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Energy spectrum and parameters of deep impurity level in Pb12xGexTe alloys doped with Yb
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In this paper, the galvanomagnetic properties (4.2<T<300 K) of Pb12xGexTe (x<0.04) alloys doped with
ytterbium were investigated under both atmospheric pressure and hydrostatic compression up to 12 kbar. The
variation of the energy diagram of Pb12xGexTê Yb& under variation of the Ge concentration and under
pressure were proposed. It was shown that change of energy spectrum under pressure leads to the insulator-
metal transition due to the redistribution of electrons between the valence band and the Yb-induced deep level.
By comparing theoretical and experimental dependences of Fermi energy and free hole concentration on
pressure the main parameters of Yb-induced deep level were determined.@S0163-1829~99!09919-1#
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I. INTRODUCTION

It has been known that doping narrow gapAIVBVI semi-
conductors with mixed valence impurities~In, Ga, Tl! leads
to the emergence of deep impurity levels in the energy sp
trum of semiconductors and the principal modification of
electrical and optical properties.1–3 Impurity states posses
donor-acceptor properties and if the impurity concentrat
is rather high ('1 at. %) the Fermi energy is pinned withi
the impurity level partially filled with electrons. Due to
high density of the impurity states the Fermi-energy posit
is independent of the concentration of other impurities,
trinsic and radiation-induced defects and depends on the
ergy position of the deep level only.4–6 The impurity levels
can be situated in the forbidden gap as well as in the allow
bands depending on the alloy composition, the temperat
the pressure, and the magnetic field. If the deep impu
level lies in the forbidden gap, it is possible to obtain so
solutions with an extremely low-charge carrier concentrat
close to the intrinsic one.7,8

After exciting doped alloys by some external factors,
example, infrared illumination, or applying a quantizin
magnetic field, all relaxation processes connected with c
turing nonequilibrium charge carriers by impurity-induc
centers exhibit the long-term character usually explain
by the Jahn-Teller nature of the defect impurity centers.9–11

Accordingly, capturing electrons in the defect center lea
to a change of its lattice surrounding and to a decrease in
electronic energy of the defect state. Thus, the states
various number of captured electrons become separ
from each other by autolocalizing barriers, which drastica
reduces the rate of carrier transitions between the local
and band states. It results, in particular, in the anom
ously high-impurity photosensitivity below a critical tem
perature Tc and the persistent photoconductivity effe
at temperaturesT!Tc after the infrared illumination of the
doped alloys. For Pb12xSnxTe alloys doped with In,Tc
'20 K whereas for PbTe doped with Ga the critical te
perature reaches the values about 80 K.12,13
PRB 590163-1829/99/59~20!/12928~7!/$15.00
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It has recently been found that ytterbium in Pb12xGexTe
(x<0.06) alloys also exhibits a mixed valence. It has be
shown that p-type alloys are paramagnetic due to se
ionization of Yb ions (Yb21→Yb311eband) and trans-
ition of these ions to the magnetically active Yb31 state
(4 f ,13 s51/2!.14 By analogy with the behavior of well-
known mixed valence impurities one can assume that
ytterbium impurity can form deep Jahn-Teller electron
states in the energy spectrum of Pb12xGexTe alloys. The
investigations of the galvanomagnetic and photoelec
properties of the alloys confirm this assumption. It has be
revealed that in Pb12xGexTe (x<0.06) the Yb-induced deep
level is situated near the top of the valence band either in
forbidden gap or in the valence band.15,16 High photosensi-
tivity of the alloys at temperaturesT,Tc'30 K and the
persistent photoconductivity effect atT54.2 K have also
been established.17 However, neither the exact position of th
Yb-induced deep level in alloys with various Ge concent
tion nor the main parameters of this level have been de
mined up to now.

