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The electrical resistivity of Bi-doped Pb,Eu,Te epitaxial layers with electron concentrations2
x 10" cm ™2 is studied as a function of temperature, magnetic field, and Eu cortehtmetal-insulator
transition is observed for close to 0.1. It is found that the large static dielectric constant of this ionic material
e~10° 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.[S0163-18299)09019-0

[. INTRODUCTION specific feature of this material system is its large static di-
electric constant~ 10° resulting from the fact that PbTe is
It has been known for a long time that effects of electronat the borderline to a ferroelectric phase transition due to a
correlations as well as potential fluctuations associated witgubic-rhombohedral distortioh.In particular, localization
the Coulomb impurity potentials play a crucial role in carrier appearsnot to be driven by ionized impurity potentials but
localization in doped semiconductdrs.In particular, ~rather by short-range alloy scattering, which is particularly
disorder-modified electron-electron interactions give rise teefficient due to large offsets between the relevant bands of
quantum corrections to the Boltzmann conductivity, whichPbTe and EuTe. Furthermore, only the singlet particle-hole
drive presumably the metal-insulator transitiéhIT).1=>  channel of the disorder-modified electron-electron interac-
The Hubbard on-site repulsion, in turn, is thought to accountions is presumably operating, as its magnitude does not de-
for the presence of localized moments already on the metaPend on the electron chargdhis leads to the absence of the
lic side of the MIT}* Finally, electron-electron scattering Magnetoconductance driven by the interactions, and reduces
appears to be the main phase breaking mechanism at lotheir destructive effect on the phase coherence. Owing to a
temperatured?® small magnitude of thesp-f exchange coupling at the
Here, we present results of magnetoconductance studispoint of the Brillouin zon€'®** also the spins localized on
as a function of Eu content in ternary Bi-doped, PfEu Te  the 4f shell of Eu ions have virtually no influence on the
layers grown by molecular beam epitaylBE). A drastic  €lectron phase. As a result, negative magnetoresistance
decrease of the low-temperature electron mobility is obbrought about by interference of self-crossing trajectories is
served with increasing Eu contemt The mobility drops observed in a wide temperature range up to 100 K. The nega-
from about 1xX 10° cm?/Vs for PbTe to 1000 cAiVs in the  tive magnetoresistance in the studied range of Eu concentra-
case of PpoElyosTe for an electron concentration of 2 tions is, therefore, of a different origin than that in Eutfe’
x 1017 cm™3. For these values, the product of the Fermiwhere a destructive effect of the magnetic field on bound
wave vectorkg times the mean-free-path of the electrdns Magnetic polarons plays a dominant role.
approaches one. This indicates the possibility for a disorder- Our paper is organized as follows. In Sec. Il, the growth
induced MIT, even in the absence of the magnetic field, inProcedure and sample characterization is presented. Experi-
stark contrast tm-PbTe, in which the onset of electron lo- Mental results and their interpretation are summarized in Sec.
calization has appeared in a 20 T field rafigehe MIT is  !ll, where the issues of alloy and spin-dependent scattering,
indeed found for Pp_,Eu,Te with x about 0.1, as evidenced Metal-insulator transition, and magnetoresistance are de-
by temperature-dependent conductivity measurements. THrbed. Section IV contains the main conclusions of the pa-
magnetoresistance of the studied samples shows a positi€'- In Appendix A, details about the dependence of the ef-
and a negative component. The former is weakly temperaturictive mass on the Eu content are given.
dependent and scales with the mobility, suggesting that it
originates from an effect of the Lorentz force and the asso- Il. GROWTH AND CHARACTERIZATION
ciated Landau quantization. The latter is well described OF Pb,_,Eu,Te:Bi EPILAYERS
based on the concepts by KawaBa@nd Altshuler and
co-workers>® and its analysis provides the magnitude and
temperature dependence of the phase coherence length. N-type Ph_,EuTe epilayers with Eu contents between
An analysis of the accumulated findings shows that the<=0 and 0.3 and a thickness of 8m were deposited on

