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The magnetotransport properties of n- and p-type PbTe with carrier concentrations ranging from
1.4X10' to 1.05X10' cm ' were studied in fields up to 20 T and temperatures between 65 mK
and 12 K. The data exhibit a strong temperature and magnetic field dependence in the extreme
quantum limit. The longitudinal magnetoresistance of the sample with the smallest carrier concen-
tration shows the most pronounced temperature dependence, similar in some respects to n-type

Hg& Cd Te on the metallic side of the metal-insulator transition. In order to analyze the results,
the Fermi energy is calculated as a function of magnetic field for the different magnetic field orienta-
tions investigated. It is shown that the range of experimental parameters accessed rules out a
Wigner condensation according to the criteria given by Gerhardts. Also, the region of a magnetic-
field-induced Mott transition is just approached but not observed. In contrast to other narrow-

band-gap semiconductors such as Hg& „Cd Te and InSb, the static dielectric constant in PbTe is

huge, and the free carriers originate definitively from vacancy states which form resonant levels

deep within the bands. It is suggested that the observed magnetotransport phenomena are not the
onset of a Mott-Anderson transition within an impurity band formed by donors, but rather due ei-

ther (i) to Auctuating band edges, or (ii) a manifestation of a high-magnetic-field-induced Anderson
transition driven by quantum-mechanical interferences due to scattering.

I. INTRODUCTION

The problem of low-temperature high-magnetic-field
transport properties in Hg, Cd Te has caused a long-
standing controversy. ' The results have been inter-
preted either as evidence for magnetic freeze-out, ' as an
Anderson-Mott transition, ' or a Wigner condensation. '

Both n- and p-type PbTe, another narrow-band-gap ma-
terial, were recently investigated, and the magnetotrans-
port properties have exhibited a strong temperature
dependence in the range 0.5 —10 K, contrary to expecta-
tions. As pointed out by Nimtz et al. , PbTe seems to
oA'er some interesting advantages for the observation and
study of a Wigner condensate. In unintentionally doped
samples, the free carriers originate from either Te or Pb
vacancies which cause n- or p-type carrier conduction.
The Te vacancy states form resonant levels within the
conduction band, ' and magnetotransport measurements
have not given any evidence for carrier freeze-out on lo-
calized states within the energy gap. ' In addition, due to
a tendency towards a ferroelectric phase transition, the
static dielectric constant in PbTe is very large and tem-
perature dependent (e, ) 1000 at T=4.2 K). Therefore,
the binding energy of hydrogenic donors is of the order of
1 peV or less. At first glance, these conditions are not

favorable for a magnetic-field-induced Anderson-Mott
transition. In addition, the huge dielectric constant does
not favor Wigner condensation since the ratio of the po-
tential energy ( =e /e, r ) as compared to the kinetic en-

ergy (=h /m*r ) does not increase sufficiently strongly
with increasing magnetic field. Nimtz et aI. has found
in PbTe and Pb& Sn„Te a kink in p (B) as well as a de-
crease of the Hall coefficient, which is explained h'ere as a
transfer of carriers between Landau levels.

It is the purpose of this paper to present a systematic
study of the transport properties of PbTe thin films in the
temperature range between 65 mK and 12 K in magnetic
fields up to 20 T. We investigate n-type and p-type sam-
ples in the extreme quantum limit, i.e., at sufficiently high
magnetic fields that all carriers are in the lowest spin-split
Landau state. In Sec. II we present the experimental re-
sults, and in Sec. III we compare the data with several
models. The components of the magnetotransport tensor
exhibit a substantial temperature dependence for magnet-
ic fields which are too low to induce a Mott-Anderson-
like transition for the given carrier concentrations, even
if the existence of hydrogenic impurities is postulated.
Also, the carrier concentrations are much too high for a
Wigner condensation to be observable according to the
criteria of Gerhardts. " Finally, we summarize our con-
clusions in Sec. IV.
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TABLE I. Sample parameters at T=4.2 K.

