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We report on a large linear magnetoresistance effect observed in doped p-PbTe films. While

undoped p-PbTe reveals a sublinear magnetoresistance, p-PbTe films doped with BaF2 exhibit a

transition to a nearly perfect linear magnetoresistance behaviour that is persistent up to 30 T. The

linear magnetoresistance slope DR/DB is to a good approximation, independent of temperature.

This is in agreement with the theory of Quantum Linear Magnetoresistance. We also performed

magnetoresistance simulations using a classical model of linear magnetoresistance. We found that

this model fails to explain the experimental data. A systematic study of the doping dependence

reveals that the linear magnetoresistance response has a maximum for small BaF2 doping levels

and diminishes rapidly for increasing doping levels. Exploiting the huge impact of doping on the

linear magnetoresistance signal could lead to new classes of devices with giant magnetoresistance

behavior. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4900486]

The rather unusual linear response of the sample resist-

ance as a function of the magnetic field was already discov-

ered in the late 1920s in bismuth and polycrystalline metals.1

While this effect has been forgotten for a long time, its (re-

)discovery in silver chalcogenides2 attracted a lot of interest

due to possible applications in magnetosensor devices.3

Since then, linear magnetoresistance (LMR) has been

reported in numerous materials such as InAs films,4 YPdBi

Heusler topological insulators,5 InSb,6 silicon,7,8 epitaxial

graphene,9 Ba(FeAs)2,10 Bi2Se3,11,12 and Bi2Se3/Bi2Te3

heterostructure.13

The origin of LMR in these materials is subject of often

controversial discussions. For materials with closed Fermi

surfaces, two theories are at play: Abrikosov’s Quantum

LMR (QLMR) model14,15 and the Parish-Littlewood (PL)

model.16,17 According to Abrikosov, LMR is observed in the

quantum limit, when all charge carriers occupy the lowest

Landau level. In the PL model, LMR is a classical effect

resulting from microscopically distorted current paths in

highly disordered samples. Voltage simulations show that

the LMR is provided internally by the Hall effect, which is

in agreement with results obtained from polycrystalline Al

plates.18 For p-PbTe based structures, the LMR phenomena

has not been reported so far.

PbTe is a well-known high mobility, narrow-gap IV-VI

semiconductor, with Fermi surfaces consisting of four equiv-

alent ellipsoids at the L point of the Brillouin zone.19 Its

extraordinary physical properties make PbTe a base material

of infrared optoelectronics.20 In addition, the physics is fur-

ther enriched by the large value of the Land�e g factor and the

small effective mass, both of which display considerable ani-

sotropy. Such properties make PbTe an interesting material

for possible applications in spintronics. Recently, PbTe was

suggested for use as a spin filter21 since the large value of

the Land�e g factor should permit such devices to operate at

low magnetic fields.

In this work, we report on a large LMR effect in p-PbTe

films doped with BaF2. Moreover, we present a systematic

study of how different doping levels affect the magnitude of

the LMR signal. We also show that while undoped non-

stoichiometric PbTe reveals a sublinear magnetoresistance

(MR), p-PbTe doped with BaF2 exhibits a nearly perfect,

non-saturating LMR signal. The largest LMR response is

observed in low doping samples, with BaF2 doping levels of

0.02%. For increasing doping levels (0.04%–1%), the LMR

signal diminishes rapidly. For all samples, the LMR slopes

DR/DB are to a good degree of accuracy independent of tem-

perature. This is consistent with the theory of QLMR. The

scattering center concentration extracted from the QLMR

model increases with increasing doping levels, which ulti-

mately leads to a decrease of the hole mobility. Finally, we

compare the LMR data with the classical PL model.

Simulations of the LMR slopes DR/DB(T) using the PL

model reveal a strong temperature dependence, which is

inconsistent with the data investigated in this work. The

large linear magnetoresistance signal observed in the p-type

PbTe samples could lead to new classes of devices with huge

linear magnetoresistance behavior.

For the electrical transport measurements, millimeter-

size, about d¼ 3.4 lm thick pieces of non-stoichiometric p-

PbTe with BaF2 doping levels between 0.02% and 1% were

contacted in approximate Van der Pauw geometry by solder-

ing Au wires with In pellets. A comprehensive description of
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the sample growth procedure together with a detailed electri-

cal characterization is given in Ref. 22. The main measure-

ments were performed in a 15 T He-cooled superconducting

magnet, using an ac current of 50 lA at 10.7 Hz and conven-

tional phase sensitive detection. The high field measurements

were performed in a 33 T resistive magnet.