A. Growth procedure
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freshly cleaved Baj~(111) substrates in a Riber 1000 MBE
system equipped with standard effusion cells for PbTe, Te, "
Eu, and BjTe;. Prior to the growth of the proper structures, 5
the PbTe and Eu fluxes were calibrated by a quartz crystal
microbalance moved to the substrate position. The substrates
were preheated in two steps: first at 440 °C for 15 min in the
preparation chamber, and then at 580 °C for 30 min in the
main chamber. The Rb,Eu,Te samples were grown at a
growth rate of 1.lum/h and a Te/Eu beam flux ratio of 2.
The substrate temperature was kept at 340 °C and continuous M
azimuthal rotation during growth ensured a high lateral ho- 2 0 2 4 6 8 10 12 14
mogeneity of both the Eu composition and the layer thick- B (Tesla)

ness. The element Bi supplied under chalcogen rich condi-
tions has proven to be most efficient astype dopant.

Occupying a substitutional metal-lattice site, the doping acso s are caused by the Shubnikov—de Haas efféaenotes the

tion is readily understood from the fact that the donor Bi hasangle between the magnetic field and tHeL1)-direction perpen-
one electron more as compared to Pb. To facilitate completgicjar 1o the layer.

incorporation of Bi, it is supplied in chalcogenide form as

Bi,Te;, and doping levels as high as’2@m™* have been for the growth direction parallel to thél11) direction, the
achieved with a unity doping efficienc§:"® From a beam yqjley with its main axis oriented alongl1l) is shifted
flux calibration of the @-Teg effusion cell it was found that downwards in energy as Compared to the three 0b||que|y
a cell temperature of 300°C leads to the desired electrogriented valleys. The magnitude of the valley splitting de-
concentrationn=2x 10" cm~3.® The growth was moni- pends on the actual values of strain and deformation-
tored byin situ reflectivity of high energy electron diffrac- potential tensor, and is of the order of 5 meV for PbTe on
tion (RHEED) employing a 35 keV beam at an incidence BaF, at 4.2 K!*2°0f course, for Fermi energies smaller than
angle of 0.3°. The RHEED patterns demonstrate thathjs splitting, just one valley is occupied. At given electron
Pb,_,EuTe nucleates in the form of three-dimensio(@D)  concentration, the tendency toward occupation of one valley
islands on the substrate, and as the growth proceeds, th@ould increase with the Eu content as, according to data
islands start to coalesce and merge together to form a smoogtesented in Appendix A, the effective masses increases, and
2D surface after about 500-nm layer deposition. This SCehenceEr decreases, with.
nario has been confirmed by visualization of the surface In order to determine the occupation of the different con-
structure as a function of the epilayer thickness by means Qjuction band valleys, measurements of the Shubnikov—de
scanning tunneling microscopy. Haas(SdH) effect were performed in the magnetic field up to
14 T and at the temperature of 0.3 K. As shown in Fig. 1, the
magnetoresistance oscillations are well resolved in
Pb,_,EuTe with x=0.04. By contrast, in the case of
After deposition, the samples were characterized by highsamples with higher Eu content, the scattering damping pre-
resolution X-ray diffraction in botl) and /26 directions. cluded the meaningfu| examination of the effect.
Open detector and triple axis modes were used for scans of The spectrum of the SdH magnetoresistance oscillations
the [222] Bragg reflection. The full width at half maximum s known to be determined by the fundamental frequencies
(FWHM) of the rOCking curves increases from about 30 arC-Bi and its h|gher harmonic?g-;zzwhereBi are proportiona| to
sec forx=0 to 150 arcsec fox=0.2. Additionally, the val-  the cross sections of the Fermi surface in the direction per-
ues of Eu contenk as given by the flux calibration were pendicular to the magnetic field,
compared, and found to agree in the range considered here
x=<0.15, with the results of chemical analysis using atomic Bi=27E’m/%e. 1
emission spectroscopy. In several samples with different Eu 0 0 )
concentration, the magnetic susceptibility was investigatediere Ex” andmc’ are the Fermi energy and the cyclotron
It was found that the paramagnetic Curie temperature ignass inith valley. _
strictly proportional to thex content up tox=0.3018 This Our SdH measurements were performed at different
effect originates from separated Eu ions, as in contrary, neagnglesé between the magnetic field and ttl1) direction
est Eu neighbors show antiferromagnetic behavior. Theswhere the field was rotated into the current direction along
findings demonstrate that the Eu ions are incorporated sul§011). Figure 1 shows the first derivative of the measured
stitutionally and no considerable clustering occurs in theresistivity with respect to the magnetic field By taking the
PbEuTe layers. first derivative, the background magnetoresistance is effec-
In IV-VI compounds, the minima of the conduction band tively suppressed and the accuracy of the period determina-
are at the L points of the Brillouin zone, so that there are foution improved. The Fourier transform of the oscillations ver-
equivalent valleys oriented along té&11) directions. We  sus the inverse magnetic field f8=6° is shown in the inset
expect, however, that because of the difference between thee Fig. 2. Two main maxima are seen to dominate the Fourier
mal expansion coefficients of Baland Ph_,Eu,Te, the ep-  spectrum. The dependence of their positions on the ahigle
ilayers will be under tensile stress at low temperatures. As depicted in the main part of Fig. 2. In order to establish the
result, the fourfold degeneracy of the L states is lifted andprigin of these two peaks, we calculated the angular depen-
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FIG. 1. First derivative of the resistivity with respect to the
magnetic field for Pp ,Eu Te sample withx=0.04. The oscilla-