Sample

n-type PbTe A

p-type PbTe B
n-type PbTe C

Carrier
concentration

(cm )

n =1.4X10'
p =6.4X 10'
n =1.1X10'

p
(cm /V s)

550 000
19000

II. EXPERIMENTAL RESULTS

The PbTe samples are epitaxially grown films on
[111]-oriented BaF2 substrates deposited by a hot-wall
technique. ' The sample parameters are given in Table I.
The measurements were performed in a He cryostat or a
He- He dilution refrigerator with fields produced by a

Bitter magnet. Magnetoresistance and Hall efFect were
measured using a conventional ac lock-in technique
(f = 14—23 Hz) with sample currents of the order of 5 IMA

(current density j=0.6 A/cm ). A Hall-bar geometry
was defined photolithographically on the epitaxial film
with current fiow directed along the [110]. Therefore,
the Hall resistance was measured with the magnetic field
B along [ill] or [112], and the longitudinal magne-
toresistance p„with B along the [110].

In Fig. 1 the dependence of the transverse magne-
toresistance p„(8) on magnetic field as a function of tem-
perature is shown for B~~[111]and 8~~[112]. Also shown
is the Hall resistivity p

PbTe is a many-valley semiconductor with four
equivalent extrema at the I. point, both for the conduc-
tion and valence bands. The PbTe epitaxial film is elasti-
cally strained at low temperatures due to the difFerence in
thermal contraction between the PbTe and BaF2. The
elastic strain lifts the fourfold degeneracy of the L, states
for the growth direction (~~[111]). The valley with its
main axis parallel to [111]is shifted downwards in energy
as compared to the three obliquely oriented valleys, for
both the conduction and valence bands. The shift de-
pends both on strain and on the components of the
deformation-potential tensor and is of the order of 5 meV
for PbTe on BaFz at T=4.2 K. '

In order to correlate structures in the magnetoresis-
tance with the population of the Landau level, it is neces-
sary to calculate the magnetic field dependence of the
Fermi level. For the numerical calculation of the Landau
levels a (4 X 4) k p band model was used, ' taking into ac-
count the strain-induced energy shift between the ob-
liquely oriented valleys and that oriented parallel to the
[111]. Band parameters are given in Ref. 15. The Lan-
dau levels and resulting variation of the Fermi energy
versus B are shown in the insets to Fig. 1. The calcula-
tion shows that the [111]valley becomes depopulated at a
field of about 12 T for B~~ [111]due to carrier transfer into
the lowest Landau states of the three oblique valleys
[Figs. 1(a) and 1(c) insets]. For 8~~[112] three different
Landau ladders are involved. However, just one valley is
populated for 0=90' (8 is the angle between B and the
main-valley axis). The apparent kink in p (8) at B =3 T
for B~~ [112]is caused by the movement of the Fermi level
from the 0+ to the 0 state within one Landau level as
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FIG. 1. (a) Transverse magnetoresistance p„„vs B for
BII[111]for sample A. Arrow indicates carrier transfer from
the lowest 0 states of [111]valley to the lowest 0 states of the
oblique valleys. Inset: Landau states for BII[111],oblique val-
leys shifted by 6=5 meV upwards. The dashed-dotted line is
the Fermi energy EF (b) p,„vs B for 8. II[112];all other param-
eters as for (a). Lower inset shows the sample Hall bar
geometry and orientations. (c) Hall resistance p„~ vs B for
B II [111]for sample A. Inset indicates variation of Fermi energy
with respect to the lowest 0 state.

shown in the inset to Fig. 1(b). Since the decrease of the
kinetic energy of the carriers with increasing magnetic
field is important for further comparisons of experimental
results with theoretical models, we also plot the variation
of the Fermi energy with respect to the lowest occupied
Landau states (either 0 in [111]or 0 in [1 1 1]) in the
inset to Fig. 1(c). For B~~[lll] the kinetic energy be-
comes as small as 10 meV at the highest field in a T=O
approximation for the lowest-concentration sample A.

In Fig. 2 the longitudinal magnetoresistance p„of
sample A is plotted versus B for B~~[110]. A nearly
linear dependence of the longitudinal magnetoresistance
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FIG. 4. p and p ~ vs B for n-type sample C {n=1.05X10' cm ). Lower inset: Landau states of the 0=0 and the three
0=70.53 valleys vs B. The dashed-dotted line is the Fermi level, and the arrows indicate the transitions to the 0 (0=0 ) and 0
(0=70.53') states with increasing B. Upper inset is same as lower, but without the strain which shifts the 0=70.53' valleys included

in the calculation (6=0 meV).

