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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 observet=tRbt&. The
possible origin of the effect is discussed.

Lead chalcogenides are well-known materials for the inthe Fermi-level pinning is provided by switching of the im-
frared optoelectronics. They are mainly used for the producpurity valence by one: Yo -Yb".8
tion of lasers and LEDs operating in the middle and far Finally, the impurity states are very well localized in
infrared?! Besides that, there is a considerable success in cofrbTeIn) and PbTéGa), and there are no signs of conductiv-
struction of photodiode infrared photodetecting arrays with &ty via the impurity band even foN,,~1 at%? At the
large number of elements matched to a silicon substrate. same time, the impurity level providing the Fermi-level pin-

Doping of the lead telluride and some other narrow-gaming effect in PbTérb) is considerably broadened, its half-
IV-VI semiconductors with certain impurities results in ap- width is ~7 meV.” On the other hand, this estimate of
pearance of a range of strong and unusual effects that are ntoadening of the Yb level has been done not for the pure
characteristic for the undoped materiah particular, doping PbTeYb), but for PbGeTerb), in which introduction of Ge
of the lead telluride-based alloys with some of the group llicould lead to substantial modification of the effect. No sign
impurities, such as In or Ga, leads to the Fermi-level pinningPf negative magnetoresistance has ever been observed in the
effect and to appearance of long-term nonequilibrium pheYb-doped lead telluride-based alloys. _
nomena at low temperatures, for instance, the persistent pho- POPing of PbTe with Mn gives rise to the bandgap with
toconductivity effect. This effect is used for construction of e ratedEy/dx=40meVv/mol % MnTe, but does not pro-
extremely sensitive far-infrared photodetectbihis comes ~ Vide appearance of local or quasilocal levels in the vicinity
as a result of formation of thBX—like impurity states in the ©f the actual bands’ Local magnetic moments in tfieshell

. of Mn atoms have strong exchange interaction with the free
group lll-doped PbTe and related alloysFormation of " g exchange | : .
In some cases this interaction gives rise to small

analogous impurity states has been reported for the tholes.' . a5
doped PbT& 8 There is however some substantial differencenegatlve magnetoresistance (_ef o :

f the Fermi-level pinni fiect in PbTeb) dt We report on the observation of a giant negative magne-
ot Ine Fermi-ievel pinning etfect in compared 10 s resistance effect in PbTe doped simultaneously with Yb
the cases of In_ or Ga doping. ) ) and Mn. The effect amplitude reaches several orders of mag-

First of all, indium and gallium do not modify the host hi\ge thus far exceeding the negative magnetoresistance ef-
PbTe energy spectrum, but introduction of ytterbium resultsfect observed in PbTMn).
in increase of the energy gap with the rate &f,/dx The PbT€Yb,Mn) bulk crystal was grown by the Bridg-
=33meV/mol % YbTe? Consequently, the position of the man technique. Concentration of the dopants varies along the
pinned Fermi level does not depend on the amount of indiungrowth axis: whereas thi,,, increases from the top to the
introduced in PbT@n),* but it strongly depends oNyy, in end of the ingot, the concentration of Yb, instead, drops.
PbTdYDb). For relatively lowNy, the Fermi level is pinned Therefore the concentration of Yb that is enough to provide
at ~10 meV below the valence-band top. For highkg, the  the Fermi-level pinning effect was reached only in a part of
chemical potential enters the gap providing semi-insulatinghe ingot closer to its top. This part of the ingot was cut into
behavior of the semiconductor at low temperatires. slices perpendicular to the growth direction. We will refer in

Secondly, the Fermi-level pinning effect in PKfe re-  our paper to the slice number. The concentration of dopants
sults from the IA-In®" valence switching:!* Electron para- in each slice is shown in the Table I. They were determined
magnetic resonance data show that in the case of Yb dopingsing energy dispersive x-ray fluorescence analysis. Distri-
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TABLE I. Composition of the samples Pb,_,Mn,Yb,Te mea- 10%3 oo OO
sured.E, is the impurity thermal activation energy Ht=0 taken 10°1 o ©°
from our experiment. T 101 innnih 588 8 Ak aeas
o it Y%+ + 2 @
31 % o+t
Sample Number X y E, (meV) § 102 H=0T-square
= 107§ H=1T-circle
1 0.0239 0.0054 17 g 101 ] H=3T -triangle up
6 0.0220 0.0073 21 k7 10°1 H=5T - triangle down
9 0.0209 0.0089 32 8 H=9T-cross +
107 3 H=17.5T - cross x
12 0.0201 0.0103 22 1021

0 5 10 15 20

. . . L Reverse temperature*100 (K™
bution of dopants in the slices was homogeneous within the

method accuracy of several percent of impurity concentra- FIG. 2. Temperature dependence of resistivity of sample 1 taken
tion. Samples of the size>51x 1 mnt were cut from the in different magnetic fields.
slices 1, 6, 9, and 12. Platinum contacts to the samples were
made by electric discharge. dc galvanomagnetic measurgrr_ 7 1. This fact is most clearly seen in the tempera-
ments have been done using the four-probe technique. .o gependence of resistivity taken in different fieleg.