The investigation of the galvanomagnetic properties
the doped alloys based on PbTe under pressure and in q
tizing magnetic fields is one of the most promising ways
obtaining information about the energy spectrum and par
eters of impurity levels in these alloys.1,2 The variation of the
mutual arrangement of the deep level and the band ed
under the condition of the Fermi-level pinning makes it po
sible to observe redistribution of electrons between locali
and band states and insulator-metal transitions induced
variation of pressure or a magnetic field. In this case,
investigation of the pressure or magnetic-field dependenc
the free-carrier concentration during the insulator-metal
metal-insulator transition allows one to obtain the uniq
information about the energy spectra of band and locali
electrons, to estimate the impurity level width and to rest
its density-of-state function.

In the present paper, the galvanomagnetic properties
Pb12xGexTe doped with Yb were investigated under bo
12 928 ©1999 The American Physical Society
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TABLE I. Parameters of the investigated samples Pb12xGexTê Yb& at T54.2 K.

Sample x CYb , at. % Type RH , cm3/C r, V cm p, cm23 mH , cm2/V s

Yb15-1 0.0085 0.75 p 1.83103 7.231021 2.831015 2.53103

Yb15-2 0.0085 0.75 p 9.23102 3.43100 5.531015 2.73102

Yb60-1 0.038 0.86 p .53107 .63104 ,1011 .83102

Yb60-2 0.038 0.86 p .23106 .83102 ,1012 .33103
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atmospheric pressure and hydrostatic compression. It wa
sumed that the variation of Ge content and the applicatio
hydrostatic compression would make it possible to cha
the position of Yb-induced level with respect to the top
the valence band, to change the energy spectrum of th
loys by varying the Ge concentration and applying press
and to determine the main parameters of Yb-induced d
states.

II. EXPERIMENTAL DETAILS

Pb12xGexTe (x<0.04) doped with Yb single crystal
were grown by a modified Bridgeman method described
Ref. 15. Concentrations of germanium and ytterbium in
alloys was checked by the energy dispersive x-ray flouo
cence analysis.14 The parameters of the investigated samp
at atmospheric pressure andT54.2 K are presented in
Table I.

In each sample the temperature dependence of resist
r and the Hall constantRH (4.2<T<300 K, B<0.1 T)
were measured in the chamber shielded from the exte
background illumination. Then the sample Yb60-1 with t
Ge contentx50.038 was investigated under high hydrosta
pressure. Pressures up to 12 kbar were obtained in the b
lium bronze chamber with kerosene-oil-pentane press
transmitting medium. The pressure was applied at room t
perature and the chamber was allowed to cool slowly i
thermal contact with either liquid nitrogen or liquid helium
The pressure calibration was carried out at helium temp
ture by measuring the superconducting transition temp
ture in high-purity tin as a function of pressure in the cha
ber. The temperature dependences of the resistivity and
Hall constant in a weak-magnetic field were measured
every value of pressure. Besides, at pressuresP.4 kbar the
Shubnikov-de Haas effect and the magnetic-field dep
dences of the Hall constant in strong-magnetic fieldsT
54.2 K, B<7 T) were studied.

III. RESULTS AND DISCUSSION

A. Galvanomagnetic properties and the energy spectrum
of Pb12xGexTeŠYb‹ alloys

The investigation of the galvanomagnetic effects
Pb12xGexTê Yb& alloys shows the strong dependence of
properties upon the alloy composition. For the alloys w
the Ge contentx50.0085, rather low values of the resistivi
and the Hall constant and therefore, high-carrier concen
tion at T54.2 K are typical, while the alloys with the G
contentx50.038 are high resistive and characterized by l
~close to the intrinsic! values of the charge-carrier concentr
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tion ~see Table I!. The temperature dependences of the re
tivity and the Hall constant measured when the samples w
shielded from the external background illumination a
shown in Fig. 1. The important feature of these curves is
presence of the low-temperature activation region of im
rity conductivity, which is indicative of the existence of th
impurity level in the forbidden gap of the investigated alloy
From the slope of the low-temperature activation region
the r(1/T) dependence the activation energy of the Y
induced level were determined. It was found that its va
DEYb5EYb2Ev'2 meV in the alloys with the Ge conten
x50.0085 and DEYb'22 meV for the alloys with x
50.038.