The magnetic field was applied along the [111] direction

of PbTe. In Figure 1, we plot an overview of the longitudinal

MR normalized to its zero field value R0 of both undoped (a)

and doped p-PbTe (b)–(d) for selected temperatures in the

range T¼ 4.2–200 K (B¼ 0–15 T). The Hall component in

the MR signal due to the imperfect geometry of the contacts

was subtracted by measuring both at positive and negative

polarization of the magnetic field. It is possible to observe

that all samples reveal a strong MR decrease for increasing

temperatures. Quantum oscillations are not observed even at

large values of magnetic fields, which is probably linked to

the large MR background signal. In Figure 1(a), one

observes that undoped p-PbTe exhibits a sublinear MR, and

at B¼ 15 T and T¼ 4.2 K, the MR increase is about 600%.

In Figure 1(b), the MR of p-PbTe with the lowest BaF2 dop-

ing level, 0.02%, is depicted. At B0� 0.4 T, a transition from

a classical, parabolic MR to a nearly perfect LMR is

observed (Figure 1(b) inset) and at B¼ 15 T and T¼ 4.2 K

the LMR is �6000%, which is about 10 times larger than in

undoped p-PbTe. This is one of the largest LMR values

reported in literature so far.8,17 At T¼ 200 K, the LMR

increase is still about 200%. Figures 1(c) and 1(d) show the

MR for samples with doping levels of 0.04% and 0.6%,

respectively. The LMR resembles the 0.02% data; however,

the signals are significantly smaller, with increases of

roughly 2000% and 250%, respectively.

The high field measurements are presented in Figure 2.

Figure 2(a) shows that the LMR is non-saturating up to

B¼ 30 T, remarkably revealing that the LMR effect is

persistent in a wide range of magnetic field values. The

strong suppression of the LMR signal is shown in more

detail in Figure 2(b), where we plot DR/R0 measured at

T¼ 4.2 K for samples with different BaF2 doping levels

between 0.02% and 1%. Figure 2(c) shows the LMR slope

DR/DB measured at T¼ 4.2 K as a function of the doping

levels. The dashed line is a guide for the eye. While the slope

for the 0.02% sample is about 1 X/T, a rapid decrease to

�50 mX/T takes place when increasing the doping concen-

tration to 0.1%. For larger doping levels, the slope remains

almost unchanged. We now compare the data to the predic-

tions of the theoretical models for LMR, i.e., Abrikosov’s

QLMR model and the classical PL model. According to

Abrikosov, LMR can occurs in the quantum limit when all

charge carriers occupy the lowest Landau level14,15 and the

longitudinal component of the resistivity is then given by

qxx ¼ NiB=pn2e, where n is the density of charge carriers

and Ni is the concentration of scattering centers. qxx has no

direct temperature dependence; however, n(T) can introduce

a temperature effect. The linear behavior arises from scatter-

ing of electrons between quantized orbits parallel to the mag-

netic field. Hence, the decrease of the radius of the orbits

with increasing field decreases the collision probability, lead-

ing to a decrease of the conductivity.

Measurements of the charge carrier concentration as a

function of the temperature show that in the samples studied

in this work n is strictly independent on temperature, i.e., no

charge carrier freeze out takes place (Figure 2 in Ref. 22). In

Figure 3(a), we plot the LMR slopes DR/DB for selected

doping levels (0.02%, 0.04%, 0.06%, and 0.8%) as a func-

tion of temperature (T¼ 4.2–200 K). The slopes are to a

good approximation independent on temperature (dotted

lines), which is in accordance with the predictions of the

QLMR-model, with n being independent of temperature.

FIG. 1. (a) Undoped p-PbTe sample exhibits a sublinear MR and at B¼ 15 T

and T¼ 4.2 K the MR increase is about 600%. (b) MR for the lowest BaF2

doping level, 0.02%. A transition from a classical, parabolic MR, to a nearly

perfect LMR, as can be observed in the inset, and at B¼ 15 T and T¼ 4.2 K

the LMR is �6000%. (c) MR for sample with doping level of 0.04% and (d)

with doping level of 0.6%. In both figures, (c) and (d), the LMR resembles

the 0.02% data; however, the signals are significantly smaller.

