For
moderate concentrations of oxygen vacancies
(~ 0.1%), the orbitals overlap sufficiently that the
conductivity should be nonactivated, as is ob-
served in the metallic phase at lowest tempera-
tures (Fig. 1).~'~ 7 For smaller concentrations,
hopping conductivity is observed, 2' as expected.

In the paramagnetic region (T &69 K), the Eum"

spins are disordered and we might expect no
magnetic energy. However, the orbiting elec-
tron can cause the Eu" spins in its orbit to or-
der partially and thereby gain some of the mag-
netic energy: From Eq. (1) each of the n Eu '
spins in the orbit sees an effective magnetic field
8 ~ I/n, which can give rise to a finite value of
(S')„. Furthermore, if the electron were in a
smaller orbit, with a smaller n, the effective
field, ~I/n, would be larger. (S')„would then
be larger and a larger fraction of the magnetic
energy (0.35 eV) would be gained. In addition,
the cost in entropy (proportional to n) would be
decreased if the orbit were smaller. The orbit
then shrinks until the Eu2' spins are ordered.

Thus, the electron gains magnetic free energy
by /ocalizing and concentrating on ordering a
smaller number of Eu" spins, thereby forming
a magnetic polaron.

The formation of this magnetic polaron and the
localization mechanism just described are basic-
ally the same as for the free magnetic polaron,
i.e., for a conduction-band electron with no Cou-
lomb interaction (no donor). This problem has
been studied quantitatively by Kasuya and co-
workers, '4'" Since the polaron we have described
in EuO is bound to an oxygen vacancy, it is called
a bound magnetic polaron (BMP). This case has
also been briefly discussed by Kasuya. " A1though
the free magnetic polaron is stable only very
close to T„"'"the BMP remains localized over
a much wider temperature range" as a result of
Coulomb attraction of the donor. Note that the
donor is assumed shallozv relative to the mag-
netic energy. The case of the relatively deep
donor is the magnetic impurity state (MIS) of
Kasuya and Yanase. " The BMP model, there-
fore, lies in between these two, more well-stud-
ied limits and has some of the properties of each.

The observed conductivity in EuO is associated
with electrons activated from the oxygen vacan-
cies up into conduction-band states. ' ' In the
paramagnetic region the weakly bound vacancy
electrons localize, form bound magnetic polar-
ons, and gain magnetic energy. Conduction-band
electrons, on the other hand, have too much ki-
netic energy to form magnetic polarons"" (ex-
cept very near T, ) and cannot gain the magnetic
energy. Thus, the BMP electrons have a mag-
netic binding of -0.35 eV with respect to the con-
duction band. The difference between the ob-
served activation energy (-0.3 eV) and the mag-
netic energy (0.35 eV) is probably the kinetic en-
ergy associated with the more localized orbit of
the BMP. Below T„however, the conduction-
band electrons begin to gain magnetic energy,
and the magnetic contribution to the activation en-
ergy gradually disappears and the material be-
comes metallic. ' Since this decrease in energy
of the conduction-band electrons will follow the
long-range magnetic order, the predicted tem-
perature dependence of the activation energy is
in agreement with the detailed experimental re-
sults of Penney, Shafer, and Torrance. '

The model'9 previously used to describe EuO
is the He-like model, ~v'4 s where an oxygen vacan-
cy is considered a relatively deep donor (-0.3
eV). In the paramagnetic region, the two vacan-
cy electrons have a He-like ground state. Above
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this singlet state are conducting triplets and sin-
glets. Below T„ the exchange interaction gives
rise to an effective exchange field, which splits
the conducting triplets. At a sufficiently low tem-
perature, this field drives the lowest conducting
triplet below the ground singlet, giving rise to
the insulator -metal transition.

The major difference between this model and

the BMP is in the paramagnetic region: In the
He-like model, the two electrons in the oxygen
vacancy have their spins antiferromagnetically
aligned and all the Eu" spins are disordered; in
the BMP model, on the other hand, the two elec-
tronic sp1ns Rre fel romagnetically aligned Rs
are the Eua' spins neighboring the oxygen vacan-
cy. Thus, one ground state is a nonmagnetic sin-
glet, while the other is a ferromagnetic cluster
of spins. In order to experimentally distinguish
between these two models, we have made careful
magnetic-susceptibility measurements on sam-
ples with and without oxygen vacancies. awhile

the He-like model would predict no difference in
the susceptibility between samples, the BMP
model predicts an increase in y for samples with
vacancies, due to the ferromagnetic clusters. In
this Letter we discuss the results for three rep-
resentative samples": Sample A was approx-
imately stoichiometric; sample 8 had -0.3% ox-
ygen vacancies, and Sample C had -0.5% oxygen
vacancies. The samples were grown and charac-
terized as described in Ref. 7. In Fig. 2(a) the
inverse of the magnetic susceptibility is plotted
versus temperature for the three samples. Al-
though there are only small differences between
samples, the data indicate that y, &y~&x~, i.e.,
the susceptibility is inn eased due to the pres-
ence of vaeaneies, This increase is predicted
by the BMP model, while incompatable with the
simple He-like model