In the alloys with a lower forbidden gap (x50.0085) the
temperature dependences of the resistivity and the Hall c
stant also exhibit a high-temperature activation region~see
curves 2 and 28 in Fig. 1! due to the intrinsic ionization of
electrons. Unfortunately, this activation region is unsuita
for determination of the gap because at the experime
temperatures it was only the beginning of the intrinsic io
ization region that was observed.

The obtained values of the activation energyDEYb to-
gether with the well-known data on the energy spectrum
Pb12xGexTe and Pb12xYbxTe alloys18,19allow us to propose
the variation of the energy diagram of Pb12xGexTe doped
with Yb under variation of the Ge content~Fig. 2!. It is
known that an increase in the Ge content leads to an incr

FIG. 1. Temperature dependence of the Hall constant~1, 2! and
resistivity (18, 28) in Pb12xGexTê Yb&. 1,182x50.038, 2,282x
50.0085.
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in the Pb12xGexTe forbidden band with the ratedEg /dx
'20 meV/at. %~Ref. 18! and doping with Yb leads to an
increase of the Pb12xYbxTe forbidden gap with the rate
dEg /dx52565 meV/at. %.19 So one can assume that
PbTe the Yb-induced deep level should be situated in
valence band near its top. Upon an increase in the Ge con
the Yb level moves to the top of the valence band, interse
it at x'0.01 and enters the forbidden gap. Assuming that
position of the Yb-induced level with respect to the valen
band top depends linearly upon the alloy composition,
rate of the activation energy increase with increasing Ge c
tent can be estimated asdDEYb /dx'7 meV/at. %.

B. The insulator-metal transition induced by pressure
in Pb12xGexTeŠYb‹ „x50.038…

Application of hydrostatic pressure leads to significa
changes in the galvanomagnetic properties of
Pb12xGexTê Yb& (x50.038) alloy. In the pressure rangeP
,5 kbar the resistivity and the Hall constant at low tempe
tures decrease sharply by about six orders of magnit
~Figs. 3 and 4!. At higher pressures, these parameters
crease slower and attain the values of 1024 V cm and
1 cm3/C, respectively. The character of the temperature
pendences of the resistivity and Hall constant also chan
under pressure. As the pressure increases, the slope o
activation region in ther(1/T) dependence as well as in th
RH(1/T) dependence decrease approaching zero at s
critical pressureP* . As the pressure increases further, t
temperature dependence of the resistivity assumes a me
character typical of the undoped PbTe-based alloys.
temperature dependence of the Hall constant atP.P* , how-
ever, exibits an unusual feature: the Hall constant monot
cally increases with increasing temperature.

The investigation of transverse magnetoresistance of
sample shows the emergence of the Shubnikov-de Haa
cillations at pressures aboutP* ~Fig. 5!. Since the oscillation
frequency is determined by the free-carrier concentration
the sample, the comparison of the oscillation curves m
sured at various pressures gives information about cha
in the carrier concentration under pressure. It was found
as the pressure increases, the oscillation frequency m

FIG. 2. Change of the energy spectrum of Pb12xGexTê Yb&
under the variation of the Ge contentx at T54.2 K.
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tonically increases, at rather high pressures~about 12 kbar!
the oscillation curves reveal the so-called beats, conne
with the presence of more than one characteristic freque
The existence of several characteristic frequencies can
explained under the assumption that there are several t
of charge carriers in the metallic phase of the alloy.

