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Transitions to a gapless state (GS), which occur in p -type Hg,_. Cd. Te alloys as a result of the 
inversion of the terms r 6 and r 8 under pressure, are investigated. The galvanomagnetic effects in a 
weak magnetic field (2:5 T < 300 OK) and the Shubnikov-de Haas effect (2:5 T :5 4.2 OK) are 
investigated in a wide pressure interval, 1 atm :5 p < 10 katm. It is shown that the specific feature of 
the transition to the GS in the investigated alloys is due to overlap of the impurity hole band with 
the conduction band, an overlap amounting to -3meV. A linear decrease of the cross section of the 
electronic Fermi sphere and of the cyclotron mass with increasing pressure is observed on going to 
the GS. The minimal value of the cyclotron mass registered in the experiment was -I X 1O-3m o. A 
strong increase of the electron mobilities (up to _107 cm2 IV sec) was observed with decreasing gap 
E.. The main parameters of the registered spectrum of the alloys are determined for helium 
temperatures and at p = 1 atm. In the low-temperature region, the semimetallic alloys Hg,_. Cd. Te 
of p type exhibit an effect predicted by Gel'mont and D'yakonov, (5J namely a decrease of the 
electron density with increasing temperature. 

INTRODUCTION 

1. Much interest has been shown recently in mater­
ials having a zero or anomalously small energy gap Eg 
between the top of the valence band and the bottom of 
the conduction band. The peculiarities of the state of 
matter with Eg = 0, called the gapless state, was investi-
gated theoretically in a number of studies [1-6J. Much 
attention was paid to screening effects [3-6J, to the prob­
lem of hot carriers[4J , to impurity effects[5J, etc. In 
the case of band interaction, the smallness of Eg leads to 
a strong nonparabolicity of the energy spectrum of the 
carriers [7, aJ • The character of the carrier dispersion 
laws in the gapless state was investigated in greatest de­
tail in [1-3J • 

2o Unique possibilities for the experimental study of 
the gapless state are afforded by alloys whose initial 
components have mutually inverted band spectra 
(Bi1_ xSbx [9J, Hg1_xC<lxTe[lOJ, Pb1_xSn Te[llJ, etc.). 
In such systems, the direct gap E varies smoothly with g 
concentration x, and at a certain value of x (which in the 
general case depends on the temperature T) Eg becomes 
equal to zero, i.e., the gapless state is realized. In a 
wide range of concentrations x, the inversion of terms in 
the alloys Bi1- xSbx ' Hg1_xC<lxTe, and Pb1_ xSIlxTe, 
which leads to the transition to the gapless state, occurs 
under the influence of the pressure pL9,1l-16J, and in the 
alloys Bi1-xShx the analogous transition is observed in 
the magnetic field H (the latter is connected with the fact 
that at certain orientations of H the spin splitting turns 
out to be larger than the orbital splitting)[l7J• Experi­
mental investigations have shown that the transition to 
the gapless state is usually accompanied by a sharp de­
crease in the effective masses of the carriers (in the 
case of a linear dispersion law at Eg = 0 we have for the 
effective masses at the bottom of the band m:t'(O) = 0) and 
by a strong increase in the mobilities [9J , It hould be 
noted that the distinguishing features of the transition to 
the gapless state become manifest most strongly at tem­
peratures close to absolute zero, and at minimal con­
centrations of the impurity carriers. 

3. One of the most convenient objects for the investi­
gation of the transition to the gapless state at a pressure 
p are the alloys Hg1_xCdxTe, which form a continuous 
series of solid solutions [1 OJ . These alloys have a zinc-
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blende structure (the reduced Brillouin zone is a trunca­
ted octahedron). With increasing x, the energy spectrum 
of the alloys becomes smoothly restructured from the 
HgTe spectrum to the CdTe spectrum [lSJ . 