The magnetore_sstano@/lR) curves of sample _J(se_e 2). It is important to note that the resistivity temperature
Table ) taken at different temperatures are shown in Fig. 1'dependence consists of two activation partsiat3 T . The

The samplg resisti\_/ity) at T<9K could be mea_sured COr activation energy corresponding to relatively high tempera-
rectly only in the fieldsH>1T. The value ofp in lower . oq1~ 20K slightly drops withH rising. At the same time

fields Waj at rlle";‘ft r}igher t_han “’.I.Qlcm and C%‘_J'd not bef the low-temperature activation energy decreases with field
measured with the electronics available. For this range, o ith the ratedE,/dH=0.7 meV/T going down to zero at

first, the sample current could not be stabilized, and seconqy_3 1 At H>7 T the resistivity temperature dependence
the input impedance of a voltmeter became comparable tp, yhe |ow-temperature region can be much better fit with the
the sample resistance. As the field increases upto 5-6 T, ”}'élation assuming the hopping  conductivity p

resistivity measured at 4.2 K drops down tokRG®bcm. It _ extl(T-/TYY2  For the parameteF.. it was foundT
means that the amplitude of the negative magnetoresistanqepo A(To/D - D o 0

effect is about three orders of magnitude. The sample resi H=H0)® whereH,=7 T—the field comesponding to
. . : . e onset of the hopping conductivitisee Fig. 3, open
tance rises by about a factor of 10 with the further increase osih pping s g P

ic field hould b d that for  OuAes
magnetic field to 17.5T . It should be noted that ier Data taken for sample 6 demonstrate the same trends. The
<10° Q cm the sample current used was low enough to pro-

) . ) ) only difference is that the sample has higher resistance, and
vide the Ohmic regime of measurements. This could not be,;i2pie data aff=4.2 K were taken only in the fields
checke;]j however for f?” cm<p<1hOGQ le.' f th >3 T. For this sample the “metallic-type” behavior is not
_ As the temperature increases, the amplitude of the neggy, eryeq in any field. Nevertheless, the temperature depen-
tive MR effect drops. AT =15 K slight positive MR appears  gence of resistance in different fields shows that the low-
n low fields. It.'s followed by the_ _nega'uvg MR in hlg_h_er temperature activation behavior ld 3 T transforms to the
fields 1- 10 T with the further transition again to the positive hopping conductivity aH>3 T. For this sample, again, in
MR atH=>10T. With the further increase of the temperature pq |oy.field range the low-temperature activation energy de-

the initial positive MR part becomes more pronounced, & eaqes with field with the rate 6E,/dH=3 meV/T and for

amplitude of the negat!ve MR'dro.ps, so thaffat 30K it is the high-field range the paramefks satisfies the same rela-
seen only as a saturation region in {gH) curve. tion (2) with Ho=3 T (Fig. 3, full squares
It can be seen from the Fig. 1 that the resistivity gradually

rises with lowering temperature in the field interveis
<3TandH>7T . However, the sample resistance demon-
strates metalliclike behavior at<9 K in the field interval
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Magnetic field (T) FIG. 3. Dependence of the parametgrof the hopping conduc-
tivity on the reduced magnetic field-H for the samples Iopen
FIG. 1. Magnetoresistance of sample 1 taken at different temsquaresand 6(full square$. The solid lines give the mean-square
peratures. fit for the respective dataset.
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lence band. High mobilities of the carriers in this tempera-
- e ture range support that the conductivity is defined by the
activation to the valence band. The respective activation en-
] ergy atH=0 is given in the Table I. It depends only slightly
on magnetic field, and the magnetoresistance is positive. It
. means that the free holes may give contribution to the posi-
tive magnetoresistance in the low fields at elevated tempera-
tures, but not to the negative magnetoresistance. This aspect
makes substantial difference from the case of 11-VI semi-
conductors.
. The activation energy corresponding to the process ob-
10 20 30 40 50 served at the low temperatures and in the low fields is much
smaller than the distance between the impurity level that pins
the chemical potential and the valence band. Besides that, the
FIG. 4. The temperature dependence of the Hall mobility for theHall data suggest that the charge carriers responsible for this
sample 6. activation have much lower mobility. It is natural to assume
therefore that the mechanism of this low-temperature activa-
For samples 9 and 12 the data could be taken only at tion is the following. Contrary to the indium impurity case,
>15K andT>10K, respectively, since for the lower tem- for which the respective impurity states are very well local-
peratures the resistivity could not be measured reliably irized, and the width of the respective level is very small
any field. However these high-temperature data show pres<1 meV ! in the case of Yb-doped PbTe there may exist a
ence of the negative MR effect which is observed up toconsiderable widening of the impurity level, as it has been
25-30 K. suggested in Ref. 7. In certain cases this widening may lead
Temperature dependence of the Hall mobifitynay give  to the possibility of percolative transport as long as the Fermi
important information on the carrier scattering mechanismslevel is inside the middle part of the respective density of
The curvesu(T) for sample 6, for which th&y,, value was  states profile. If it stays in the “tails” of this profile, the
measured in the fieltl=1 T, are shown in the Fig. 4. It can conductivity is defined by the thermal activation from the
be seen that at high temperatuiies 20— 25K the value of  Fermi level to the mobility edge. Apparently the Fermi level
w is proportional toT~1° which is characteristic for the shifts in magnetic field with respect to the mobility edge in
acoustic phonon scattering. For the lower temperatures thebTdYb,Mn)
mobility reaches maximum and then drops very fast. For this Since the effect is not observed in the other lead telluride-
region u~ T4, This kind of temperature dependence of mo-based alloys doped with Yb, it is natural to assume that it
bility is normally observed in the disordered systems, or inresults from the interaction of Yb and Mn impurities. The
the situations when the conductivity is defined by possible mechanism of the effect is the following. There is a
percolationt® The Hall signal could be measured on the strong exchange interaction between magnetic moments lo-
background of noise only dt>14 K. The absolute value of calized on thed shell of Mn atoms and free holes in the
mobility taken at 14 K is 6000 ¢V s that is much lower valence band of PbTe. The Yb impurity level lies rather
than the normally measured free hole mobilitd 0 cn?/V's  close to the valence band top, so it is likely that there is a
in PbTe in this temperature range. At lower temperatures thbybridization of the impurity state and the valence band
Hall signal becomes too small compared to noise in all fieldsvave functions. Thus thd states of Mn may affect Yb im-
H<17.5T. The respective Hall mobility is at least lower purity states. Modification of this interaction in magnetic
than 100crV's. Such a low absolute value ¢f is also  field may result in changes in the profile of the density of
characteristic for disordered systems and percolative transtates in the impurity band. Consequently, position of the