B. Sample characterization
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Eu content 6sx<0.30. The experimental pointsnarked by sym-
bols) were determined at temperatures of 10, 77, and 300 K, the
solid and dotted lines represent calculated values of mobility lim-
ited by alloy scattering in the case of one and four occupied valleys,
respectively.

FIG. 2. Peak positions of the Fourier transform&f/ 9B for
different tilt angles® (open symbols, error bars represent the half
width of the peaks Full lines show the calculated fundamental
frequency and its first harmonitower and upper solid line, respec-
tively) assuming that only thé111) valley is occupied. Dashed
lines are calculated angular dependencies of the fundamental fre-
quencies for the case of four equally occupied valleys. The insemation has been adapted in order to evaluate the magnitude
shows the Fourier transform fdr=6°. of the product of the Fermi wave vectkg and mean-free-

pathl. It is seen that incorporation of Eu drives the system
dence of the fundamental frequencisassuming that either towards a strongly localized reginke! <1.
one valley or four valleys are occupied. By adapting the
electron concentratiomgg=2.7X 107 cn?, close to that
determined by the low field Hall effeet, =3.2x 10" cn?, Ill. EXPERIMENTAL RESULTS AND DISCUSSION
we obtain a good description of the data under assumption
that one valley is occupied and that the two maxima of the
Fourier spectra correspond to the fundamental frequé&icy With increasing Eu content the energy gap of BlEu, Te
and its first harmonics B, respectively(solid lines in Fig.  enlarges drasticallydE,/dx=4480 meV aff = 1.8 K) forx
2). At the same time, a similar magnitude of the two maximabelow about 8%, above which a change to a smaller slope is
is consistent with the fact that the spin-splitting is about twoobserved® This kink marks the appearance of an indirect
times smaller than the cyclotron energy isPb,_,Eu.Te.  gap?® associated presumably with a shift of the valence band
By contrast, no agreement can be reached redistributing thep away from the_-point of the Brillouin zone.
electrons between the four valleydashed lines in Fig.)2 Figure 3 presents electron mobilities at 10, 77, and 300 K,
We conclude that the overwhelming majority of the carriers,which decrease with increasing temperature and Eu content
about 85%, occupies the valley that is oriented along thex. The latter is partly induced by an increase of the effective
(113 direction. This is in agreement with the estimated val-mass caused by a change of the energy gap. At room tem-
ues of strain and deformation potentials for PbTe onperature, the mobility is limited by phonon scattering. The
BaF,.1%%0 drop of mobility with x is, however, stronger at low