In this case, the Hall constant vs the magnetic-field
pendence should exhibit some features of, for example,
nonlinear Hall voltage vs the magnetic-field dependence
the reversal of the Hall voltage sign with increasing pressu
However, careful measurements of the Hall constant
magnetic-field dependence shows that this dependence
not exhibit any nonlinearity. Besides, the beats can be

FIG. 3. Temperature dependence of the resistivity
Pb12xGexTê Yb& (x50.038) under various pressures.P ~kbar!:
1-0, 2-1.6, 3-2.3, 4-3.3, 5-3.9, 6-4.4, 7-6.8, 8-8.7, 9-12.0.

FIG. 4. Temperature dependence of the Hall constant
Pb12xGexTê Yb& (x50.038) under various pressures.P ~kbar!:
1-0, 2-1.6, 3-2.3, 4-3.3, 5-3.9, 6-4.4, 7-6.8, 8-8.7, 9-12.0.
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plained by the splitting of the four equivalent valleys inL
points of the Brillouin zone to a couple of singlet and trip
valleys due to the low-temperature structural transition fr
the cubic to the rombohedral phase.20 In order to prove this
assumption further experiments with exact control of the o
entation of the samples relative to the direction of the m
netic field are required.

The experimental data, in particular, the decrease of
slopes of the activation regions in ther(1/T) and RH(1/T)
dependences, and the change in the character of the tem
ture dependences of the resistivity and the Hall constant w
increasing pressure are indicative of the transition of the
vestigated sample from the insulator to the metallic ph
under pressure. The emergence of the Shubnikov–de H
oscillations and the increase of its frequency in the meta
phase confirm this conclusion and imply the increase of
free-carrier concentration with a further increase in press

C. Variation of the energy spectrum of Pb12xGexTeŠYb‹
„x50.038… under pressure

The experimental results obtained allow us to propose
variation of the energy diagram of Pb12xGexTê Yb& (x
50.038) alloy under pressure~Fig. 6!. Under atmospheric
pressure the Yb-induced deep level is situated in the for
den gap near the top of the valence band. Under pressur
width of the forbidden gap at theL point of the Brillouin
zone in Pb12xGexTe alloys decreases. We assume that
pressure coefficient of the forbidden gapdEg /dP in the in-
vestigated alloys is the same as that of PbTe and equals
meV/kbar.21 With decreasing forbidden gap the deep lev
approaches the valence-band edge. In order to determin
rate of the Yb level moving with respect to the top of t
valence band the values of the activation energyDEYb were
calculated from the slopes of the activation regions in
r(1/T) dependences~Fig. 3! and the activation energy vs
pressure dependence was constructed~Fig. 7!. It was found
that with increasing pressure theDEYb decreases almost lin

FIG. 5. Transverse magnetoresistance oscillations
Pb12xGexTê Yb& (x50.038) under various pressures.P ~kbar!:
1-4.7, 2-6.8, 3-8.7, 4-12.0.
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early with the ratedDEYb /dP'5 meV/kbar and become
zero at a critical pressureP* '4.5 kbar.

At about the same pressure the Yb-induced level in
sects the top of the valence band and the insulator-m
transition occurs, which is connected with the emergence
free holes due to the flow of electrons from the valence b
to the free states in the deep level~Fig. 6!. A further increase
in pressure results in the Yb-induced level moving dee
into the valence band and a further increase in the free-h
concentration due to the pinning of the Fermi level by t
Yb-induced states.

The effect of Fermi-level pinning in the metallic phas
also allows us to explain the unusual character of the te
perature dependences of the Hall constant atP.P* men-
tioned above~see curves 6–9 in Fig. 4!. The observed in-
crease of the Hall constant can be accounted for by
movement of the Yb-induced level to the top of the valen

n

FIG. 6. Change of the energy spectrum of Pb12xGexTê Yb&
(x50.038) under pressure atT54.2 K.

FIG. 7. Dependence of the activation energy of Yb-induc
deep level in Pb12xGexTê Yb& (x50.038) on pressure.
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band with increasing temperature. This movement ma
electrons flow from the impurity level to the valence ba
resulting in decreasing the free-hole concentration in the
lence band of the alloys.

