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Electron localization in n-Pb12xEuxTe
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The electrical resistivity of Bi-doped Pb12xEuxTe epitaxial layers with electron concentrationn'2
31017 cm23 is studied as a function of temperature, magnetic field, and Eu contentx. A metal-insulator
transition is observed forx close to 0.1. It is found that the large static dielectric constant of this ionic material
e'103 modifies the electron localization compared to standard doped semiconductor systems in two ways.
First, the localization is not driven by ionized impurity potentials but rather by short-range alloy scattering,
which is particularly efficient due to large offsets between the conduction bands of PbTe and EuTe. Second,
only the singlet particle-hole channel of the disorder-modified electron-electron interaction is presumably
contributing to electron localization. This leads to the absence of the corresponding magnetoconductance, and
reduces the destructive effect of electron-electron scattering on phase coherence. As a result, negative magne-
toresistance brought about by interference of self-crossing trajectories is observed up to temperatures as high
as 100 K.@S0163-1829~99!09019-0#
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I. INTRODUCTION

It has been known for a long time that effects of electr
correlations as well as potential fluctuations associated w
the Coulomb impurity potentials play a crucial role in carr
localization in doped semiconductors.1 In particular,
disorder-modified electron-electron interactions give rise
quantum corrections to the Boltzmann conductivity, whi
drive presumably the metal-insulator transition~MIT !.1–3

The Hubbard on-site repulsion, in turn, is thought to acco
for the presence of localized moments already on the me
lic side of the MIT.1,4 Finally, electron-electron scatterin
appears to be the main phase breaking mechanism at
temperatures.3,5

Here, we present results of magnetoconductance stu
as a function of Eu content in ternary Bi-doped Pb12xEuxTe
layers grown by molecular beam epitaxy~MBE!. A drastic
decrease of the low-temperature electron mobility is
served with increasing Eu contentx. The mobility drops
from about 13106 cm2/Vs for PbTe to 1000 cm2/Vs in the
case of Pb0.92Eu0.08Te for an electron concentration of
31017 cm23. For these values, the product of the Fer
wave vectorkF times the mean-free-path of the electronl
approaches one. This indicates the possibility for a disord
induced MIT, even in the absence of the magnetic field
stark contrast ton-PbTe, in which the onset of electron lo
calization has appeared in a 20 T field range.6 The MIT is
indeed found for Pb12xEuxTe with x about 0.1, as evidence
by temperature-dependent conductivity measurements.
magnetoresistance of the studied samples shows a pos
and a negative component. The former is weakly tempera
dependent and scales with the mobility, suggesting tha
originates from an effect of the Lorentz force and the as
ciated Landau quantization. The latter is well describ
based on the concepts by Kawabata7 and Altshuler and
co-workers,3,8 and its analysis provides the magnitude a
temperature dependence of the phase coherence length

An analysis of the accumulated findings shows that
PRB 590163-1829/99/59~20!/12983~8!/$15.00
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specific feature of this material system is its large static
electric constante'103 resulting from the fact that PbTe i
at the borderline to a ferroelectric phase transition due t
cubic-rhombohedral distortion.9 In particular, localization
appearsnot to be driven by ionized impurity potentials bu
rather by short-range alloy scattering, which is particula
efficient due to large offsets between the relevant band
PbTe and EuTe. Furthermore, only the singlet particle-h
channel of the disorder-modified electron-electron inter
tions is presumably operating, as its magnitude does not
pend on the electron charge.3 This leads to the absence of th
magnetoconductance driven by the interactions, and red
their destructive effect on the phase coherence. Owing
small magnitude of thesp-f exchange coupling at the
L-point of the Brillouin zone,10,11 also the spins localized on
the 4f shell of Eu ions have virtually no influence on th
electron phase. As a result, negative magnetoresista
brought about by interference of self-crossing trajectorie
observed in a wide temperature range up to 100 K. The ne
tive magnetoresistance in the studied range of Eu concen
tions is, therefore, of a different origin than that in EuTe,12,13

where a destructive effect of the magnetic field on bou
magnetic polarons plays a dominant role.