Mobility (cm?/ V s)

Temperature (K)

port. Fermi level may shift with respect to the mobility edge.
The giant negative magnetoresistance effect has been Another possibility is the following. Application of mag-
observed earlier in the semimagnetic 1I-VI semi- netic filed may result in noticeable splitting of impurity states

conductors”*® The low-temperature conductivity in these with different spin directions. Under these conditions the
materials is defined by thermal activation of holes from aoverall filling of the band does not change, but filling of each
shallow acceptor level. The activation energy drops with in-of the spin-polarized impurity subbands may change and re-
creasing magnetic field providing fast increase of the freesult, in turn, in a shift of the Fermi level with respect to the
hole concentration and, consequently, the negative magne&obility edge in each subband. However, the presented
toresistance effect. This mechanism however is not applischemes of the processes involved are quite speculative, and
cable to PbTerb,Mn). further research is needed to clarify the origin of the effect.
Doping of the lead telluride with ytterbium results in the ~ The onset of the variable range hopping conductivity is
Fermi-level pinning in the proximity of the valence-band top. clearly observed in the high fields. The fact that in different
Exact position of the pinned Fermi level depends on thesamples the field dependence of the paramigeis analo-
amount of Yb introduced into the crystal. Doping with Mn gous suggests some universal mechanism of localization in
further increases the gap, so in PkYle,Mn) the chemical high magnetic fields. However, the physical meaning of the
potential is pinned within the gap. Thus the high-temperaturgparameteH, remains unclear.
activation in thep(T) curves is due to the thermal excitation  In sample 1 the hopping conductivity onset occurs well
of free holes from the Yb-induced impurity level to the va- after the chemical potential crosses the mobility edge in
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magnetic field providing rather extended range of fields S—barameter'fg of the hopping conductivity being proportional
T in which the metallic behavior of conductivity is observed to (H—Hg) 2
at low temperatures. In sample 6 the crossover and the hop-

ping conductivity onset take place practically in the same or L. Ryabova, and Dr. V. Snegirev for fruitful discussions,

field. Apparently these two processes depend on the densi !
of states profile in the impurity band, and further investiga-}S R. van Schajk, Dr. D. Hall, Dr. T. Murphy, Dr. E. Palm,

. ) : nd Dr. Yu. Sushko for considerable help in experiments, to
tions are needed to determine whether they are linked to eacﬁp Kuznetsova and A. Popov for the t(gchniceﬂ assistance

other or not. _ _ One of the authoréD.R.K.) is grateful to the National High

In summary, we have observed the giant negative magn@yagnetic Field Laboratory at the Florida State University
toresistance effect with _the amplltude of about® 1y (Tallahassee, F\. for the possibility to perform the high-
PbTeYb,Mn). The effect is most likely to come from the field measurements under the support of the supplemental
shift of the chemical potential with respect to the mobility funds to the NSF core grant at the NHMFL DMR 952 7035.
edge in the impurity band in magnetic field. Positive magne-The research described in this paper was supported in part by
toresistance observed in high fields results from the variablgrants of the RFBR 98-02-17317, 96-02-18853, and INTAS-
range hopping conductivity onset observedHatH,, the = RFBR Grant No. 95-1136.
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