Electron concentratiom and mobility u were obtained temperature$} which suggests the appearance of an addi-
from Hall effect and resistivity measurements in Van-der-tional scattering mechanism with the incorporation of Eu.
Pauw geometry in the temperature range from room temThe large magnitude adEy/dx points to a large efficiency
perature down to 10 K. The parameters of the samples s@f electron scattering by fluctuations of the conduction-band
lected for magnetoresistance studies down to 1.5 or 0.3 K aredge arising from a random distribution of the alloy constitu-
summarized in Table I. A spherical and one-valley approxi-ents. For an uncorrelated cation distribution and neglecting

A. Alloy scattering

TABLE I. Electron concentrations and mobilities as well as the values of the mean free path and its
product by the Fermi wave vector for the studied samples with Eu content between 0 and 0.15.

Sample Xeu (%) n (cm 3 w (cr?/Vs) I (cm) Kel
595 0 1.00< 10Y7 957000 41610 597
447 1 3.5% 10 36000 3.2%x10°° 45.3
450 4 3.2 10V 6470 4.36¢10°° 9.23
400 6 1.60< 10 1294 7.0x10°7 1.18
453 8 2.1 10~ 1191 7.1%10°7 1.31
695 9.5 1.1x 10Y 538 2.61x10°7 0.39
693 125 1.1%10Y 96 4.73<10°8 0.07

455 15 1.20x 10V 50 2.51x 1078 0.04
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nonparabolicity of the conduction band, mobilii limited ~ under consideratioff. In a spherical approximation, the ratio
by alloy scattering is in the first Born approximation given of spin-dependent to spin-independent scattering rates in the

by case of alloy scattering reads
T _2 _F)(V_V) @
1 mimj — V2 Tso 3\Eg/ \ V]~
e V2Maer X1 @ \whereW=dE, /dx=(1—b)dE,/dx the shift of thevalence

band top with Eu content. For the parameters corresponding
to n=2%10" cm % and x=0.05 the above formula gives
Here, mg and mj are the conductivity and density-of- 5.1x 104 or 8.1X10 ° depending on whether the carriers
states effective masses, respectively;s the Fermi energy; reside in one or in four valleys.
N, is the cation concentration, and the enekgy dE;/dx
= deg/dX, where b=055+0.2 in the case of C. Electron-electron interaction

Pb,_,EuTe? describes that part of the change of the en-  Ajtshuler and Arono%*3 have shown that disorder in
ergy gapEg with x, which results from the shift of the con- glectronic systems leads to profound modifications of the
duction band edge. Fermi-liquid model. These modifications can be described by
The dependence of mobility limited by alloy scattering two diffusive modes, i.e., the particle-particle or Cooper
upon Eu content, calculated under the assumption that thehannel and the particle-hole or diffuson channel. The Coo-
electrons are equa“y distributed between the ValleyS Or—per ChanneL which Corresponds to a Spin_sing'et State' en-
because of thermal strain—occupied only one valley, argances the conductivity and is as sensitive to the magnetic

shown in Fig. 3 by the dotted and solid lines, respectivelyfie|d as the weak localization correction. The particle-hole
The dependence of the effective mass on Eu content is takedhannel consists of a spin-singlet term, which results in a

from Geistet al!! for x<0.04 and linearly extrapolated t0 gecrease ofo, and spin-triplet terms §=0,=1), which
largerx, as described in the Appendix. We see that the calzayse an increase of The spin-triplet particle-hole channel
culated mobility reproduces correctly the rapid decrease of only sensitive to sufficiently large magnetic fields, such

the measured values with Such an unusual importance of that the field-induced spin splitting becomes comparable to
alloy scattering stems from a strong influence of Eu-deriveq,_1.