In Fig. 4 p and p versus B are shown again for an
n-type sample with the higher carrier concentration
(1.1X10' cm ). The temperature dependence is now
very small, and the Fermi level remains well above 1 meV
with respect to the lowest 0 states of the oblique valley
for BII[111]even at B=20 T. The insets demonstrate the
correctness of the strain energy of 6=5 meV by the
matching of the maxima of the experimentally observed
Shubnikov —de Haas —like oscillations in p„„ to the calcu-
lation. The upper left inset is calculated with no strain
energy (b, =O meV), while the lower right inset is calcu-
lated with 6 =-5 meV. The arrows in the lower right inset
indicate changes in the population of the levels that clear-
ly correspond to the experimentally observed kinks.
Features derived from the calculations and appearing in
the magnetotransport are evident in all the samples (see
Figs. 1 —3) and lend confidence to the strain energy and
calculated Landau states, as well as explaining previous
data.

All experimental data on the Hall effect show a de-
crease of p with increasing magnetic field that becomes
more pronounced for lower temperatures. In the sample
with the lowest concentration (A), the efFect is much
larger than in B or C. It seems worthwhile to compare
this behavior with Hg, Cd Te, where a similar depen-
dence of p„(B)is observed in an intermediate-field range.
For sufficiently high fields, this so called "Hall dip"
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FIG. 5. Hall-coefficient ratio RH(B)/RH(B ~0) vs magnetic
field B for sample A (n =1.4X10' cm ).

disappears in Hg, Cd Te since the freeze-out of car-
riers causes RH=p „/B to increase substantially above
its zero-magnetic-field value. Such a behavior is not ob-
served in either n- or p-type PbTe.

In Fig. 5 the Hall-coefficient ratio RH(B)/RH(B ~0) is
shown for sample 3 versus magnetic field in the tempera-
ture range between 600 mK and 4.7 K.
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FIG. 6. (a) lnp„vs T ' for sample A for a number of different magnetic fields. (b) ln p„vs T ' for sample A for two magnetic
fields.

III. DISCUSSION

It is evident from the data shown in the preceding sec-
tion, especially the Hall data of Fig. 5, that no indication
for an activated behavior of the carrier concentration can
be found in n- or p-type PbTe in the investigated temper-
ature and magnetic field range, in direct contrast to
Hg, Cd Te (Ref. l) and InSb. ' Since the longitudinal
rnagnetoresistance p„exhibits the most dramatic temper-
ature dependence in PbTe, lnp„of sample A is plotted
versus T ' in Fig. 6(a) and versus T ' in Fig. 6(b) for a
few magnetic field values. In the temperature range of in-
terest, no clear dependence lnp„—T ' is observed up to
17.5 T. A T ' dependence exists weakly for T) 1 K,
but fails at lower temperatures where p„saturates [out-
side the range of Fig. 6(b), but apparent in Fig. 6(a)].

In other narrow-band-gap materials (Hg, „Cd Te and
n-type InSb) the onset of a metal-insulator transition was
deduced from the application of a theory by Lee and
Ramakrishnan' for the longitudinal magnetoresistance
in disordered metals in weak magnetic fields. According
to Ref. 17, o.„=p,, ' should vary with temperature ac-
cording to

cr„=o,+aT'"+ST,
where the aT' term is due to Coulomb interactions and
the bT term is due to localization effects. In Fig. 7 plots
of o.„versus T'~ for a succession of magnetic fields are
shown with parameter fits according to Eq. (I). Though
the general shape of cr„(B) looks similar to those found
in Hg, Cd„Te (Ref. I) and InSb, " there remains a sys-
tematic difference: zero longitudinal conductivity as
T—+0 is not approached even for the highest fields. Since
a minimum metallic conductivity exists, no magnetic-
field-induced metal-insulator transition can be inferred
from the data. The parameter fits yield a value of 0.5 for
a for all the magnetic fields, while b ranges from 40 to 46,
indicating that the linear term dominates the temperature
dependence.