The compound CdTe is a semiconductor with a direct 
gap Eg = IEr6 - Era' "" 1.6 eV as T - OOK. The semi-

metallic properties of HgTe are the result of inversion 
of the terms rs and rs' In the latter case the bottom of 
the conduction band is determined by the "light" branch 
r a, and the top of the valence band by the "heavy" branch 
rs; the term rs (extremum with "light" holes) is under 
the term r s, at a depth - 0.3 eV at T "" 0° K. To avoid 
misunderstanding, we indicate that in this paper we take 
the gapless state of the alloys Hg1-xC~ Te to mean a 

state with Eg = IErs - Era l = O. At the present time, 

there are several empirical relations, which are in 
qualitative agreement with one another [19-21J , for des­
cription of the dependence of the gap Eg in the alloys 

Hg 1-xC<1x Te on the concentration x and on the tempera­
ture T. At helium temperatures, Eg = 0 at x "" 0.16. 

The absence of a symmetry center in the zincblende 
lattice leads to a certain shift of the maximum of the 
"heavy" -hole band away from the point k = 0 [1sJ, and as 
a result the valence band overlaps the conduction band 
(semimetallic phase) in HgTe and in Hg1-xCdxTe alloys 
with inverted band structure. The overlap EOV' inciden­

tally, is small and does not exceed 10-3 eV[221. 

The dispersion of the "light" electrons and "light" 
holes in HgTe and the Hg1- xCdx Te alloys is described 
quite adequatel'! by the Kane model [7J . The effective 
masses of the "light" carriers and the g-factor are then 
strongly dependent on Eg• In the case of the transition to 
the gapless state, the carrier dispersion becomes linear, 
the masses at the bottom of the band vanish, and the spin 
splitting at the bottom of the band is equal to the orbital 
splitting [23J . The parameters of the "heavy" holes are 
independent of Eg in first-order approximation. At 
T = 4.2°K the electron effective mass in HgTe at the 
bottom of the band is - 0.03 moe 24J, and the mass of the 
"heavy" holes is -0.4mO[25J. 

4. According to numerous data [12-16J, hydrostatic 
compression leads to a linear change in the quantity 
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FIG. I. Restructuring of the spectrum of semimetallic Hg '.xCdx Te 
alloys under pressure: a-spectra of the HgTe type at p = 1 atm; b-gap­
less state (lOr 6-€r 8 = 0) at p = PCI; c-spectrum CdTe type (semicon­
ducting phase) at p > PC!' 

Eg = JEr6 - EraJ at a rate JOEg/OpJ = (10 ± 2) . 10-6 eV/atm 
for HgTe and Hg1_xCdxTe alloys in the semimetallic 
phase (Fig. 1). At a certain critical pressure Pc that 
depends on x and T[ lSJ , the alloys go over into the gap­
less state (Fig. 1b). Pressures p > Pc transform the 
alloys into the semiconducting phase (Fig. 1c). No cl~ar­
cut dependence of OEg/Op on x or T has been observed in 
the region 0 ~ x < 0.2. 

5. In the case of a classical semiconductor whose 
direct gap Eg separates "mirror" extrema with the Kane 
dispersion law, the impurity effects should depend to a 
strong degree on E • Indeed, if the hydrogen model is 
correct, then the t&purity-center ionization energy is 
Ei ~ m*(0)/K 2, and the Bohr radius is aB ~ K/m*(O) 
(m *(0) is the mass at the bottom of the band and K is the 
dielectric constant). As Eg - 0 we have m*(O) - 0, so 
that Ei - 0 and aB increases strongly. It is therefore 
clear that near the gapless state the impurity centers are 
ionized down to the lowest temperatures, the impurity 
carriers are in the corresponding bands, and the impur­
ity-induced distortions of the carrier dispersion law are 
strongly decreased. 

In the case of semimetallic Hg1-xCdxTe alloys, the 
situation is made more complicated by the presence of a 
band of "heavy" holes. In p-type alloys, the acceptor 
level, which is separated from the top of the valence 
band, falls into the region of allowed states of the con­
duction band[12] and becomes quasilocal[S] (the donor 
level, correspondingly, falls into the region of allowed 
states of the valence band). A detailed investigation of 
the peculiarities of the quasilocal impurity levels of 
HgTe, carried out in[sJ, has shown that Ei of the quasi­
local acceptor levels becomes lower than Ei of the local 
levels by an approximate factor of 2, and the levels 
themselves become smeared out, their half-widths being 
proportional to (mn/mp)3/2, where mn and mp are res­
pectively the electron and hole masses. It should be 
noted that the quasilocal character of the acceptor level 
should influence the critical concentration Na of the ac­
ceptor centers, at which the levels become smeared out 
into an impurity band (Naa~ ~ 1). As shown in [sJ, the 
wave function of a hole on a quasilocal acceptor level is 
more strongly" smeared out" in space than in the case 
of a local level. In view of this circumstance we can 
conclude that the impurity hole band in HgTe should ap­
pear already at Na ~ 1017 cm-3. 

