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Giant negative magnetoresistance effect in PbTe„Yb,Mn …
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We report on the observation of the giant negative magnetoresistance effect in PbTe doped simultaneously
with Yb and Mn. In some impurity concentration range, the sample resistance at the liquid helium temperature
drops by about three orders of magnitude when the magnetic field increases up to 5–6 T, with subsequent rise
by about one order of magnitude as the field increases to 17.5 T. The effect is observed up toT535 K. The
possible origin of the effect is discussed.
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Lead chalcogenides are well-known materials for the
frared optoelectronics. They are mainly used for the prod
tion of lasers and LEDs operating in the middle and
infrared.1 Besides that, there is a considerable success in
struction of photodiode infrared photodetecting arrays wit
large number of elements matched to a silicon substrate2

Doping of the lead telluride and some other narrow-g
IV-VI semiconductors with certain impurities results in a
pearance of a range of strong and unusual effects that ar
characteristic for the undoped material.3 In particular, doping
of the lead telluride-based alloys with some of the group
impurities, such as In or Ga, leads to the Fermi-level pinn
effect and to appearance of long-term nonequilibrium p
nomena at low temperatures, for instance, the persistent
toconductivity effect. This effect is used for construction
extremely sensitive far-infrared photodetectors.4 This comes
as a result of formation of theDX–like impurity states in the
group III-doped PbTe and related alloys.5 Formation of
analogous impurity states has been reported for the
doped PbTe.6–8 There is however some substantial differen
of the Fermi-level pinning effect in PbTe~Yb! compared to
the cases of In or Ga doping.

First of all, indium and gallium do not modify the hos
PbTe energy spectrum, but introduction of ytterbium resu
in increase of the energy gap with the rate of]Eg /]x
.33 meV/mol % YbTe.9 Consequently, the position of th
pinned Fermi level does not depend on the amount of ind
introduced in PbTe~In!,10 but it strongly depends onNYb in
PbTe~Yb!. For relatively lowNYb the Fermi level is pinned
at ;10 meV below the valence-band top. For higherNYb the
chemical potential enters the gap providing semi-insulat
behavior of the semiconductor at low temperatures.6

Secondly, the Fermi-level pinning effect in PbTe~In! re-
sults from the In1-In31 valence switching.5,11 Electron para-
magnetic resonance data show that in the case of Yb do
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the Fermi-level pinning is provided by switching of the im
purity valence by one: Yb21-Yb31.8

Finally, the impurity states are very well localized
PbTe~In! and PbTe~Ga!, and there are no signs of conducti
ity via the impurity band even forNIn;1 at %.12 At the
same time, the impurity level providing the Fermi-level pi
ning effect in PbTe~Yb! is considerably broadened, its hal
width is ;7 meV.7 On the other hand, this estimate o
broadening of the Yb level has been done not for the p
PbTe~Yb!, but for PbGeTe~Yb!, in which introduction of Ge
could lead to substantial modification of the effect. No si
of negative magnetoresistance has ever been observed i
Yb-doped lead telluride-based alloys.

Doping of PbTe with Mn gives rise to the bandgap wi
the rate]Eg /]x.40 meV/mol % MnTe, but does not pro
vide appearance of local or quasilocal levels in the vicin
of the actual bands.13 Local magnetic moments in thed shell
of Mn atoms have strong exchange interaction with the f
holes.14 In some cases this interaction gives rise to sm
negative magnetoresistance effect.15

We report on the observation of a giant negative mag
toresistance effect in PbTe doped simultaneously with
and Mn. The effect amplitude reaches several orders of m
nitude thus far exceeding the negative magnetoresistanc
fect observed in PbTe~Mn!.

The PbTe~Yb,Mn! bulk crystal was grown by the Bridg
man technique. Concentration of the dopants varies along
growth axis: whereas theNMn increases from the top to th
end of the ingot, the concentration of Yb, instead, dro
Therefore the concentration of Yb that is enough to prov
the Fermi-level pinning effect was reached only in a part
the ingot closer to its top. This part of the ingot was cut in
slices perpendicular to the growth direction. We will refer
our paper to the slice number. The concentration of dopa
in each slice is shown in the Table I. They were determin
using energy dispersive x-ray fluorescence analysis. Dis
R14 889 ©2000 The American Physical Society
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bution of dopants in the slices was homogeneous within
method accuracy of several percent of impurity concen
tion. Samples of the size 53131 mm3 were cut from the
slices 1, 6, 9, and 12. Platinum contacts to the samples w
made by electric discharge. dc galvanomagnetic meas
ments have been done using the four-probe technique.