In order to examine the susceptibility data
more quantitatively, we have attempted to fit X„
by a Curie-gneiss law,

where y is the vacancy concentration, C„(y) is
the molar Curie constant, and 8(y) is the para-
magnetic Curie temperature, Between - 200 and
600 K, the data fit (2) with the same value of
C„=7.74 + 0.05 for all samples. This value agrees
favorably with typical values of V. V for Eu~' in
other compounds. Equation (2) and the sample
independence of C„suggest that the differences
in X„between samples may be viewed as due to
differences in 8(y). In order to magnify and ex-
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FIG. 2. (a) Inverse susceptibility fcr three samples
with different concentrations of oxygen vacancies; (b)
same data replotted using Eq. (2) .

amine these small differeriees, we have used
Eq, (2) to transform the )(„data into 8(y, T) as
shown in Fig. 2(b). The dashed lines correspond
to the mean value of 8(y) at high temperatures,
and the error bars indicate our estimated -0.3%
random error. '

The most important feature of Fig. 2(b) is not
the exact shape of the 8(y, T) databu, t the fact
that 0 is larger for samples with oxygen vacan-
cies. Th18 1rlcreRse may be velwed Rs RD 1n-
crease in the strength of the exchange interac-
tions caused by the electrons in the BMP.~O More
quantitatively, the magnetic properties of a BMP
should be similar to those of a ferromagnetic
spin cluster of a MIS. Using those results we
can calculate" an effective 8(y, T) for Eu-rich
Euo. This theoretical 0 increases slowly with

T, but between —300 and 600 K we find 8(y) - 8,
+3500y. For y-0.004, an increase in 8 of -15 K
is predicted. This value compares favorably to
the observed -3-7-K increases, considering the
uncertainties in calculating 8(y) and in determin-
ing g.

Besides these measurements, there are two
more experiments which favor the BMP model.
In Eu8 the static dielectric constant is less than
half of that of EuO. The He-like model mould

then predict a donor significantly deePex than in

EuO and, hence, no insulator-metal transition
(since the electrons would then be deeper than
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the magnetic energy). Recent conductivity mea-
surements2~ on Eu-rich Eus, however, reveal
an activation energy in the paramagnetic region
of -0.05 eV (far less than in EuO) and a large
resistivity anomaly near T, . These data support
the basic assumption of the BMP model, i.e.,
that chalcogenide vacancies are shaE/Osv, not
deep, donors. A third group of experiments sup-
porting the BMP model is the infrared measure-
ments in the paramagnetic region of Eu-rich
EuO, first reported in Refs. 7 and 8, It does not
appear possible to understand this spectrum in
terms of the He-like model. However, using the
BMP model, we have successfully interpreted
the spectrum as due to magnetic and orbital ex-
citations of bound magnetic polarons. "

Thus, although both the bound magnetic polaron
and He-like models well describe the insulator-
metal transition in Eu-rich EuO, the BMP model
alone is consistent with (i) the magnetic suscep-
tibility measurements, " (ii) conductivity data on
Eu8, as well as (iii) infrared measurements on
EuO. Several authors" have used the model of
a free magnetic polaron to interpret their experi-
ments. Free magnetic polarons, however, exist
only near T, .'4 %e suggest that if the Coulomb
iI1'tel"ac'tion were 111cluded 111 these models (mak
ing the polarons bound magnetic polarons), the
polarons would then be stabilized and the descrip-
tion would be fine. Furthermore, we expect that
BMP will be found in many magnetic semicon-
ductor systems.

%e wish to acknowledge continuing helpful dis-
cussions with T. Penney and expert technical as-
sistance from H. R. Lilienthal and R. A. Figat.¹teadded in Proof.—Recently Leroux-Hugon"
has calculated the linear response properties of
an electron gas which is coupled both by an ex-
change interaction to localized spins and by a
Coulomb interaction to donors. %e believe that
this model is essentially equivalent to our BMP
description of EuO, although the two approaches
are entirely different.
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