states upon the PbTe conduction band as well as from the | might appear that the large dielectric constant of
virtual absence of competing scattering by ionized impuri-pyy  Ey Te will make effects of electron-electron interac-
ties, as the Coulomb part of their potentials is efficientlytions totally unimportant, at least in the temperature range
screened by the induced ionic polarization. It is seen alsokB-rg wro. Indeed, in the low-temperature limit, a typical
however, that the theoretical values of the mobility aregpergy transfer during processes of electron-electron scatter-
higher than the experimental ones, even for laxg@here g is smaller than the energy of the transverse optic
alloy scattering should dominate. As it will be explained in phonons, so that the dynamic screening of the Coulomb in-
the subsection devoted to electron-electron interactions, Wgyraction potential by lattice polarizability is rather
assign this disagreement to a large magnitude of correctionsicient2® It has however been demonstrated by Schifhid
to the first Born approximation in IV-VI semiconductors at ang Altshuler and Arond\that the diffusive character of the
the localization boundarygl~1. electron motion enhances—and makes dominant at low
temperatures—a contribution from scattering involving a
small momentum transfer. For such processes, the electron-
electron interaction in the singlet particle-hole channel is de-
The magnetic character of Eu ions raises the questiofermined by the Fourier transform of the screened Coulomb
about the importance of spin-disorder scattering in the casgotential in the low-frequency and the small wave vector
of either electron mobility or phase coherence. Detailedimits.®> Under these circumstances, the effective potential
studies® of electron spin-splitting by means of four wave- does not depend on the value of the dielectric constant.
mixing have demonstrated that, in agreement with theoreticalence, the effects of the electron-electron interaction in the
predictions.? the exchange coupling of the electrons and Eusinglet particle-hole channel are expected to be present even
spins is extremely weak in Pb,EuTe. For the appropriate in materials with an abnormally large dielectric constant
values of the exchange energiBss 5 meV andb,~0, spin-  such as Pp ,EuTe. By contrast, the effective potentials in
disorder relaxation time fan=2x 10" cm™3 is longer than  the remaining channels are much reduced by the lattice di-
10 ns, even fox=0.1. electric constant, as they are determined by the Fourier com-
Also spin-dependent scattering resulting from spin-orbitponents averaged over the Fermi sphere.
couplings appears to be of minor importance in the studied The above considerations lead to a number of important
samples. In particular, because of inversion symmetry in theonclusions. First, in standard materials the quantum correc-
rock salt lattice, there is no crystal electric field which, in thetions to the conductivity brought about by the one-electron
case of zinc-blend structure, constitutes a source of efficieribcalization and the interaction in the singlet particle-hole
spin-dependent scattering, known as Dyakonov-Perathannel are known to be partly compensated by the antilo-
mechanisnf’ By contrast, the Elliot-Yafet mechanisth, calizing contributions originating from the triplet particle-
which results from the mixing of the spin parts of the wavehole and the singlet particle-particle chanriefsSince the
function by the combined effect & p and spin-orbit cou- latter terms are strongly reduced by the lattice polarizability
pling could be effective in the narrow-gap semiconductorsin Pb, _,Eu,Te, we may expect that on approachind=1,

B. Spin-dependent scattering
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FIG. 4. Temperature dependence of resistivity for a set of FIG. 6. Magnetoresistivity of Bbh,EuTe sample withx=0.1
Pb, _,Eu,Te samples with Eu contemtbetween 0 and 0.30. Open at temperatures of 1.46, 4.26, 10.2, 15.1, 20.3, 30.3, 39.6, 60.1,
and full symbols represent metallic and insulating behavior, resped0.5, and 101 K. Except for the lowest temperature data, the curves
tively. are shifted upwards by incremental offsets of&D ¢ Q) m atB

=0 for clarity.