The fits to Eq. (I) show that there is a large deviation
at low temperatures where o.„exhibits a loss of tempera-
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FIG. 7. o.„vs &T for sample 3 magnetic fields from 8 to 18
T. Solid lines are fit to the data (see text).

ture dependence. This is in marked contrast to n-type
InSb, where Mansfield et al. ' have found that Eq. (1)
produces an excellent fit for samples with n =6.7X10'
cm in the temperature range 30 mK —1 K.

In Fig. 8 we plot results of the low-temperature longi-
tudinal magnetoresistance in sample A. p„versus 8 for
temperatures between 65 rnK and 1.18 K is shown with
the T dependence at 19.7 T exhibited in the inset. The in-
crease in p„ for decreasing temperature disappears below
T=350 mK, saturating completely. It is highly unlikely
that this saturation is due to a metallic parallel conduct-
ing channel, as is the case in Hg& Cd Te. ' First, a me-
tallic surface (or otherwise parallel conducting) layer
would be expected to cause a convergence of the high-
field, low-temperature magnetotransport curves since the
resistance of the parallel channel would be relatively tem-
perature and magnetic field independent, and would dorn-
inate the transport whenever the rnagnetoresistance of
the sample became greater. The data on PbTe show no
such convergence, and, in fact, show vanishing tempera-
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T 1

n-PbTe A
field required to observe a vanishing longitudinal conduc-
tivity. The exponent m=2.2 was simply adjusted to yield
a straight-line fit for a.„~B . From the figure it is evi-
dent that magnetic fields in excess of 50 T would be
necessary to induce a metal-insulator transition.

In InSb and Hg& Cd Te the critical field for the
magnetic-field-induced metal-insulator transition has
been estimated with the aid of a Mott criterion, '

&(a ) (&~) )=5 (2)

ture dependence at the same temperature at any magnetic
field above -5 T, over a wide range in the magnitude of
the resistance of the sample. The anomalous
temperature-dependent increase in p„and the final satu-
ration must be due to the same physical mechanism since
they are observed over the same parameter range.
Second, p „saturates at the same temperature but at a
much greater (factor of 20) resistance. And third, the
kinks occurring in p „at 13 T and 0.6 K are well de-
scribed by the inclusion of strain in the band structure
and the transfer of carriers between Landau levels, indi-
cating that the transport is not dominated by a parallel
conducting channel, though the sample is well into the
regime where the saturation and unusual temperature-
dependent effects are observed.

In Fig. 9 the experimental data of o.„are plotted
versus 8 in order to get an estimate of the magnetic
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FIG. 9. o.„vsB,for a range of temperatures from 0.4 to
4.2 K. Note that magnetic fields in excess of 50 T would be
necessary to observe a vanishing conductivity.

MAGNETIC FIELD (Tj
FIG. 8. Low-temperature magnetoresistance of sample A.

p„(B) saturates for T~ 350 mK. Inset shows the temperature
dependence ofp„ from 65 mK to 1.18 K at B=19 T.

where a/ =2l=2(fi/eB)'~ and a~~~=a*/lny, y=g~, /
2& =(&*/&), and 8 is a constant, approximately 0.3.
is the effective Rydberg energy of hydrogenic donors, and
a* is the Bohr radius. Due to the large dielectric con-
stant, the effective Bohr radius is huge, about 10 A. The
critical concentration of donors, XD, in a magnetic field
of 10 T is ND = 1 X 10' cm (same as the carrier concen-
tration n for uncompensated samples), which is a com-
paratively small value for a typical PbTe sample. For the
carrier concentration of sample A (n = 1.4 X 10' cm ),
Eq. (2) yields a critical magnetic field of 105 T—a factor
of 5 higher than the largest field experimentally investi-
gated.

The redistribution of carriers between band and impur-
ity states with decreasing temperature and increasing
field was demonstrated conclusively by far-infrared
magneto-optical experiments in Hg, Cd„Te by Shaye-
gan et a/. ' No definite evidence for an impurity band
can be deduced from our magnetotransport data, despite
the depression of RH (Fig. 5). Explanations for the "Hall
dip" include conduction through an infinite metallic clus-
ter separated by nonconducting regions, ' and two-band
transport where hybrid impurity and band states with
different densities and mobilities account for RH(B) in

Hg& „Cd Te. These models all depend on the eventual
upturn in RH(B), caused by the "freeze-out" of carriers.
Figure 5 implies some dependence of RH(B) without the
rapid increase beyond a critical field due to a Mott transi-
tion. Since this increase in RH(B) is not observed, the
critical temperature and magnetic field estimates are
nearly an order of magnitude off; and the data show a
nonvanishing conductivity as T—+0; a metal-insulator
transition occurring in an impurity band cannot be postu-
lated to account for the temperature-dependent magneto-
transport in PbTe.