In order to estimate the main parameters of the Y
induced level in the frame of proposed model the press
dependences of the free-hole concentration and the Fe
level position in the metallic phase were constructed. T
experimental values of the free-hole concentration~solid
squares in Fig. 8! were calculated from the values of the Ha
constant atT54.2 K. The free-hole concentration estimat
from the period of the Shubnikov–de Haas oscillations co
cides within 10% with that obtained from the Hall-effe
data. The position of the Fermi levelEF ~solid circles in Fig.
9! was calculated from the values of the free-hole concen
tion, using Kane’s energy-momentum relation with the v
ues of the parameters typical of Pb12xSnxTe (x'0.2) pre-
sented in Ref. 22.

It is interesting to note~Fig. 9! that the Fermi level enter
the valence band at a significantly lower pressure than
critical pressureP* , at which the middle of the impurity
band should enter the valence band. Thus, in the finite p
sure range the activation of electrons from the valence b
to the Yb-induced level and the existence of free holes in
valence band at helium temperatures are observed sim
neously. This fact allows us to conclude that the Yb-induc
level ~impurity band! should have a considerable wid
~5–10 meV! and under pressures up to the insulator-me
transition point should be less than half filled with electro
~Fig. 6!. In any other case the emergence of free holes m
occur exactly at the pressureP* , when the activation energ
of the Yb-induced level becomes zero.

Moreover, in the whole investigated pressure range
pressure dependence of the Fermi level position lies un
the dashed line, which corresponds to the position of
middle of the Yb-induced band under pressure~Fig. 9!.

FIG. 8. Dependence of the free-hole concentration
Pb12xGexTê Yb& (x50.038) on pressure. Solid curves were calc
lated in terms of the model given by Eqs.~1!–~4! with the band-
width s57 meV andk: 1-0, 2-1/8, 3-3/8.
s

a-

-
re
i-

e

-

a-
-

e

s-
nd
e
ta-
d

l
s
st

e
er
e

Thus, one can assume that up to the maximum pressure
impurity band remains less than half filled with electrons

The sharp increase of the free-hole concentration imm
diately after the insulator-metal transition and the lack of
saturation of the free-hole concentration obviously imply t
extremely high concentration of the empty states in the
purity band. Taking into account that at the maximum pr
sure P512 kbar the concentration of free holes wasp'3
31018 cm23 and in the whole pressure range the impur
level was less than half-filled with electrons, the density
states in this level can be estimated asNYb.1019 cm23.

D. Parameters of deep Yb-induced states
in Pb12xGexTe alloys

In order to determine quantitatively the main paramet
of the Yb-impurity band the theoretical and experimen
pressure dependences of the free-hole concentration an
Fermi-level position were compared. The theoretical dep
dences were calculated using the model of the energy s
trum of the alloy under pressure mentioned above~Fig. 6!.
According to this model, the flow of electrons from the v
lence band to the impurity band occurs in such a way that
all the values of pressureP total free-hole concentration in
the valence bandp(P) and the density of empty states in th
Yb-induced bandpYb(P) are equal to the initial concentra
tion of empty states in the impurity band under atmosphe
pressurepYb(0)

pYb~0!5p~P!1pYb~P!. ~1!

The concentrations of the empty states in the Yb-indu
band were calculated assuming that the density-of-st
function in the Yb-induced bandgYb(E) can be approxi-
mated by the Gaussian-type curve and under atmosph
pressure the impurity band is partially filled with electron

-
FIG. 9. Dependence of the activation energy of the Yb-induc

level in the insulator phase and Fermi energy in the metallic ph
in Pb12xGexTê Yb& (x50.038) on pressure. Solid curves were c
culated in terms of the model given by Eqs.~1!–~4! with the band-
width s57 meV andk: 1-0, 2-1/8, 3-3/8.
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pYb~P!5E
EF

`

gYb~E!dE, ~2!

gYb~E!5
NYb

sA2p
expF2

~E2EYb!2

2s2 G , ~3!

pYb~0!5NYb~12k!, ~4!

wheres is the width of the Yb-induced band,NYb is the total
capacity of the Yb-induced band andk is the initial occu-
pancy of the band with electrons under the atmospheric p
sure.