the conductance values will unusually strongly deviate from
those predicted based on the first Born approximation. Modbcalization effects make the conductivity of this sample to
probably, this effect is responsible, at least partly, for thedecrease below 4 K, according te=o,+mT*, wherem
difference between the calculated and measured mobilities0, anda~0.5.
depicted in Fig. 3. Second, no magnetoconductance induced The data summarized in Figs. 4 and 5 demonstrate clearly
by the disorder-modified electron-electron interactions willthe occurrence of a metal-to-insulator transitiolIT)
be present, as it is associated with the interactions in thosgroundx.=10% for whichkgl is about 0.4. At this stage we
channels, which are reduced by the lattice screening. Finallyare, however, unable to determine critical exponents that
for the same reason the latter terms will not contribute tocharacterize the transition, since most data are outside the
dephasing associated with electron-electron scattering. Aritical region where X—x.)/X.<<1. According to the analy-
cordingly, the phase-coherence lengthin Pb,_,EuTe is  sis presented above, alloy scattering limits electron mobility.
expected to be limited only by the interaction in the singletConsequently, we are led to the conclusion that the MIT is
particle-hole channel and by the second inelastic-scatteringtally driven by scattering, not by electron localization on
process, the electron-phonon interaction. As the electrorindividual Coulomb impurities. Such MIT is caused by quan-
electron scattering in the triplet channel is strongly suptum effects brought about by one-electron localization and
pressed in Pp, Eu,Te the phase coherence length will be the singlet particle-hole terfhDue to the large dielectric
larger than in the case of, for instance, groups IV or lll-V constant in Pph_,EuTe, the resulting quantum corrections to
semiconductors. the conductivity are not compensated by the antilocalizing
triplet particle-hole and singlet particle-particle contribu-
tions, as explained in the previous subsection. By the same

reason, the MIT in question should not be perturbed by the

The temperature dependence of the resistivity for a set ofyrmation of the local magnetic moments on the metal side
samples with the Eu content as a parameter is presented §3 the MIT 2

Fig. 4. For one sample, containing 9.5% of Eu, the measure-
ments were extended down to 0.1 K. As shown in Fig. 5,

D. Metal-to-insulator transition

E. Magnetoresistance

800 The magnetoresistance measurements performed on the
750 Pb,_,EuTe samples reveal the presence of both positive
200 and negative contributions. The positive component is
- weakly temperature dependent and its magnitude increases
7 60 with electron mobility. This magnetoresistance was analyzed
g 600 ° in detail previously for the case of Pb¥and results from
%550 the field-induced redistribution of the electrons between the
° 500 ° Landau levels corresponding to different valleys as well as,
° above 5 T, from the onset of the field-induced localization.
450 The magnitude of the negative magnetoresistance in-
400 é . 1'0 creases on lowering temperature and on approaching the

T]/Z (Kl/‘Z)

FIG. 5. Conductivity of Pb_,Eu Te sample withx=0.1 versus

MIT. This indicates that it is associated with a localization
effect. We interpret it as originating from a destructive influ-
ence of the magnetic field upon interference of self-crossing

square root of temperature. Localization effects are seen as a dfajectories. In Fig. 6 experimental data far=9.5% are

crease of conductivity below 16 K.e., T¥?=4 K¥?). The inset

shown for the temperature range from 1.46 to 101 K. Up to

shows magnetoresistivity at 0.4 and 30 K, whose negative compod0 K the one-electron localization effect is observed, as can

nent originates from coherent single-electron backscattering.

be inferred from the presence of negative magnetoresistance.
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FIG. 7. Magnetoresistivity of Rb.EuTe sample withx FIG. 8. Temperature dependence of the phase coherence length

=0.06 at various temperatutpoints compared to theoretical val- (or phase coherence time—right-hand sgafer Pb,_,EuTe

ues(solid lineg calculated according to theory of coherent back- sample withx=0.06 at temperatures between 0.3 and 10 K. Solid

scattering. line is calculated assuming that phase coherence is limited by
electron-electron scattering in the electron-hole singlet channel.

In the sample withk=15%, the negative magnetoresistance

was even observed up to 100 K. The persistence of interfer- \ye compare the above theoretical prediction to experi-
ence up to such high temperatures implies a rather long,ental data obtained for the sample with 6% of Eu, which
phase coherence lengthin comparison to the elastic mean- pas the lowest Eu content where the negative magnetoresis-
free-pathl. This is consistent with a partial reduction of tance is not overcompensated by the positive contribution.
glectron—electron scattering by lattice screening, as explaineflye result of such a fit for temperatures up to 30 K and in the
in Sec. lnc. _ magnetic field up to 0.7 T is shown in Fig. 7, where experi-
It is worth noting also that for the same reason, despite gnental and theoretical values of the magnetoconductance
large magnitude electron spm—sphttmg akalél, we do o,(B) are depicted. In addition tb,,,, a prefactora of the
not observe positive magnetoresistance, which could be a$psitive magnetoresistancp=aB? and |, constitute the

signed to the effect of the electron-electron interactions. adjustable parameters. The paraméteiis assumed to be
The theoretical models that we adapted to analyze th?emperature dependent.