Our paper is organized as follows. In Sec. II, the grow
procedure and sample characterization is presented. Ex
mental results and their interpretation are summarized in S
III, where the issues of alloy and spin-dependent scatter
metal-insulator transition, and magnetoresistance are
scribed. Section IV contains the main conclusions of the
per. In Appendix A, details about the dependence of the
fective mass on the Eu content are given.

II. GROWTH AND CHARACTERIZATION
OF Pb12xEuxTe:Bi EPILAYERS

A. Growth procedure

N-type Pb12xEuxTe epilayers with Eu contents betwee
x50 and 0.3 and a thickness of 3mm were deposited on
12 983 ©1999 The American Physical Society
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12 984 PRB 59A. PRINZ et al.
freshly cleaved BaF2 ~111! substrates in a Riber 1000 MB
system equipped with standard effusion cells for PbTe,
Eu, and Bi2Te3. Prior to the growth of the proper structure
the PbTe and Eu fluxes were calibrated by a quartz cry
microbalance moved to the substrate position. The substr
were preheated in two steps: first at 440 °C for 15 min in
preparation chamber, and then at 580 °C for 30 min in
main chamber. The Pb12xEuxTe samples were grown at
growth rate of 1.1mm/h and a Te/Eu beam flux ratio of 2
The substrate temperature was kept at 340 °C and contin
azimuthal rotation during growth ensured a high lateral
mogeneity of both the Eu composition and the layer thi
ness. The element Bi supplied under chalcogen rich co
tions has proven to be most efficient asn-type dopant.
Occupying a substitutional metal-lattice site, the doping
tion is readily understood from the fact that the donor Bi h
one electron more as compared to Pb. To facilitate comp
incorporation of Bi, it is supplied in chalcogenide form
Bi2Te3, and doping levels as high as 1020 cm23 have been
achieved with a unity doping efficiency.14,15 From a beam
flux calibration of the Bi2Te3 effusion cell it was found tha
a cell temperature of 300 °C leads to the desired elec
concentrationn5231017 cm23.16 The growth was moni-
tored by in situ reflectivity of high energy electron diffrac
tion ~RHEED! employing a 35 keV beam at an inciden
angle of 0.3°. The RHEED patterns demonstrate t
Pb12xEuxTe nucleates in the form of three-dimensional~3D!
islands on the substrate, and as the growth proceeds
islands start to coalesce and merge together to form a sm
2D surface after about 500-nm layer deposition. This s
nario has been confirmed by visualization of the surfa
structure as a function of the epilayer thickness by mean
scanning tunneling microscopy.17

B. Sample characterization

After deposition, the samples were characterized by hi
resolution x-ray diffraction in bothV and V/2u directions.
Open detector and triple axis modes were used for scan
the @222# Bragg reflection. The full width at half maximum
~FWHM! of the rocking curves increases from about 30 a
sec forx50 to 150 arcsec forx50.2. Additionally, the val-
ues of Eu contentx as given by the flux calibration wer
compared, and found to agree in the range considered
x<0.15, with the results of chemical analysis using atom
emission spectroscopy. In several samples with different
concentration, the magnetic susceptibility was investiga
It was found that the paramagnetic Curie temperature
strictly proportional to thex content up tox50.30.18 This
effect originates from separated Eu ions, as in contrary, n
est Eu neighbors show antiferromagnetic behavior. Th
findings demonstrate that the Eu ions are incorporated
stitutionally and no considerable clustering occurs in
PbEuTe layers.

In IV-VI compounds, the minima of the conduction ban
are at the L points of the Brillouin zone, so that there are f
equivalent valleys oriented along the^111& directions. We
expect, however, that because of the difference between
mal expansion coefficients of BaF2 and Pb12xEuxTe, the ep-
ilayers will be under tensile stress at low temperatures. A
result, the fourfold degeneracy of the L states is lifted a
e,
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for the growth direction parallel to thê111& direction, the
valley with its main axis oriented alonĝ111& is shifted
downwards in energy as compared to the three obliqu
oriented valleys. The magnitude of the valley splitting d
pends on the actual values of strain and deformati
potential tensor, and is of the order of 5 meV for PbTe
BaF2 at 4.2 K.19,20Of course, for Fermi energies smaller tha
this splitting, just one valley is occupied. At given electro
concentration, the tendency toward occupation of one va
should increase with the Eu content as, according to d
presented in Appendix A, the effective masses increases,
henceEF decreases, withx.