The possibility of Wigner crystallization induced by a
magnetic field has been suggested by Nimtz and Schlicht
as an explanation for the kinks in the magnetotransport
of PbTe, and has received much attention for the other
narrow-gap semiconductors. Gerhardts" has estimated
the critical temperature and magnetic field and used these
estimates to generate a type of phase diagram. Some con-
troversy exists over the use of a Hartree-Fock approxima-
tion for a system of interacting electrons, " and the effect
this has on the dependence of the melting temperature in
the high-field limit. For our purposes, the expressions of
Ref. 11 give adequate estimates for the critical tempera-
ture and field of the Wigner transition in PbTe.

Wigner condensation of the electrons occurs when the
„critical value of the ratio of the potential energy and the
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Z/3E =6eX I(I, t( 4' F Cp

=1.9X10 V/m . (3)

Thus the band-edge fluctuations are 0.56 rneV for doubly
charged vacancies spaced by the corresponding mean dis-
tance. The Fermi energy EF is above this fluctuating po-
tential in all samples at B=0. For sufficiently high fields,
EF becomes comparable and even smaller than the band-
edge fluctuations. However, at fields where EF is less
than the Iluctuations (EF ( 10 ' meV at 8= 12 T in sam-
ple A), the carriers continue to behave according to the
band effective mass as evidenced by the coincidence of
the kink in p and calculated EF dependence. The
metal-insulator transition causes changes in the effective
mass in InSb, and a redistribution of carriers between

mean kinetic energy I = ( V ) /Ek;„reaches" I —8. Us-
ing PbTe parameters for the mean distance between elec-
trons, r =(4vrn/3) ', and for a*=a8e„mo/ m*, we ob-
tain a critical carrier concentration for which r )7a*;
n„;,=1X10"crn . Condensation in PbTe is therefore
impossible to observe without a magnetic field.

In the presence of a magnetic field, the mean carrier
energy decreases like the Fermi energy (see Figs. 1 —3).
The potential energy is fixed by the interelectron distance
r„which is given by the carrier concentration (for sample
A, ( V) =55 peV). Hence I increases with B as
[Ez(8)] '. Also the sample temperature must be less
than the Fermi temperature TF. Thus, applying the cri-
terion r, )7a* yields both a temperature below 70 mK
and a magnetic field in excess of 70 T for B~~[110]. We
note that since EF depends strongly on the magnitude
and orientation of the magnetic field for the thin-film
PbTe samples, the critical values will as well.

Order-of-magnitude estimation based on the phase dia-
gram of Gerhardts" yields critical temperatures compa-
rable to the Rydberg temperature, T, =20 mK. Magnet-
ic fields higher than 20 T would not help to change this
situation since the melting temperature of the Wigner
condensate saturates for su%ciently high fields. The ex-.
perimental temperatures in this study are a factor of 3
too high for the Gerhardts criteria to be fulfilled, yet the
complete saturation of the magnetoresistance at low tem-
peratures supports the conclusion that no Wigner transi-
tion is occurring. Finally, it is di%cult to obtain clear
evidence for Wigner condensation from transport experi-
ments, even in the "viscous state. " ' '

All estimates on Wigner condensation assume the jelli-
um model. This is better fulfilled in the situation of PbTe
than in the other narrow-band-gap semiconductors, since
the carriers in PbTe originate from vacancies and e, is ex-
tremely large. Nevertheless, the vacancy states produce
randomly distributed charges which cause Auctuations of
the band edge. ' In order to estimate these fluctuations
and their effect, a value of the compensation ratio

is «qui«d. F«m the ~ob~l~ty data of
sample 3 and the results of Ref. 21, we get, %=0.7. The
average electric field due to vacancies is then given by'

band and impurity states in Hgi „Cd Te (Ref. 1) that is
not observed in the PbTe data.