negative magnetoresistance were developed by Kawabata This procedure leads tof,,—0.82 and a=2

and Altshuleret al®? for anisotropic surfaces of constant X107 (Q cm/T?) as well as td (%3 presented in Fig. 8.
energies andg|>1. The correction to the 1(/12'6‘99”"’" magne- possible reasons for a prefactor smaller than one could be
toconductivity tensor depends op=(Dc7,) ™, with Dc the  gijther a fast intervalley scattering process or the presence of
“CyClOtI’OI’]”lng‘fUSIOH coefficient,’ on the magnetic length 5 gradient in the conductance along the growth axis. We see
ly=(h/eH)"", and on the functiorfy (whose integral rép-  that| (T) tends to saturate below 2 K. This saturation may
resentation is given by Altshulest al”) appropriate for the  regyif from the onset of spin-dependent scattering or it origi-

3D case for weak localization: nates from phase breaking caused by external sources of
high-frequency electromagnetic radiatiinThe observed
& fan, (42 temperature dependence above 2| |{T)~T %801 syg-

Ti=o 1. sl 2z (4 gests, in turn, that the screened electron-electron interactions

27 I starts to contribute, as for this phase-breaking mechanism

Altshuler et al®® predict aT~%* behavior.

In the above equation, the anisotropy factgg=1 in the Setting the screening factérto zero in Eq.(4.4) of Alt-
case of one valley transport and a spherical Fermi surface ahuleret al® and performing a temperature average over the
well as in the case of many valley systems provided thatjuasiparticle energy as well as assuming that the relevant
intervalley scattering time,, is shorter tharr,, . In general, diffusion constant is the cyclotron diffusion constébt,
fan depends omr, /7., the diffusion tensor, and the orienta- one obtaing ,e_e=C(T)T*3’4, with C(T) varying from 8.13
tion of the magnetic field. We know from the analysis of theto 9.60<10™ /, shown by a solid line in Fig. 8. The values of
Shubnikov—de Haas oscillations that mainly the valley withl , . . obtained in this way are seen to be higher by about
the main axis along111) parallel to the growth direction is 50% than the experimental ones. This discrepancy may sug-
occupied. The contribution of thel11) valley can be calcu- gest some quantitative inaccuracies of the model or the pres-
lated from the general expression for the coherent backence of a contribution from another phase-breaking mecha-
scattering of an isoenergetic surface of ellipsoidal shapd  nism, such as electron-phonon scattering.
leads tof,,=(m;/m,)*? and|,=(D, 7,)" with D, the If we assume that the experimentally deduced phase co-
diffusion constant along the effective mass . In the case herence length, consists of the two contributions from
that the other thre¢oblique) valleys contribute to the con- electron-electronl(, ..) and electron-phonor { _p) inter-
ductivity corrections one has to add a second term of thection, we can estimate the size of the latter one by taking
form of Eq. (4 with fan=(h2mH/mL)1’2h3, I,  the difference of the respective phase-breaking scattering
=(h,D, 7,)"% hy=1/3(1+8m, /m)*2 and hz=1/3(5 rates. We get, ¢ ,n~9.36x10 T %% or 7, o ;o T2
+4m, /my). Since the accurate values of the valley occupa-The dependence of the inelastic electron-phonon scattering
tions and of the intervalley scattering rates are not weltime was investigated by Mittalt al3?in GaAs/ALGa, _,As
known, we shall treaf,,, as a fitting parameter. two-dimensional electron gas samples. They found that this
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time decreased due to disorder in the system. In the clean- m/m,
limit (kgl>1) a dependence of the phase coherence time 05 ‘
7,T % is expected>® For the dirty limit kel <1), the 204l

