
PHYSICAL REVIEW B 68, 125107 ~2003!
Metal-insulator transition in EuO

P. Sinjukow1,* and W. Nolting1
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It is shown that the spectacular metal-insulator transition in Eu-rich EuO can be simulated within an
extended Kondo lattice model. The different orders of magnitude of the jump in resistivity in dependence on
the concentration of oxygen vacancies as well as the low-temperature resistance minimum in high-resistivity
samples are reproduced quantitatively. The huge colossal magnetoresistance is calculated and discussed.
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I. INTRODUCTION

Stoichiometric~pure! EuO is a ferromagnetic semicon
ductor. In the 1960s and 1970s it became famous for
redshift of its optical absorption edge below the Curie te
peratureTC ~69 K!.1 Eu-rich EuO, whose Eu richness
realized by oxygen vacancies, behaves like a metal at
temperatures and shows a tremendous metal-insulator tr
tion near the Curie temperature.2–4 A jump in resistivity of
13 orders of magnitude was measured by Penneyet al.4 but,
since leakage currents limited the measurement, it was p
ably even greater. It is a remarkable feature that the siz
the jump in resistivity varies greatly among different expe
mental samples.3 Another intriguing feature is a low
temperature resistance minimum in high-resistivity samp
Furthermore, Eu-rich EuO has a huge colossal magn
resistance.5

Recently interest in EuO was renewed by measurem
of the resistance and of the spin-split conduction band o
EuO film by Steenekenet al.6 The authors emphasized th
extraordinary properties of Eu-rich EuO and their importan
for basic research in the field of spintronics due to the alm
perfect spin polarization of the conduction electrons at l
temperatures.

The first physical picture~He model! for the metal-
insulator transition in Eu-rich EuO was developed by Oliv
et al.2 They postulated a temperature-independent electr
trap ~impurity! level created by the oxygen vacancies. It
below the conduction band for high temperatures, where
rich EuO is an insulator. On decreasing the temperature
low TC , the spin-up conduction band is shifted towar
lower energies~redshift! and therefore crosses the impuri
level at some point. The electrons of the trap level are em
tied into the conduction band, giving rise to EuO becomin
metal. Later the model was refined by introducing a Co
lomb repulsion between the two electrons at an oxygen
cancy and ascribing a temperature-dependent shift to the
levels.3 However, the shift of the impurity levels is unphys
cal as will be explained below. There is a second phys
picture@the bound magnetic polaron~BMP!#, which was in-
troduced by Torranceet al.7 They assumed an exchange i
teraction of the surplus electrons of each vacancy site w
the Eu spins. Theoretical attempts to quantify the me
insulator transition of Eu-rich EuO were made by La
et al.,8 Mauger,9 and Steeneken.10 The conductivity in all
three cases was obtained by the simple Drude formuls
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5ncem (nc is the conduction-electron density,e the elemen-
tary charge, andm the mobility!.

In this paper we formulate an extended Kondo-latt
Hamiltonian as a microscopic model for the metal-insula
transition in Eu-rich EuO. It contains qualitatively the idea
the He model through the assumption of impurity trap leve
and it contains the physics of the BMP since an excha
between the impurity-electron spins and the Eu spins is
cluded. However, our formulation goes beyond the form
two approaches because of the detailed modeling of the
purity orbital energies and their hybridization with the co
duction band. The disorder of the oxygen vacancies is trea
within an extension of the coherent-potential approximati
Our calculations should be more accurate than the one
Refs. 8–10 since we are using a more complex conducti
formula,11,12 which is derived directly from the fundamenta
current-current correlation Kubo formula.