Thus, in Eqs.~1!–~4! there are three variable paramete
NYb , s, andk. The preliminary calculations showed that
this case there exist several sets of parameters, which pro
coincidence between the experimental and theoretical d
In order to avoid such a situation one parameter —NYb was
independently estimated and fixed. Taking into account
estimation~see above!, NYb.1019 cm23, we supposed tha
every impurity atom takes part in the formation of impuri
states and gives one electronic state to the impurity ba
The total capacity obtained in such a way wasNYb
'1020 cm23.

So in our calculations of the theoretical pressure dep
dences of the free-hole concentration and Fermi-level p
tion only two parameters~the width of the Yb-induced band
s and the occupancy of this band with electrons at atm
spheric pressurek) were varied. It was found that the varia
tion of k influences mostly the first region of thep(P) de-
pendence characterized by a sharp increase in the free
concentration, while the variation ofs influences mostly the
second region of this dependence characterized by a
increase in the free-hole concentration~Fig. 8!. With increase
in k the insulator-metal transition point shifts toward high
values of pressure and a sharper increase in the free-
concentration in the metallic phase takes place. The incre
of s slightly moves the insulator-metal transition point to
lower pressure, but at the same time leads to a significa
slower increase of the free-hole concentration in the sec
region of thep(P) dependence. One can see that in this c
it is only one set of parameters that would provide the bes
of the theoretical and experimental curves. These parame
were found to bek'1/8 ands'7 meV ~curve 2 in Figs. 8
and 9!.

In order to estimate the reliability of the parameters o
tained the above calculations were also carried out un
changes ofs andk near their average values~curves 1 and 3
,

.
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in Figs. 8 and 9!. Calculations show that both paramete
possess a satisfactory stability to their variations. Taking i
account the errors obtained in the electron occupancy of
band and in the impurity band width, we can finally assu
these parameters to bek51/861/16 ands5763 meV, re-
spectively.

It is also interesting to note that in the investigated pr
sure range in Fig. 9 all the calculated curves lie under
dashed line, indicating the position of the middle of the im
purity band. It means that regardless of the exact value of
parameterk the impurity band is less than half filled wit
electrons due to the extremely high density of the impur
states. According to our estimations, the impurity band
comes half filled with electrons only at the pressure ofP
'50 kbar.

IV. CONCLUSIONS

The experimental results obtained allow us to conclu
the following.

~1! Doping of the Pb12xGexTe (x<0.04) alloys with Yb
leads to the appearance of Yb-induced deep level~impurity
band!; the energy position of this level with respect to th
valence-band top is strongly dependent on the alloy com
sition. In PbTe, this level is situated in the valence ba
with an increase of the Ge content in the alloys the impu
level moves to the top of the valence band, intersects i
x'0.01 and goes deep into the forbidden gap with the r
dDEYb /dx'7 meV/at. %.

~2! Hydrostatic compression of Pb12xGexTe ~x50.038!
^Yb& leads to the decrease of the activation energy of
Yb-induced level with the ratedDEYb /dP'5 meV/kbar
and insulator-metal transition due to the pinning of Fer
level by the impurity band and redistribution of electro
between the valence band and the Yb level under press

~3! In the investigated alloys the Yb-induced impuri
band has an extremely high capacityNYb'1020 cm23 and a
considerable width s5763 meV. At pressures P
,12 kbar this band is less than half filled with electrons a
the initial occupancy of the band under atmospheric press
k'1/8. The density-of-state function in the impurity ban
can be satisfactorily described by the Gaussian-type cur
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