The low-temperature transport of sufIiciently pure
PbTe is governed by carrier scattering due to the short-
range potential of the intrinsic vacancies. This is quite
different from the ordinary Coulomb scattering by
charged impurities in InSb and Hg, Cd Te. Anderson
localization occurs in systems in which the inverse Fermi
wave vector kF ' becomes comparable to the scattering
length l, due to quantum-interference effects. However,
it has been established that weak magnetic fields destroy
this type of Anderson localization by breaking the sym-
metry with respect to forward- and backward-scattering
events. ' If the magnetic field is so strong that only the
lowest Landau subband is occupied, the electronic
motion becomes quasi-one-dimensional along the field
direction. For high enough fields the Fermi wavelength
becomes comparable to the carrier mean free path (ex-
tended in PbTe due to the dominant scattering mecha-
nism) and Anderson localization may occur. Recently,
Ono and Ohtsuki have applied a self-consistent theory
of Anderson localization to three-dimensional systems
under quantizing magnetic fields and derived the critical
behavior of the diagonal conductivities. They estimate
the critical magnetic field as

(EF /fir)' (EF/fico, ) =0.509,

where EF denotes the zero-field Fermi energy, ~ the
scattering time, and %co, the Landau-level separation.
Using the parameters of sample 3, values for the left-
hand side of Eq. (4) in the range 0.5 —1.1 are obtained, de-
pending on the orientation of the magnetic field. This
model leads to an explanation of the onset of a metal-
insulator transition in PbTe driven by Anderson localiza-
tion induced by quantum-mechanical interference effects.
This is especially appealing since the vacancies are reso-
nant, well above the conduction band in n-type PbTe.
Even if hydrogenic or other impurities were present in
PbTe, their number would be few and not directly related
to the number of vacancies. The vacancy potential is 5-
like, but it is difficult to imagine that actual bound states
can be induced. Drew has suggested that central-cell
effects might lead to binding energies of 2 —3 meV in high
magnetic fields, but this model requires impurity states as
well. The high-field scattering model for the Anderson
localization avoids these diSculties.

Finally, we argue that the observed temperature depen-
dencies of p„and p„are not a consequence of a transi-
tion from a degenerate electron gas to one which obeys
classical statistics. Though EF becomes small and com-
parable to kz T in high magnetic fields, T-dependent
effects on the magnetotransport are apparent at tempera-
tures above 1 K, when TF ) T. It is also unlikely that the
interface region between the BaF2 substrate and PbTe
high-quality film is causing the observed unusual temper-
ature dependence in the magnetotransport. First, the in-
terface region is of much lower mobility and thickness
than the films, and, second, the interface is heavily p type
and the temperature dependence is seen in both n- and p-
type films.



MAGNETOTRANSPORT STUDIES ON THE METALLIC SIDE. . . 3039

IV. CONCLUSIONS

The magnetotransport coe%cients of PbTe with carrier
concentrations of the order of 10' —10' cm exhibit
some interesting similarities to those reported for n-type
Hg, Cd Te. The longitudinal magnetoresistance has a
substantial temperature dependence between T=0.4 and
10 K. Since the free carriers in n-type PbTe originate
from vacancies which form resonant levels deep in the
conduction band, a magnetic-field-driven metal-insulator
transition in an impurity band is not plausible. If the
presence of hydrogenic impurities is assumed, applying
the Mott criterion means the sample concentrations are
at least a factor of 10 too high for establishing the metal-
insulator transition. Wigner condensation is ruled out
both by the low-temperature saturation of the longitudi-
nal conductivity, and by the fact that the range of tem-
peratures and magnetic fields investigated is well outside
the Gerhardts" criteria.

The statistical distribution of vacancy states causes a
fluctuating potential superimposed on the band edges of
the order of 0.5 meV. These band-edge fIuctuations could
provide a basis for the observed dependencies of p „,p„,
and p on T and B. Additionally, the increase in p„ for
decreasing temperature and increasing field could be the

onset of an Anderson transition driven by quantum-
mechanical interference efFects in the extreme magnetic
quantum limit. Applying a criterion by Ono shows this
is possible, even in the case where EF is larger than the
band-edge fluctuations.

In order to get further information necessary for the
application of the ideas on Anderson localization and
band-edge —fluctuation efFects, additional magnetotrans-
port and magneto-optical experiments are planned.
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