The calculations of [5J have shown that the broadening 
of the donor levels in HgTe greatly exceeds their ioniza­
tion energy, so that in general there is no localization of 
the impurity electrons on the donor centers. 

6. A determination of the Hall mobility of n-type 
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semimetallic Hg1-xCdxTe alloys at helium temperatures 
has shown that /lH is maximal for alloys with 
Eg - 0[13, 26J . In [26J , a theoretical analysis was carried 
out of the dependences of /lH on x, using the assumption 
that the dominant scattering mechanism as T - OaK is 
scattering by an ionized impurity, and that the dielectric 
constant K decreases linearly with increasing x, from 
K = 20 for HgTe to K = 10.6 for CdTe. In[27,28J they took 
account of the fact that the gap dependence of K should 
have a singularity (minimum) near Eg = O. It should be 
noted, however, that there is still no direct experimental 
proof of the existence of such a minimum for 
Hg1-xC~Te alloys, probably owing to the insufficient 
purity and perfection of the available single crystals. 

7. In the present investigation, we studied the singu­
larities of pressure-induced transitions of Hg1_xCdxTe 
alloys of p-type with 0.1 < x < 0.15 into the gapless state 
at pressures up to 15 katm and at temperatures 
2°K ~ T ~ 300o K. The investigations had a complex 
character: we studied both oscillatory effects (the 
Shubnikov-de Haas effect) and galvanomagnetic effects 
in weak magnetic fields (WT « 1). We have therefore ob­
tained diverse data characterizing the energy spectrum 
of the investigated alloys in the semimetallic and semi­
conducting phases. 

MEASUREMENT PROCEDURE, SAMPLES 

Pressures up to 15 katm were produced by the method 
described in[20]. The pressure-transmitting media were 
pentane-kerosene-oil mixtures. The galvanomagnetic 
coefficients in weak magnetic fields were measured by a 
null method. The accuracy of the electric measurements 
was 5 x 10-0 V. The temperature dependences of the re­
sistivity p, of the Hall coefficient RH and of the trans­
verse-magnetoresistance coefficient .c.p/pH2 were meas­
ured in a cryostat with an automatic temperature regu­
lator [30J. 

The Shubnikov-de Haas effect was measured with an 
installation in which the p(H) or op(H)/aH curves could 
be plotted automatically in magnetic fields up to 12 kOe. 
The measurements were performed with single-crystal 
nonoriented rectangular samples with typical dimensions 
0.8 x 0.8 x 3 mm. The current and potential leads 
(of 40 /l diameter) were soldered to the samples with 
indium solder. The composition of the investigated alloys 
was determined with a "CAMECA" microprobe x-ray 
analyzer. 

MEASUREMENT RESULTS 

1. Shubnikov-de Haas oscillations from the electron 
Fermi surface were observed at atmospheric pressure 
in all the investigated samples in the field interval 
o < H < 6 kOe. When plotting the oscillation curves, 
particular attention was paid to elimination of superheat 
effects, which turned out to be appreciable even at cur­
rents of a few milliamperes flowing through the samples. 
The measurements were usually performed at currents 
less than 1 rnA. With the exception of the region of mag­
netic fields near the quantum limit, the dependence of 
the number of oscillations on the reciprocal field was 
linear, making it possible to determine the period of the 
oscillations in the reciprocal field .c. (1/H) = eh/cSext/31J 
(Sextr is the extremal intersection of the Fermi surface 
and a plane perpendicular to the magnetic-field direc­
tion) with accuracy 10-20%. The independence of the 
period .c. (l/H), within the limits of the measurement 
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Certain parameters of the energy spectrum of the p-type Hg I-x Cd x Te 
alloys investigated in the present paper at helium temperatures and p = I 
atm 
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error, of the orientation of the magnetic field is evidence 
of the sphericity of the electron Fermi surface. The 
cyclotron masses mC(EF) at the Fermi level were de­
termined from the temperature dependences of the p (H) 
oscillation amplitude [32J accurate to 20%. Detailed in­
vestigations of the influence of pressure on the Shubnikov 
oscillations, carried out for samples 2-1 and 2-2 (see 
the table), have shown that the oscillation period A(l/H) 
increases strongly with the pressure p, and that the reg­
ion of existence of oscillations shifts systematically with 
increasing p towards weaker magnetic fields (Fig. 2). 
The oscillations vanish at pressures above a certain 
p = Pcl' which depends on the alloy composition (see the 
table). 