II. THEORY

In order to model the situation in Eu-rich EuO, first on
has to consider a conduction bandekW . The spins of the con-
duction electronssW i are coupled to the Eu spinsSW i via a
coupling constantJ. These terms represent the Kondo latti
model. Then, there are impurity levelsep , a Coulomb repul-
sionU in case of two electrons at an oxygen vacancy, and
exchange between the impurity-electron spinssW j

p and the Eu
spins with a coupling constantJp . Furthermore, there shoul
be a hybridizationV between impurity electrons (pj s

† ) and
conduction electrons (cj s

† ). The superexchange between t
Eu spins is not modeled explicitly. Instead we are consid
ing ^Sz& as a parameter, whose temperature dependenc
given by a Brillouin function, which is fulfilled to very high
accuracy in Eu-rich EuO.13 The Hamiltonian which capture
all the features discussed is the following:

H5(
kWs

ekWnkWs2J(
i

SW i•sW i1(
j s

epnj s
p 1U(

j
nj↑

p nj↓
p

2Jp(
j

SW j•sW j
p1V(

j s
~pj s

† cj s1cj s
† pj s!. ~1!

The sums overi andj mean a sum over all lattice sites and
sum over the randomly distributed oxygen-vacancy~impu-
©2003 The American Physical Society07-1
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rity! sites, respectively. As the actual value ofJp is not
known,Jp5J is assumed for simplicity.

The current operator is given by

j 5 lim
qW→0

e

uqW u
@H,r~qW !#, ~2!

with the density operator14

r~qW !5(
kWs

ckW2qW s
†

ckWs1(
j s

e2 iqW RW j pj s
† pj s1O~q2!. ~3!

Equations~1!–~3! yield a surprisingly simple result for th
current operator in a cubic system:

j 52e(
kWs

]ekW

]kx
ckWs

†
ckWs . ~4!

Equation~4! has to be put into the current-current correlati
Kubo formula for the conductivity.15 If the self-energy is
local, which is exact in infinite dimensions, e.g., if applyin
dynamical mean field theory, there is a substantial simp
cation to the Kubo formula. All vertex corrections to th
current-current correlation function vanish and one is
with an expression that only contains the one-particle sp
tral density.11,12We apply the local approximation to the se
energy and use the same conductivity formula for the thr
dimensional case:

s5
e2p

\V (
kWs

E
2`

`

dE@2 f 8~E!#AkWs~E!2S ]ekW

]kx
D 2

, ~5!

whereV is the volume,f 8(E) is the derivative of the Ferm
function, andAkWs(E) is the spectral density of the condu
tion electrons. Equation~5! can be transformed16 into

s5
e2p

6\a (
s

E
2`

`

dE@2 f 8~E!#E
2`

`

dxf~x,E!v̂~x!, ~6!

f~x,E!5AkWs~E!ekW→x
2 ,

v̂~x!52E
2`

x

dE8E8r0~E8!.

a is the lattice constant (55.1 Å in EuO!, andr0(E) is the
free conduction band density of states.

To get the spectral densityAkWs(E), we introduce appro-
priate self-energies:

K K FckWs ,2J(
i

SW i•sW i G
2

;ckWs
† L L 5SkWs~E!Š^ckWs ;ckWs

†
&‹

~7!

K K Fpj 8s ,U(
j

nj↑
p nj↓

p 2J(
j

SW j•sW j
pG

2

;pj 8s
† L L

5Ss
p~E!Š^pj 8s ;pj 8s

† &‹. ~8!

^^•••;•••&& stands for the retarded Green’s function. Equ
tions ~7! and ~8! are so far exact relations.
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The main approximation of our approach consists of m
ing independent ansatzes for the conduction-electron and
purity self-energies. This is justified if the effect of the h
bridization, which to the lowest order is proportional toV2,
is small. In our calculations it turns out that the hybridizati
V itself has to be small to give a reasonable order of mag
tude of the metal-insulator transition. Therefore, it is reas
able to neglect, in the self-energies, effects of the or
of V2.

The conduction-electron self-energy is taken from an
terpolating ansatz17 for the conduction electron part o
Hamiltonian~1! ((kWsekWnkWs2J( iSW i•sW i):

Ss~E!52
1

2
zsJ^Sz&1

1

4
J2

asG0~E1m2 1
2 zsJ^Sz&!