The magnetoresistance~MR! curves of sample 1~see
Table I! taken at different temperatures are shown in Fig
The sample resistivityr at T,9 K could be measured cor
rectly only in the fieldsH.1 T. The value ofr in lower
fields was at least higher than 106 V cm and could not be
measured with the electronics available. For this range or,
first, the sample current could not be stabilized, and seco
the input impedance of a voltmeter became comparabl
the sample resistance. As the field increases up to 5 – 6 T
resistivity measured at 4.2 K drops down to 2.5k V cm. It
means that the amplitude of the negative magnetoresist
effect is about three orders of magnitude. The sample re
tance rises by about a factor of 10 with the further increas
magnetic field to 17.5 T . It should be noted that forr
,105 V cm the sample current used was low enough to p
vide the Ohmic regime of measurements. This could not
checked however for 105 V cm,r,106 V cm.

As the temperature increases, the amplitude of the ne
tive MR effect drops. AtT515 K slight positive MR appears
in low fields. It is followed by the negative MR in highe
fields 1210 T with the further transition again to the positiv
MR at H.10 T. With the further increase of the temperatu
the initial positive MR part becomes more pronounced,
amplitude of the negative MR drops, so that atT530 K it is
seen only as a saturation region in ther(H) curve.

It can be seen from the Fig. 1 that the resistivity gradua
rises with lowering temperature in the field intervalsH
,3 T andH.7 T . However, the sample resistance demo
strates metalliclike behavior atT,9 K in the field interval

TABLE I. Composition of the samples Pb12x2yMnxYbyTe mea-
sured.Ea is the impurity thermal activation energy atH50 taken
from our experiment.

Sample Number x y Ea ~meV!

1 0.0239 0.0054 17
6 0.0220 0.0073 21
9 0.0209 0.0089 32
12 0.0201 0.0103 22

FIG. 1. Magnetoresistance of sample 1 taken at different t
peratures.
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3 T,H,7 T. This fact is most clearly seen in the temper
ture dependence of resistivity taken in different fields~Fig.
2!. It is important to note that the resistivity temperatu
dependence consists of two activation parts atH,3 T . The
activation energy corresponding to relatively high tempe
turesT.20 K slightly drops withH rising. At the same time
the low-temperature activation energy decreases with fi
with the rate]Ea /]H.0.7 meV/T going down to zero a
H.3 T. At H.7 T the resistivity temperature dependen
in the low-temperature region can be much better fit with
relation assuming the hopping conductivityr
5r0 exp$(T0 /T)1/4%. For the parameterT0, it was foundT0
;(H2H0)5/2, where H057 T—the field corresponding to
the onset of the hopping conductivity~see Fig. 3, open
squares!.

Data taken for sample 6 demonstrate the same trends.
only difference is that the sample has higher resistance,
reliable data atT54.2 K were taken only in the fieldsH
.3 T. For this sample the ‘‘metallic-type’’ behavior is no
observed in any field. Nevertheless, the temperature de
dence of resistance in different fields shows that the lo
temperature activation behavior atH,3 T transforms to the
hopping conductivity atH.3 T. For this sample, again, in
the low-field range the low-temperature activation energy
creases with field with the rate of]Ea /]H.3 meV/T and for
the high-field range the parameterT0 satisfies the same rela
tion ~2! with H053 T ~Fig. 3, full squares!.

-

FIG. 2. Temperature dependence of resistivity of sample 1 ta
in different magnetic fields.

FIG. 3. Dependence of the parameterT0 of the hopping conduc-
tivity on the reduced magnetic fieldH-H0 for the samples 1~open
squares! and 6~full squares!. The solid lines give the mean-squa
fit for the respective dataset.
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For samples 9 and 12 the data could be taken only aT
.15 K andT.10 K, respectively, since for the lower tem
peratures the resistivity could not be measured reliably
any field. However these high-temperature data show p
ence of the negative MR effect which is observed up
25–30 K.

Temperature dependence of the Hall mobilitym may give
important information on the carrier scattering mechanis
The curvesm(T) for sample 6, for which theRHall value was
measured in the fieldH51 T, are shown in the Fig. 4. It ca
be seen that at high temperaturesT.20225 K the value of
m is proportional toT21.5 which is characteristic for the
acoustic phonon scattering. For the lower temperatures
mobility reaches maximum and then drops very fast. For
regionm;T4. This kind of temperature dependence of m
bility is normally observed in the disordered systems, or
the situations when the conductivity is defined
percolation.16 The Hall signal could be measured on t
background of noise only atT.14 K. The absolute value o
mobility taken at 14 K is 6000 cm2/V s that is much lower
than the normally measured free hole mobility;104 cm2/V s
in PbTe in this temperature range. At lower temperatures
Hall signal becomes too small compared to noise in all fie
H,17.5 T. The respective Hall mobility is at least low
than 100 cm2/V s. Such a low absolute value ofm is also
characteristic for disordered systems and percolative tr
port.