In order to determine the occupation of the different co
duction band valleys, measurements of the Shubnikov
Haas~SdH! effect were performed in the magnetic field up
14 T and at the temperature of 0.3 K. As shown in Fig. 1,
magnetoresistance oscillations are well resolved
Pb12xEuxTe with x50.04. By contrast, in the case o
samples with higher Eu content, the scattering damping p
cluded the meaningful examination of the effect.

The spectrum of the SdH magnetoresistance oscillati
is known to be determined by the fundamental frequenc
Bi and its higher harmonics,21,22whereBi are proportional to
the cross sections of the Fermi surface in the direction p
pendicular to the magnetic field,

Bi52pEF
( i )mc

( i )/\e. ~1!

Here EF
( i ) and mc

( i ) are the Fermi energy and the cyclotro
mass ini th valley.

Our SdH measurements were performed at differ
anglesu between the magnetic field and the^111& direction
where the field was rotated into the current direction alo

^011̄&. Figure 1 shows the first derivative of the measur
resistivity with respect to the magnetic fieldB. By taking the
first derivative, the background magnetoresistance is ef
tively suppressed and the accuracy of the period determ
tion improved. The Fourier transform of the oscillations ve
sus the inverse magnetic field foru56° is shown in the inset
to Fig. 2. Two main maxima are seen to dominate the Fou
spectrum. The dependence of their positions on the angleu is
depicted in the main part of Fig. 2. In order to establish
origin of these two peaks, we calculated the angular dep

FIG. 1. First derivative of the resistivity with respect to th
magnetic field for Pb12xEuxTe sample withx50.04. The oscilla-
tions are caused by the Shubnikov–de Haas effect;u denotes the
angle between the magnetic field and the^111&-direction perpen-
dicular to the layer.
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PRB 59 12 985ELECTRON LOCALIZATION IN n-Pb12xEuxTe
dence of the fundamental frequenciesBi assuming that eithe
one valley or four valleys are occupied. By adapting t
electron concentrationnSdH52.731017 cm2, close to that
determined by the low field Hall effectnH53.231017 cm2,
we obtain a good description of the data under assump
that one valley is occupied and that the two maxima of
Fourier spectra correspond to the fundamental frequencyB1
and its first harmonics 2B1, respectively~solid lines in Fig.
2!. At the same time, a similar magnitude of the two maxim
is consistent with the fact that the spin-splitting is about t
times smaller than the cyclotron energy inn-Pb12xEuxTe.
By contrast, no agreement can be reached redistributing
electrons between the four valleys~dashed lines in Fig. 2!.
We conclude that the overwhelming majority of the carrie
about 85%, occupies the valley that is oriented along
^111& direction. This is in agreement with the estimated v
ues of strain and deformation potentials for PbTe
BaF2.19,20

Electron concentrationn and mobility m were obtained
from Hall effect and resistivity measurements in Van-d
Pauw geometry in the temperature range from room te
perature down to 10 K. The parameters of the samples
lected for magnetoresistance studies down to 1.5 or 0.3 K
summarized in Table I. A spherical and one-valley appro

FIG. 2. Peak positions of the Fourier transform of]r/]B for
different tilt anglesu ~open symbols, error bars represent the h
width of the peaks!. Full lines show the calculated fundament
frequency and its first harmonic~lower and upper solid line, respec
tively! assuming that only thê111& valley is occupied. Dashed
lines are calculated angular dependencies of the fundamenta
quencies for the case of four equally occupied valleys. The in
shows the Fourier transform foru56°.
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mation has been adapted in order to evaluate the magni
of the product of the Fermi wave vectorkF and mean-free-
path l. It is seen that incorporation of Eu drives the syste
towards a strongly localized regimekFl ,1.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Alloy scattering

With increasing Eu content the energy gap of Pb12xEuxTe
enlarges drastically (dEg /dx54480 meV atT51.8 K) for x
below about 8%, above which a change to a smaller slop
observed.23 This kink marks the appearance of an indire
gap,23 associated presumably with a shift of the valence ba
top away from theL-point of the Brillouin zone.