12bsG0~E1m2 1
2 zsJ^Sz&!

,

as5S~S11!2zs^Sz&~zs^Sz&11!, bs5
1

2
J, ~9!

wherezs5ds↑2ds↓ andG0(E) is the free conduction elec
tron Green’s function. Ansatz~9! fulfills all known limiting
cases fornc→0 ~ferromagnetic saturation, atomic limi
second-order perturbation theory inJ and high-energy ex-
pansion up to the fourth moment!. It is therefore especially
appropriate in the present case of very small conducti
electron densities~maximum 1023–1024 per unit cell!.

For the impurity self-energySs
p(E) we take the self-

energy of the atomic limit of the correlated Kondo-lattic
model18 @impurity part of Hamiltonian ~1!# (( j sepnj s

p

1U( jnj↑
p nj↓

p 2Jp( jSW j•sW j
p). If U is large enough in compari

son withJ, this leads to a four-peak structure in the impur
quasiparticle density of states with the highest peak ate4
5ep1U1(J/2)S. The peak positions are fixed, i.e., do n
depend on the magnetization̂Sz&. Therefore, the above
mentioned picture by Oliveret al.,3 which assigns a
temperature-dependent shift to the impurity levels, is wro
However, the weights of the peaks depend on^Sz& as well as
on the impurity occupation. For any parameters only th
peaks have a finite weight. The peak ate4 will act as the
impurity level which donates electrons to the conducti
band. We have made ansatzes for the self-energiesSs

p(E)
andSs(E) which are correct for all known limiting cases o
nc→0 and up to the first order in the hybridizationV.

To treat the randomness of the oxygen vacancies we
the coherent-potential approximation~CPA!, which origi-
nally was invented to deal with a noninteracting alloy.19 Here
we are dealing with strongly interacting electrons in a tw
component alloy. One component corresponds to the im
rity sites A, the other to the nonimpurity sitesB. First, be-
cause of our effective medium approach and the locality
the impurity self-energy, local effective one-particle energ
for the impurity sites are retained. The second problem
how to treat the nonimpurity sites in a consistent way.
solve this, for nonimpurity sites we also introduce on
particle levels(sep,inis

p and hybridization terms with the
conduction bandV(s(pis

† cis1cis
† pis). The one-particle en-

ergiesep,i must diverge to infinity at nonimpurity sites t
7-2
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METAL-INSULATOR TRANSITION IN EuO PHYSICAL REVIEW B68, 125107 ~2003!
assure that these levels are never really occupied. With t
virtual levels and a non-random hybridization on the latt
the usual CPA equation can be formulated:

05 (
m5A,B

cm

ep,m2m1Sms
p ~E!2Ss

CPA~E!

12Gs
p~E!@ep,m2m1Sms

p ~E!2Ss
CPA~E!#

,

ep,m5H ep m5A

` m5B,
Sms

p 5H Ss
p m5A

0 m5B,
~10!

with cA5d andcB512d the concentrations of impurity an
nonimpurity sites, respectively.Gs

p is the local impurity
Green’s function andSs

CPA the CPA self-energy. The CPA i
known to be correct up to the first order in the impur
concentrationd.20 The Green’s function of the conductio
electrons is given by

GkWs~E!5
1

E2~e~kW !2m!2
V2

E2Ss
CPA~E!

2Ss~E!

.

~11!

From Eq.~11! the spectral densityAkWs(E) can be obtained
SinceAkWs(E)2 enters the conductivity formula~5!, our cal-
culations of the resistivity are correct for all limiting cases
nc→0 and up to the second order in the hybridizationV and
the impurity concentrationd.