FIG. 2. (a) LMR for a sample with 0.02% doping. The curve is non-

saturating up to B¼ 30 T. (b) DR/R0 measured at T¼ 4.2 K for samples with

different BaF2 doping levels between 0.02% and 1%, revealing the strong

effect of the doping over the maximum LMR amplitude. (c) LMR slope DR/
DB measured at T¼ 4.2 K as a function of the doping levels. While the slope

for the 0.02% sample is about 1 X/T, a rapid decrease to �50 mX/T takes

place when increasing the doping concentration to 0.1%. Inset: The solid

line represents the Fermi energy with the cyclotron energy (dashed line) and

the energy for materials with linear band dispersion (dashed-dotted line).

The arrows indicate the interception points with the Fermi energy.

162108-2 Schneider et al. Appl. Phys. Lett. 105, 162108 (2014)
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The temperature dependence of the LMR data shown in

Figure 1 comes solely from the temperature dependence of

the zero field resistance R0(T), which is plotted in Figure

3(b) for doping levels of 0.02%, 0.04%, 0.08%, and 0.21%,

revealing a metallic behavior.

Hence, for B>B0, with B0 being the onset magnetic

field of LMR, the full magnetic field and temperature de-

pendence of the resistivity is therefore given by

qxxðB; TÞ ¼ qxxðTÞ þ NiB=pn2e. Knowing the charge carrier

concentrations of each sample, we can extract their scatter-

ing center concentration from the LMR slope Dqxx=DB. For

the sample with the lowest doping level (0.02%), we obtain

Ni � 1:2� 1019cm�3. For high doping levels (0.8%–1%),

the scattering center concentration is about 10 times larger.

In Fig. 3(c), we plot the 10 K mobilities of each sample (see

Table I in Ref. 22) as a function of the scattering center con-

centration Ni. The error bars of the Ni values were estimated

from small uncertainties in the LMR slopes and the conver-

sion of the resistance values to resistivity values. The dashed

line is a guide for the eye. The mobility has its largest values

for low scattering concentrations and diminishes for increas-

ing values of Ni, clearly demonstrating the mobility reducing

effect of scattering.

In materials with parabolic band dispersion, the quantum

limit is reached when �hxc > EF, with EF being the Fermi

energy and xc ¼ eB=m� is the cyclotron frequency. The

values of EF are about 10 and 55 meV for the samples with

doping levels 0.02% and 1%, respectively.23 With

m� � 0:02m0,19 the theoretical onset magnetic fields of LMR

varies between B0 � 3:5T(lowest charge carrier concentra-

tion) and �20 T (highest concentration). The inset in Figure

2(c) shows the calculated Fermi energy for sample with dop-

ing level of 0.02% (solid line) and the cyclotron energy

(dashed line). The arrow indicates the interception point at

�3.5 T. Experimentally, however, the onset magnetic field

values are B0 < 2 T for all samples according to Figures 1

and 2, regardless of the charge carrier concentration. This

discrepancy between the experimental values and the theo-

retical prediction was also observed in the narrow-gap semi-

conductors Ag2Te and InSb.2,6 Abrikosov proposed two

mechanisms, which can lead to smaller magnetic field values

of the quantum limit to be reached: First, real samples con-

tain inhomogeneities, which lead to regions of both large and

small charge carrier concentrations. In regions with small

charge carrier concentrations, i.e., small values of EF, the

extreme quantum situation takes place, leading to smaller

onset magnetic field values of LMR.14 Second, disorder in

the sample can trigger a phase transition from a narrow-gap

semiconductor to a gapless semiconductor with quasi-linear

bandstructure.24 In materials with linear band dispersion, the

quantum limit is reached when EF ¼ vF

ffiffiffiffiffiffiffiffiffiffi

2e�hB
p

(dashed-dot-

ted line, Figure 2(c) inset) with vF being the Fermi velocity.

Ultimately, the linear band dispersion leads to considerably

smaller onset magnetic fields of LMR25 (see arrows in the

inset). In PbTe, due to its small bandgap of EF ¼ 190 meV

(T¼ 0 K),19 the second effect is likely to happen. However, a

direct observation of inhomogeneities induced changes of

the band structure is still missing to date.

In order to obtain qualitative information about the dis-

order effect of BaF2 doping on PbTe films, we performed

scanning electron microscopy on the samples. Figure 4(a)

reveals a clean image of an undoped PbTe sample. Figure

4(b) presents an image of a PbTe:BaF2 film with doping con-

tent of 0.02%. A drastic modification of the image is

observed, which is mainly due to inhomogeneities (dark

dots). Hence, even for a small BaF2 doping the disorder

effect is considerable.