Figure 3 presents electron mobilities at 10, 77, and 300
which decrease with increasing temperature and Eu con
x. The latter is partly induced by an increase of the effect
mass caused by a change of the energy gap. At room t
perature, the mobility is limited by phonon scattering. T
drop of mobility with x is, however, stronger at low
temperatures,24 which suggests the appearance of an ad
tional scattering mechanism with the incorporation of E
The large magnitude ofdEg /dx points to a large efficiency
of electron scattering by fluctuations of the conduction-ba
edge arising from a random distribution of the alloy consti
ents. For an uncorrelated cation distribution and neglec

f

re-
et

FIG. 3. Electron mobility for a set of Pb12xEuxTe samples with
Eu content 0<x<0.30. The experimental points~marked by sym-
bols! were determined at temperatures of 10, 77, and 300 K,
solid and dotted lines represent calculated values of mobility l
ited by alloy scattering in the case of one and four occupied valle
respectively.
nd its
TABLE I. Electron concentrations and mobilities as well as the values of the mean free path a
product by the Fermi wave vector for the studied samples with Eu content between 0 and 0.15.

Sample xEu (%) n (cm23) m (cm2/Vs) l (cm) kFl

595 0 1.0031017 957000 4.1631024 597
447 1 3.5931017 36000 3.2731025 45.3
450 4 3.2031017 6470 4.3631026 9.23
400 6 1.6031017 1294 7.0131027 1.18
453 8 2.1031017 1191 7.1331027 1.31
695 9.5 1.1031017 538 2.6131027 0.39
693 12.5 1.1331017 96 4.7331028 0.07
455 15 1.2031017 50 2.5131028 0.04
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12 986 PRB 59A. PRINZ et al.
nonparabolicity of the conduction band, mobilitymal limited
by alloy scattering is in the first Born approximation give
by

1

mal
5

mc* md*

p\4e
A2md* «F

V2

No
x~12x!. ~2!

Here, mc* and md* are the conductivity and density-o
states effective masses, respectively;«F is the Fermi energy;
No is the cation concentration, and the energyV5dEc /dx
5bdEg /dx, where b50.5560.2 in the case of
Pb12xEuxTe,25 describes that part of the change of the e
ergy gapEg with x, which results from the shift of the con
duction band edge.

The dependence of mobility limited by alloy scatterin
upon Eu content, calculated under the assumption that
electrons are equally distributed between the valleys o
because of thermal strain—occupied only one valley,
shown in Fig. 3 by the dotted and solid lines, respective
The dependence of the effective mass on Eu content is ta
from Geistet al.11 for x<0.04 and linearly extrapolated t
largerx, as described in the Appendix. We see that the c
culated mobility reproduces correctly the rapid decrease
the measured values withx. Such an unusual importance o
alloy scattering stems from a strong influence of Eu-deriv
states upon the PbTe conduction band as well as from
virtual absence of competing scattering by ionized impu
ties, as the Coulomb part of their potentials is efficien
screened by the induced ionic polarization. It is seen a
however, that the theoretical values of the mobility a
higher than the experimental ones, even for largex, where
alloy scattering should dominate. As it will be explained
the subsection devoted to electron-electron interactions,
assign this disagreement to a large magnitude of correct
to the first Born approximation in IV-VI semiconductors
the localization boundarykFl'1.

B. Spin-dependent scattering

The magnetic character of Eu ions raises the ques
about the importance of spin-disorder scattering in the c
of either electron mobility or phase coherence. Detai
studies11 of electron spin-splitting by means of four wav
mixing have demonstrated that, in agreement with theoret
predictions,10 the exchange coupling of the electrons and
spins is extremely weak in Pb12xEuxTe. For the appropriate
values of the exchange energies,B55 meV andb1'0, spin-
disorder relaxation time forn5231017 cm23 is longer than
10 ns, even forx50.1.

Also spin-dependent scattering resulting from spin-or
couplings appears to be of minor importance in the stud
samples. In particular, because of inversion symmetry in
rock salt lattice, there is no crystal electric field which, in t
case of zinc-blend structure, constitutes a source of effic
spin-dependent scattering, known as Dyakonov-P
mechanism.26 By contrast, the Elliot-Yafet mechanism,26

which results from the mixing of the spin parts of the wa
function by the combined effect ofk•p and spin-orbit cou-
pling could be effective in the narrow-gap semiconduct
-
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under consideration.27 In a spherical approximation, the rati
of spin-dependent to spin-independent scattering rates in
case of alloy scattering reads

tal

tso
5

2

3 S «F

Eg
D 2S W

V D 2

, ~3!

whereW5dEv /dx5(12b)dEg /dx the shift of thevalence
band top with Eu content. For the parameters correspond
to n5231017 cm23 and x50.05 the above formula give
5.131024 or 8.131025 depending on whether the carrie
reside in one or in four valleys.