The giant negative magnetoresistance effect has b
observed earlier in the semimagnetic II–VI sem
conductors.17,18 The low-temperature conductivity in thes
materials is defined by thermal activation of holes from
shallow acceptor level. The activation energy drops with
creasing magnetic field providing fast increase of the f
hole concentration and, consequently, the negative ma
toresistance effect. This mechanism however is not ap
cable to PbTe~Yb,Mn!.

Doping of the lead telluride with ytterbium results in th
Fermi-level pinning in the proximity of the valence-band to
Exact position of the pinned Fermi level depends on
amount of Yb introduced into the crystal. Doping with M
further increases the gap, so in PbTe~Yb,Mn! the chemical
potential is pinned within the gap. Thus the high-temperat
activation in ther(T) curves is due to the thermal excitatio
of free holes from the Yb-induced impurity level to the v

FIG. 4. The temperature dependence of the Hall mobility for
sample 6.
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lence band. High mobilities of the carriers in this tempe
ture range support that the conductivity is defined by
activation to the valence band. The respective activation
ergy atH50 is given in the Table I. It depends only slightl
on magnetic field, and the magnetoresistance is positive
means that the free holes may give contribution to the p
tive magnetoresistance in the low fields at elevated temp
tures, but not to the negative magnetoresistance. This as
makes substantial difference from the case of II–VI sem
conductors.

The activation energy corresponding to the process
served at the low temperatures and in the low fields is m
smaller than the distance between the impurity level that p
the chemical potential and the valence band. Besides that
Hall data suggest that the charge carriers responsible for
activation have much lower mobility. It is natural to assum
therefore that the mechanism of this low-temperature act
tion is the following. Contrary to the indium impurity cas
for which the respective impurity states are very well loc
ized, and the width of the respective level is very sm
,1 meV,12 in the case of Yb-doped PbTe there may exis
considerable widening of the impurity level, as it has be
suggested in Ref. 7. In certain cases this widening may l
to the possibility of percolative transport as long as the Fe
level is inside the middle part of the respective density
states profile. If it stays in the ‘‘tails’’ of this profile, the
conductivity is defined by the thermal activation from th
Fermi level to the mobility edge. Apparently the Fermi lev
shifts in magnetic field with respect to the mobility edge
PbTe~Yb,Mn!

Since the effect is not observed in the other lead telluri
based alloys doped with Yb, it is natural to assume tha
results from the interaction of Yb and Mn impurities. Th
possible mechanism of the effect is the following. There i
strong exchange interaction between magnetic moments
calized on thed shell of Mn atoms and free holes in th
valence band of PbTe. The Yb impurity level lies rath
close to the valence band top, so it is likely that there i
hybridization of the impurity state and the valence ba
wave functions. Thus thed states of Mn may affect Yb im-
purity states. Modification of this interaction in magnet
field may result in changes in the profile of the density
states in the impurity band. Consequently, position of
Fermi level may shift with respect to the mobility edge.

Another possibility is the following. Application of mag
netic filed may result in noticeable splitting of impurity stat
with different spin directions. Under these conditions t
overall filling of the band does not change, but filling of ea
of the spin-polarized impurity subbands may change and
sult, in turn, in a shift of the Fermi level with respect to th
mobility edge in each subband. However, the presen
schemes of the processes involved are quite speculative
further research is needed to clarify the origin of the effe

The onset of the variable range hopping conductivity
clearly observed in the high fields. The fact that in differe
samples the field dependence of the parameterT0 is analo-
gous suggests some universal mechanism of localizatio
high magnetic fields. However, the physical meaning of
parameterH0 remains unclear.

In sample 1 the hopping conductivity onset occurs w
after the chemical potential crosses the mobility edge
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magnetic field providing rather extended range of fields 3
T in which the metallic behavior of conductivity is observe
at low temperatures. In sample 6 the crossover and the
ping conductivity onset take place practically in the sa
field. Apparently these two processes depend on the den
of states profile in the impurity band, and further investig
tions are needed to determine whether they are linked to e
other or not.

In summary, we have observed the giant negative mag
toresistance effect with the amplitude of about 103 in
PbTe~Yb,Mn!. The effect is most likely to come from th
shift of the chemical potential with respect to the mobil
edge in the impurity band in magnetic field. Positive mag
toresistance observed in high fields results from the varia
range hopping conductivity onset observed atH.H0, the
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parameterT0 of the hopping conductivity being proportiona
to (H2H0)5/2.
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