Sample inhomogeneities also play a crucial role in the

second theoretical model of LMR, the PL model.16,17 In the

PL model, a strongly inhomogeneous conductor is modeled

by discretization into a random resistor network. The PL

model has no analytic solution. Simulations of the MR,

FIG. 3. (a) LMR slopes DR/DB for selected doping levels (0.02%, 0.04%,

0.06%, and 0.8%) as a function of temperature (T¼ 4.2–200 K). The slopes are

to a good approximation independent on temperature (dotted lines). (b) Zero

field resistance R0(T), which is plotted for doping levels of 0.02%, 0.04%,

0.08%, and 0.21%, revealing a metallic behavior. (c) Mobilities at T� 10 K of

each sample as a function of the scattering center concentration Ni.

FIG. 4. Scanning electron microscopy

images of a p-PbTe film without (a)

and with 0.02% BaF2 doping (b). The

surface roughness and the dark dots

show the introduction of inhomogene-

ities by doping.
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however, show that DR=R0 / hli for dl=hli < 1 with hli
being the average mobility and dl representing the mobility

fluctuations.16 To better understand how the interplay

between the average mobility, mobility fluctuations, and re-

sistance fluctuations in influences the MR signal, we imple-

mented numerical calculations based on the PL model. We

used a two-dimensional square lattice constructed of inter-

connected four-terminal resistors, with an external magnetic

field applied perpendicular to the network. Figure 5(a) shows

the simulated MR of N � N uniform networks with N¼ 3,

4,…, 25 (R¼ 1 X, l¼ 1 m2/V s). The fact that networks

with even N exhibit a non-saturating MR, whereas networks

with odd N exhibit saturation, shows that our simulations are

correct.16 For large values of N (N ¼ 25 for the parameters

of R and l used here), the curves collapse onto a straight

line. Sample inhomogeneities are modeled by incorporating

Gaussian distributed mobility fluctuations. In the following

we used 25� 25 networks, averaged over five random net-

work configurations. As parameters we used the experimen-

tal values for the resistances and mobilities including

dl ¼ 15� 20 mobility fluctuations. For dl< 15% the simu-

lations reveal a non-linear, saturating MR, due to size effects

of the network. Fig. 5(b) shows the simulated LMR slope

DR/DB for selected temperatures in the range T¼ 4.2–200 K.

Unlike the experimental data, DR/DB decreases by about

40% in the simulated temperature range, with DR/DB(T) hav-

ing an almost linear temperature dependence.

The fact that the observed LMR in samples investigated

in this work is not a classical effect is confirmed by estima-

tions of the Hall voltage variations dn. According to Ref. 26,

hdni=n / LMR=Rxy in polycrystalline samples. For the sam-

ple with doping level of 0.02%, the LMR signal at 10 T is 10

X. Rxy ¼ B=ðnedÞ � 40 X, so that dn is expected to be �25,

which is nearly two orders of magnitude larger than the

measured dn extracted from Hall measurements on different

parts of the sample. Even though the PL model might explain

the occurrence of LMR in materials such as Fe1�xCoxSb2

single crystals27 and InAs1�xNx,
28 it fails to explain the data

in case of the narrow-gap semiconductor PbTe.

Very recently, the formation of a p-type layer in the

region adjacent to the BaF2 substrate due to the defects

caused by dislocations has been found in n-type PbTe

epilayers.29 Owing to a two-channel conduction, a positive

magneto-resistance has been observed. However, this sce-

nario can also be ruled out for the samples studied here since

we did not find any experimental evidence for a second chan-

nel in our p-type PbTe films.

In conclusion, we showed that p-PbTe doped with BaF2

reveals a large LMR signal. The LMR slopes DR/DB of all the

samples are to a good degree of accuracy independent of tem-

perature, which is in agreement with the QLMR model. MR

simulations using the PL model fail to explain the data.

Moreover, we showed that the LMR response depends strongly

on the doping level, i.e., increasing doping levels lead to a

decrease in magnitude of LMR. The strong impact of especially

low doping levels on the LMR response could be exploited for

tailoring new classes of devices with large LMR behavior.
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FIG. 5. (a) Simulated MR of N � N uniform networks with N¼ 3, 4,…, 25

(R¼ 1 X, l¼ 1 m2/V s). For large values of N (N ¼ 25 for the parameters of

R and l used here), the curves collapse onto a straight line. (b) Simulated

LMR slope DR/DB for temperatures in the range T¼ 4.2–200 K. Unlike the

experimental data, DR/DB decreases by about 40% in the simulated tempera-

ture range.
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