C. Electron-electron interaction

Altshuler and Aronov28,3 have shown that disorder in
electronic systems leads to profound modifications of
Fermi-liquid model. These modifications can be described
two diffusive modes, i.e., the particle-particle or Coop
channel and the particle-hole or diffuson channel. The C
per channel, which corresponds to a spin-singlet state,
hances the conductivitys and is as sensitive to the magnet
field as the weak localization correction. The particle-ho
channel consists of a spin-singlet term, which results in
decrease ofs, and spin-triplet terms (Sz50,61), which
cause an increase ofs. The spin-triplet particle-hole channe
is only sensitive to sufficiently large magnetic fields, su
that the field-induced spin splitting becomes comparable
kBT.

It might appear that the large dielectric constant
Pb12xEuxTe will make effects of electron-electron intera
tions totally unimportant, at least in the temperature ran
kBT<vTO . Indeed, in the low-temperature limit, a typica
energy transfer during processes of electron-electron sca
ing is smaller than the energy of the transverse op
phonons, so that the dynamic screening of the Coulomb
teraction potential by lattice polarizability is rathe
efficient.29 It has however been demonstrated by Schmi30

and Altshuler and Aronov3 that the diffusive character of th
electron motion enhances—and makes dominant at
temperatures—a contribution from scattering involving
small momentum transfer. For such processes, the elec
electron interaction in the singlet particle-hole channel is
termined by the Fourier transform of the screened Coulo
potential in the low-frequency and the small wave vec
limits.3 Under these circumstances, the effective poten
does not depend on the value of the dielectric const
Hence, the effects of the electron-electron interaction in
singlet particle-hole channel are expected to be present e
in materials with an abnormally large dielectric consta
such as Pb12xEuxTe. By contrast, the effective potentials
the remaining channels are much reduced by the lattice
electric constant, as they are determined by the Fourier c
ponents averaged over the Fermi sphere.

The above considerations lead to a number of import
conclusions. First, in standard materials the quantum cor
tions to the conductivity brought about by the one-electr
localization and the interaction in the singlet particle-ho
channel are known to be partly compensated by the an
calizing contributions originating from the triplet particle
hole and the singlet particle-particle channels.1–3 Since the
latter terms are strongly reduced by the lattice polarizabi
in Pb12xEuxTe, we may expect that on approachingkFl 51,
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PRB 59 12 987ELECTRON LOCALIZATION IN n-Pb12xEuxTe
the conductance values will unusually strongly deviate fr
those predicted based on the first Born approximation. M
probably, this effect is responsible, at least partly, for
difference between the calculated and measured mobil
depicted in Fig. 3. Second, no magnetoconductance indu
by the disorder-modified electron-electron interactions w
be present, as it is associated with the interactions in th
channels, which are reduced by the lattice screening. Fin
for the same reason the latter terms will not contribute
dephasing associated with electron-electron scattering.
cordingly, the phase-coherence lengthl w in Pb12xEuxTe is
expected to be limited only by the interaction in the sing
particle-hole channel and by the second inelastic-scatte
process, the electron-phonon interaction. As the elect
electron scattering in the triplet channel is strongly su
pressed in Pb12x EuxTe the phase coherence length will b
larger than in the case of, for instance, groups IV or III-
semiconductors.

D. Metal-to-insulator transition

The temperature dependence of the resistivity for a se
samples with the Eu content as a parameter is presente
Fig. 4. For one sample, containing 9.5% of Eu, the meas
ments were extended down to 0.1 K. As shown in Fig.

FIG. 4. Temperature dependence of resistivity for a set
Pb12xEuxTe samples with Eu contentx between 0 and 0.30. Ope
and full symbols represent metallic and insulating behavior, res
tively.