The parameters for the calculations are as follows. T
width of the conduction bandW('10 eV) can be taken from
the absorption spectrum of Ref. 6 or from band struct
calculations.21 We have assumed a semielliptical shape of
conduction band, which approximates well the actual sit
tion at the lower band edge.21 J determines the shift of the
conduction band@(J/2)S#, which is about 0.3 eV~half-band-
splitting! at low temperatures.6 For Eu spins ofS5 7

2 this
implies a coupling constantJ50.17 eV. The position ofe4
is in general not known. Only for the highest-resistivi
curves, an activation energy of 0.3 eV was observed.3,7 If U
is assumed to be fixed at 1 eV, the impurity energyep re-
mains the parameter to be adjusted. The hybridizationV,
which is also not known, should not be too large in order
to destroy the effect of the metal-insulator transition. W
have chosenV50.01 eV. Of all parameters,W and J are
taken from the experiment. The precise values ofU andV are
not important apart from the fact that the hybridizati
should be small. The decisive free parameter is the impu
level e4 since it determines the position of the chemical p
tential. For the vacancy~impurity! concentrationd medium
values are of the order of 0.1%.6,7 Two electrons are assigne
to each oxygen vacancy.

III. RESULTS AND DISCUSSION

In Fig. 1 a comparison of calculated and measured re
tivity curves is shown. The measured curves represent t
examples of moderate resistivity from Ref. 3. The only va
ing parameter of the three theoretical curves is the vaca
concentrationd. ep ~and with it e4) was fixed so as to yield
12510
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the best overall agreement with the experimental curves
variation ofep (e4) has to be taken into account in order
explain the resistance minimum in high-resistivity samp
~see below!. Each curve in Fig. 1 shows a huge meta
insulator transition of several orders of magnitude near
magnetic transition temperature. The resistivity in the wh
temperature range gets higher, and the jump in resistivit
Tc bigger, the fewer oxygen vacancies~electron donors!
there are. Note the different orders of magnitude~7, 6, and 5!
of the jump in resistivity of the three experimental sampl
which together with the absolute values of the resistivity
reproduced fairly well by the calculated curves. This demo
strates that the variation in the resistivity behavior can
explained by different impurity concentrations. Incidental
there is almost a 100% spin polarization of the conduct
electrons at low temperatures, as reported by Steene
et al.,6 which is important for possible applications i
spintronics.

A qualitativeexplanation of the metal-insulator transitio
is possible in terms of quasiparticle densities of states al
the lines of the He model~with the difference that there ar
three instead of one impurity level, so the number of el
trons which can be emptied into the conduction band is
so big!. As shown in Fig. 2 for low temperatures the uppe
most impurity levele4 lies within the spin-up part of the
conduction band, which is down-shifted due to the excha
with the Eu spins. Therefore, a part of the impurity electro
is emptied into the conduction band. The system is a me
On increasing the temperature the conduction band is sh
upwards. The number of conduction electrons decreases
the resistivity rises. Above the Curie temperature the cond
tion band is well separated from the uppermost impur
level, so only thermally excited electrons contribute to t
conductivity, like in ann-doped semiconductor. The resistiv
ity is high and decreases with increasing temperature. He
the system is an insulator.

FIG. 1. Comparison of measured~diamonds, samples 66-6, 95
BA-3, and 49-4 from Ref. 3! and calculated resistivity~solid lines!
in dependence on the temperature. The theoretical curves are c
lated for three different impurity concentrationsd. ep526.44 eV
(e4525.14 eV, lower band edge at25.30 eV atT50). For other
parameters see the text.
7-3
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For a quantitativeanalysis of the metal-insulator trans
tion we rely on the conductivity formula@Eq. ~6!#. The en-
ergy integrals in that formula yield a nonlinear depende
of the conductivity on the number of conduction electro
nc , which goes beyond the simple Drude formulas
5ncem applied by other authors.