theoretically expected behavior is still controversial: a scat- g

tering time proportional toT~# has been predicted by $ 031

Thouless® by Rammer and Schmitf, and by Reizer and 2oz}

SergeyeV’ whereas the calculations by Takayafhand by s T

Kagan and Zhernd¥ and by Belitz and Das Sariffagive a olr i

T_ 2 l_)ehawor. It is, therefore,. pos§|ble that we have a con- 00— 0;)2 : 0‘54 : 0.(')6 : 0_2)8 : 0.'10
tribution to the phase relaxation time,(T) from electron- %,
phonon interaction in the range above 3 K, though the ex-
perimentally determined magnitude of ..,,(T) has to be FIG. 9. Linear approximation to the dependence of the effective
treated with caution as it is affected by uncertainties in thenassesn, andm on the Eu content in Ply_,Eu,Te.
model of the electron-electron contribution.
The far band contributions aren =0.505n, and m;
IV. CONCLUSIONS =0.06m, for PbTe?’ In order to calculate the effective

) , i masses for different values, the dependence of the energy
The experimental results and discussion presented abo on the Eu concentration is needed. It is giverTat

demonstrate that the peculiar features of electron localization 4 5 by

in Pb,_,Eu, Te stem from its large static dielectric constant,

e~10°. In parfucular, in contrast to standard semlconductors, E4(MeV) = 189.7+ 448(. (A2)
the metal-to-insulator transition appears to be driven by
short-range alloy scattering, not by ionized impurity poten-

tials. Furthermore, only the singlet particle-hole channel o The perpendicular interband matrix element depends—
" > Oty glet partl - . fvvithin the accuracy of the experimental data points—linearly
the disorder-modified electron-electron interactions is oper-

.on X, whereas the parallel one is much better described by a

ating, as its magnitude does not depend on the dielectri '
; . olynom of second ordét. By least-square fits we ob-
constant of the medium. This leads to the absence of thEain 2P2 /my=6.02-65.9% and 2Pﬁ/m0=0.51— 1.76x

magnetoconductance driven by the interactions, and reduc —?60.49(2. Using a polynom of higher degree for extrapola-

lon may result in arbitrary large deviations. Especially the

pression for the parallel interband matrix element ap-

roaches zero and would—according to the above
expression—become negative for-0.078, which is not al-
wed. We therefore calculated with the help of Ef41) the

their destructive effect on phase coherence. As a result, neg
tive magnetoresistance brought about by interference of sel
crossing trajectories is observed in a wide temperature ran
up to 100 K. The quantitative description of the data show:
that the order of magnitude of both the negative magnetor

sistance and the phase coherence length is correctly repr fective masses and found that they depend—to a good

duced by current theory. It is at present unclear, howeveé imati Y | the E tentA I least
whether a more accurate description of the data would regPProximation—iinéarly on the tu conteatA linear ieast-

quire an extension of the theoretical model or rather morgduare fit with fixed values at=0 gives
elaborated treatment of strain and multivalley effects in this

: m
material system. 0213+ 3.2,
0
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tThe linear approximation is shown in Fig. 9 together with the
values for the effective masses, which are calculated from
the interband matrix elements given by Gaistal'! It was
reported that around=0.1, the band gap changes from a
direct one to an indirect one as Eu related bands enter the
band gap from the valence band. In this region a different
APPENDIX: ELECTRON MASSES IN Pb ;_Eu,Te behavior of the interband matrix elements and the effective
masses is expected.

We used the extrapolated masses according to(&8).
Jp to an Eu content of 10%. The mass anisotropy ritis
defined by

The interband matrix elementsP2/m, and 2Pf/my, for
Pb,_,Eu Te withx=<0.046 were determined by Gegtal'?
from magneto-optical investigations. The effective masse
along (m)) and perpendicularnf, ) to the main axis of the
ellipsoidal mass tensors at thepoints of the Brillouin zone
can be calculated from the interband matrix elements by K=— (Ad)

1 2P, m 1
Sl 0 . (A1) and decreases from about 10.3 for PbTe to about 84 at
m. Mo Eg(¥) mp, -0.1.
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