FIG. 5. Conductivity of Pb12xEuxTe sample withx50.1 versus
square root of temperature. Localization effects are seen as a
crease of conductivity below 16 K~i.e., T1/254 K1/2). The inset
shows magnetoresistivity at 0.4 and 30 K, whose negative com
nent originates from coherent single-electron backscattering.
st
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localization effects make the conductivity of this sample
decrease below 4 K, according tos5so1mTa, wherem
.0, anda'0.5.

The data summarized in Figs. 4 and 5 demonstrate cle
the occurrence of a metal-to-insulator transition~MIT !
aroundxc510% for whichkFl is about 0.4. At this stage we
are, however, unable to determine critical exponents
characterize the transition, since most data are outside
critical region where (x2xc)/xc!1. According to the analy-
sis presented above, alloy scattering limits electron mobil
Consequently, we are led to the conclusion that the MIT
totally driven by scattering, not by electron localization o
individual Coulomb impurities. Such MIT is caused by qua
tum effects brought about by one-electron localization a
the singlet particle-hole term.1 Due to the large dielectric
constant in Pb12xEuxTe, the resulting quantum corrections
the conductivity are not compensated by the antilocaliz
triplet particle-hole and singlet particle-particle contrib
tions, as explained in the previous subsection. By the sa
reason, the MIT in question should not be perturbed by
formation of the local magnetic moments on the metal s
of the MIT.1

E. Magnetoresistance

The magnetoresistance measurements performed on
Pb12xEuxTe samples reveal the presence of both posit
and negative contributions. The positive component
weakly temperature dependent and its magnitude incre
with electron mobility. This magnetoresistance was analy
in detail previously for the case of PbTe,6 and results from
the field-induced redistribution of the electrons between
Landau levels corresponding to different valleys as well
above 5 T, from the onset of the field-induced localizatio

The magnitude of the negative magnetoresistance
creases on lowering temperature and on approaching
MIT. This indicates that it is associated with a localizatio
effect. We interpret it as originating from a destructive infl
ence of the magnetic field upon interference of self-cross
trajectories. In Fig. 6 experimental data forx59.5% are
shown for the temperature range from 1.46 to 101 K. Up
40 K the one-electron localization effect is observed, as
be inferred from the presence of negative magnetoresista

f

c-

e-

o-

FIG. 6. Magnetoresistivity of Pb12xEuxTe sample withx50.1
at temperatures of 1.46, 4.26, 10.2, 15.1, 20.3, 30.3, 39.6, 6
80.5, and 101 K. Except for the lowest temperature data, the cu
are shifted upwards by incremental offsets of 5031026 V m at B
50 for clarity.



ce
fe
on
-
f

in

te

a

th
a

nt
e-

e
ha

-
he
ith

c

-
th

pa
e

eri-
ich
esis-
ion.
the
ri-
nce

be
e of
see
ay
igi-
s of

ions
ism

the
vant

f
out
ug-
res-
ha-

co-

ing
ring

ring

this

-
k

ngth

lid
by

.

12 988 PRB 59A. PRINZ et al.
In the sample withx515%, the negative magnetoresistan
was even observed up to 100 K. The persistence of inter
ence up to such high temperatures implies a rather l
phase coherence lengthl w in comparison to the elastic mean
free-path l. This is consistent with a partial reduction o
electron-electron scattering by lattice screening, as expla
in Sec. III C.

It is worth noting also that for the same reason, despi
large magnitude electron spin-splitting andkFl'1, we do
not observe positive magnetoresistance, which could be
signed to the effect of the electron-electron interactions.

The theoretical models that we adapted to analyze
negative magnetoresistance were developed by Kawab7

and Altshuleret al.8,3 for anisotropic surfaces of consta
energies andkFl @1. The correction to the diagonal magn
toconductivity tensor depends onl w5(Dctw)1/2, with Dc the
‘‘cyclotron’’ diffusion coefficient,3 on the magnetic length
l H5(\/eH)1/2, and on the functionf 3 ~whose integral rep-
resentation is given by Altshuleret al.3! appropriate for the
3D case for weak localization:

ds i i 5
e2

2p2\

f an

l H
f 3S 4l w

2

l H
2 D . ~4!