For high-resistivity samples there is a characteristic lo
temperature minimum in the resistivity.3 Oliver et al.3 ex-
plained it by activation from additional impurities like Gd o
La. However, a more direct explanation is possible with
our model without assuming additional impurities. The hi
values of the resistivity indicate that the impurity peak ate4
must be rather distant from the conduction band atTC . On
lowering the temperature, the resistivity first decreases s
the spin-up conduction band moves down towards the im
rity level e4. More electrons are thermally excited from th
impurity level into the conduction band. If the position ofe4
is low enough never to cross the conduction band, then
lowering the temperature further, the resistivity increa
again near the ferromagnetic saturation^Sz&'S. When the
conduction band stays almost fixed with respect to the im
rity level, fewer electrons are excited into the conducti
band with decreasing temperature. To test this explana
we have calculated the temperature-dependent resistivity
ep526.61 eV (e4525.31 eV, lower band edge a
25.30 eV atT50) and impurity concentrationd50.01%.
In Fig. 3 the calculated and a measured3 curve for a high-
resistivity sample are shown. The theoretical curve ha
minimum atT520 K which fits quite well to the experimen
tal one. Moreover, there is a quantitative agreement betw
the high-temperature tails of the experimental and calcula
curves. For the temperature range in between no meas
points are available but the run of the theoretical curve se
credible although it takes on very high values.~Penney
et al.’s above-mentioned resistivity measurements4 were lim-
ited to values of 1011 V cm, but interpolating their data al

FIG. 2. Conduction-electron densities of stat
@r↑(—),r↓( – –)# and impurity densities of states@rp↑(2•2),
rp↓(•••)# for ep526.44 eV, d50.05%, and three different tem
peratures. For other parameters see the text. The insets sho
densities of states near the Fermi level.
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lows values of up to 1016 V cm.!
The calculated dependence of the resistivity on a m

netic field B is shown in the left graph of Fig. 4. It look
qualitatively similar to the measured dependence in Fig. 3
Ref. 5. A characteristic shift of the resistivity maximum fro
TC towards higher temperatures can be observed. This is
to the shift of the conduction band depending on the mag
tization. Applying a magnetic field has a similar effect
lowering the temperature. At the same time the value of
maximum decreases significantly since the metal-insula
transition is smeared out because of the higher tempera
of the maximum. Therefore, there is a huge negative mag
toresistance of@r(B)2r(0)#/r(B) as shown in the right
graph of Fig. 4. If one normalizes the magnetoresistance w
r(0) instead ofr(B), the magnetoresistance will be prac
cally 1 in a wide temperature range. This can be compa
with a value of only 0.8 for the colossal magnetoresistan
~CMR! of the manganites like La12xCaxMn O3.22

IV. CONCLUSIONS

In summary, a model has been presented which, in c
nection with a conductivity formula that is derived from th
fundamental Kubo formula in the local-self-energy appro
mation, allows one to accurately reproduce the spectac
metal-insulator transition and the huge CMR in Eu-rich Eu
The oxygen vacancy concentration is the decisive param

the

FIG. 3. Comparison of measured~squares, sample 34-2-30 from
Ref. 3! and calculated resistivity~solid line! for a high-resistivity
sample. Impurity concentrationd50.01%, ep526.61 eV (e45
25.31 eV, lower band edge at25.30 eV atT50). For other pa-
rameters see the text.

FIG. 4. Left: Calculated resistivity for different magnetic field
B; right: negative magnetoresistance.B50 T(—), 0.05 T (•••),
0.1 T ~– –!, 0.5 T (-•-•), 1 T (-••-••), and 2 T (•– –•). d
50.1%; for other parameters see the text.
7-4
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METAL-INSULATOR TRANSITION IN EuO PHYSICAL REVIEW B68, 125107 ~2003!
for the big variations in the resistivity behavior. It may influ
ence the position of the uppermost impurity level, which
important in order to explain the resistance minimum
high-resistivity samples. The precise dependence of the
sistivity on both the impurity concentration and the positi
of the impurity level should be a subject of thorough futu
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