In the above equation, the anisotropy factorf an51 in the
case of one valley transport and a spherical Fermi surfac
well as in the case of many valley systems provided t
intervalley scattering timetv is shorter thantw . In general,
f an depends ontv /tw , the diffusion tensor, and the orienta
tion of the magnetic field. We know from the analysis of t
Shubnikov–de Haas oscillations that mainly the valley w
the main axis alonĝ111& parallel to the growth direction is
occupied. The contribution of thê111& valley can be calcu-
lated from the general expression for the coherent ba
scattering of an isoenergetic surface of ellipsoidal shape3 and
leads to f an5(mi /m')1/2 and l w5(D'tw)1/2 with D' the
diffusion constant along the effective massm' . In the case
that the other three~oblique! valleys contribute to the con
ductivity corrections one has to add a second term of
form of Eq. ~4! with f an5(h2mi /m')1/2h3 , l w

5(h2D'tw)1/2, h251/3(118m' /mi)
1/2, and h351/3(5

14m' /mi). Since the accurate values of the valley occu
tions and of the intervalley scattering rates are not w
known, we shall treatf an as a fitting parameter.

FIG. 7. Magnetoresistivity of Pb12xEuxTe sample with x
50.06 at various temperature~points! compared to theoretical val
ues ~solid lines! calculated according to theory of coherent bac
scattering.
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We compare the above theoretical prediction to exp
mental data obtained for the sample with 6% of Eu, wh
has the lowest Eu content where the negative magnetor
tance is not overcompensated by the positive contribut
The result of such a fit for temperatures up to 30 K and in
magnetic field up to 0.7 T is shown in Fig. 7, where expe
mental and theoretical values of the magnetoconducta
sxx(B) are depicted. In addition tof an , a prefactora of the
positive magnetoresistanceDr5aB2 and l w constitute the
adjustable parameters. The parameterl w is assumed to be
temperature dependent.

This procedure leads to f an50.82 and a52
31026 (V cm/T2) as well as tol w(T) presented in Fig. 8.
Possible reasons for a prefactor smaller than one could
either a fast intervalley scattering process or the presenc
a gradient in the conductance along the growth axis. We
that l w(T) tends to saturate below 2 K. This saturation m
result from the onset of spin-dependent scattering or it or
nates from phase breaking caused by external source
high-frequency electromagnetic radiation.31 The observed
temperature dependence above 2 K,l w(T);T20.8160.1 sug-
gests, in turn, that the screened electron-electron interact
starts to contribute, as for this phase-breaking mechan
Altshuler et al.3,5 predict aT23/4 behavior.

Setting the screening factorF to zero in Eq.~4.4! of Alt-
shuleret al.3 and performing a temperature average over
quasiparticle energy as well as assuming that the rele
diffusion constant is the cyclotron diffusion constantDc ,
one obtainsl w,e-e5C(T)T23/4, with C(T) varying from 8.13
to 9.6031027, shown by a solid line in Fig. 8. The values o
l w,e-e obtained in this way are seen to be higher by ab
50% than the experimental ones. This discrepancy may s
gest some quantitative inaccuracies of the model or the p
ence of a contribution from another phase-breaking mec
nism, such as electron-phonon scattering.

If we assume that the experimentally deduced phase
herence lengthl w consists of the two contributions from
electron-electron (l w,e-e) and electron-phonon (l w,e-ph) inter-
action, we can estimate the size of the latter one by tak
the difference of the respective phase-breaking scatte
rates. We getl w,e-ph'9.3631027T20.86 or tw,e-ph}T21.72.
The dependence of the inelastic electron-phonon scatte
time was investigated by Mittalet al.32 in GaAs/AlxGa12xAs
two-dimensional electron gas samples. They found that

-

FIG. 8. Temperature dependence of the phase coherence le
~or phase coherence time—right-hand scale! for Pb12xEuxTe
sample withx50.06 at temperatures between 0.3 and 10 K. So
line is calculated assuming that phase coherence is limited
electron-electron scattering in the electron-hole singlet channel



a
im

a
y

on

ex

th

bo
tio
nt
rs
b
n
o
e
tr
th

uc
eg
e
n
w

or
p

ve
r

or
hi

rt
a,
es

f

se

gy
t

s—
rly
y a

-

a-
he
ap-
ve

ood

he
om

a
the

ent
tive

at

tive

PRB 59 12 989ELECTRON LOCALIZATION IN n-Pb12xEuxTe
time decreased due to disorder in the system. In the cle
limit ( kFl @1) a dependence of the phase coherence t
tw}T23 is expected.33,34 For the dirty limit (kFl ,1), the
theoretically expected behavior is still controversial: a sc
tering time proportional toT24 has been predicted b
Thouless,35 by Rammer and Schmid,36 and by Reizer and
Sergeyev,37 whereas the calculations by Takayama38 and by
Kagan and Zhernov39 and by Belitz and Das Sarma40 give a
T22 behavior. It is, therefore, possible that we have a c
tribution to the phase relaxation timetw(T) from electron-
phonon interaction in the range above 3 K, though the
perimentally determined magnitude oftw,e-ph(T) has to be
treated with caution as it is affected by uncertainties in
model of the electron-electron contribution.

IV. CONCLUSIONS

The experimental results and discussion presented a
demonstrate that the peculiar features of electron localiza
in Pb12xEuxTe stem from its large static dielectric consta
e'103. In particular, in contrast to standard semiconducto
the metal-to-insulator transition appears to be driven
short-range alloy scattering, not by ionized impurity pote
tials. Furthermore, only the singlet particle-hole channel
the disorder-modified electron-electron interactions is op
ating, as its magnitude does not depend on the dielec
constant of the medium. This leads to the absence of
magnetoconductance driven by the interactions, and red
their destructive effect on phase coherence. As a result, n
tive magnetoresistance brought about by interference of s
crossing trajectories is observed in a wide temperature ra
up to 100 K. The quantitative description of the data sho
that the order of magnitude of both the negative magnet
sistance and the phase coherence length is correctly re
duced by current theory. It is at present unclear, howe
whether a more accurate description of the data would
quire an extension of the theoretical model or rather m
elaborated treatment of strain and multivalley effects in t
material system.
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APPENDIX: ELECTRON MASSES IN Pb 12xEuxTe

The interband matrix elements 2P'
2 /m0 and 2Pi

2/m0 for
Pb12xEuxTe with x<0.046 were determined by Geistet al.11

from magneto-optical investigations. The effective mas
along (mi) and perpendicular (m') to the main axis of the
ellipsoidal mass tensors at theL-points of the Brillouin zone
can be calculated from the interband matrix elements by

1

mi ,'
5

2Pi ,'
2

m0

m0

Eg~x!
1

1

mi ,'
2

. ~A1!
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t-

-

-

e
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The far band contributions aremi
250.505m0 and m'

2

50.06m0 for PbTe.27 In order to calculate the effective
masses for differentx values, the dependence of the ener
gap on the Eu concentration is needed. It is given aT
54.2 K by11

Eg~meV!5189.714480x. ~A2!

The perpendicular interband matrix element depend
within the accuracy of the experimental data points—linea
on x, whereas the parallel one is much better described b
polynom of second order.11 By least-square fits we ob
tain 2P'

2 /m056.02265.93x and 2Pi
2/m050.5121.76x

260.49x2. Using a polynom of higher degree for extrapol
tion may result in arbitrary large deviations. Especially t
expression for the parallel interband matrix element
proaches zero and would—according to the abo
expression—become negative forx.0.078, which is not al-
lowed. We therefore calculated with the help of Eq.~A1! the
effective masses and found that they depend—to a g
approximation—linearly on the Eu contentx. A linear least-
square fit with fixed values atx50 gives

mi

mo
50.21313.23x,

m'

mo
50.020710.453x. ~A3!

The linear approximation is shown in Fig. 9 together with t
values for the effective masses, which are calculated fr
the interband matrix elements given by Geistet al.11 It was
reported that aroundx50.1, the band gap changes from
direct one to an indirect one as Eu related bands enter
band gap from the valence band. In this region a differ
behavior of the interband matrix elements and the effec
masses is expected.

We used the extrapolated masses according to Eq.~A3!
up to an Eu content of 10%. The mass anisotropy ratioK is
defined by

K5
mi

m'

, ~A4!

and decreases from about 10.3 for PbTe to about 8.1x
50.1.

FIG. 9. Linear approximation to the dependence of the effec
massesm' andmi on the Eu contentx in Pb12xEuxTe.
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