Calculation has shown that the sections Sextr of the 
electron Fermi surface and the corresponding cyclotron 
masses mc (EF) in the investigated alloys decrease 
linearly with increasing p (Fig. 3), the minimum value 
of mC(EF)' which was registered for the sample 2-1, 
amounting to ~ 1 x 1O-3m o. 

The electron concentration N was determined from 
the relation 

p/ 3.18.10') 'I, 
N[ cm -'j ~ 3n'I1' ~ (~ (1/ H)[ Oe -, j 

(PF is the Fermi momentum), which is valid for a 
spherical Fermi surface. 

Effects connected with the spin splitting of the Landau 
levels were not observed in this investigation. 

2. In an investigation of galvanomagnetic effects in 
weak magnetic fields, we systematically monitored the 
width of the region of weak magnetic fields (WT « 1) at 
helium temperatures. It was established that the field 
Hc' the limit of the weak-field region, passes through a 
minimum with increasing pressure in all samples (Fig. 
4). For sample 2-1, for example, at T = 4.2°K the reg­
ion of weak magnetic fields narrows down to a few Oe at 
a pressure p = Pcl corresponding to the minimum value 
of mc(EF) for the electrons (Fig. 3). The decrease of 
Hc is obviously connected with the increase of the elec­
tron mobilities as p - Pcl' Evidence favoring this as­
sumption is provided by the very strong growth of the 
coefficient of transverse magnetoresistance c.p/pH2 as 
p - Pcl for the investigated alloys at helium tempera­
tures (Fig. 5). The Hall coefficient RH, which is negative 
for all the investigated alloys at p = 1 atm and at helium 
temperatures, first increases noticeably in magnitude, 
reaches a maximum at p "" Pc1' and then decreases 
abruptly and becomes positive at the highest pressures 
(Fig. 6). The inversion of the Hall coefficient RH is ac­
companied by a decrease of Ap/pH 2 to a value 
~ 10-7 _10-8 Oe -2. 

For all the investigated alloys, the weakest depend­
ence on the pressure was observed for the reSistivity 
p (Fig. 7). In samples 1-1 and 1-2, which apparently 
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FIG. 2. Field dependence of ap/pH in sample 2-1 at T =2°K and at 
different pressures p < PCI: I) P = 36 katm: 2) p = 2.85 katm: 3) p = 3.5 
katm. 

FIG. 3. Relative pressure dependence of the section S of the electron 
Fermi sphere (0) and of the cyclotron mass mc at the Fermi level ( ... ) for 
sample 2-1 on going to the gapless state at helium temperatures. 

FIG. 4. Dependence of the 
magnetic field Hc that bounds 
the region of weak magnetic 
fields (WT <l; I) on the pressure 
at T = 4.2°K for sample 2-1: 
X-determined from the field 
dependence of the Hall emf, 
O-determined from the field 
dependence of the transverse­
magnetoresistance coefficient. 
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have the maximum acceptor-defect concentration (IRHI 
is minimal after inversion), the resistivity p changes 
very little in the entire range of pressures p. 

3. The temperature dependences of p, RH, and Ap/pH 2 

of the Hg1_xC~ Te alloys were plotted in the entire 
pressure interval, For samples 2-1 and 2-2, at pres­
sures p > Pcl' sections with" semiconductor" behavior 
were observed on the plots of p against T; these sections 
shifted towards higher temperatures with increasing 
pressure (Fig. 8). An estimate of the growth rate of the 
gap Eg with pressure, based on these sections, yielded a 
value IlEg/llp = (12 ± 3) x 10-6 eV/atm, which agrees well 
with the data by others [12-16J. It also follows from our 
dependences of Eg on p that the gap Eg "" 0 at p = Pcl and 
as T - OUK. 

Low-temperature anomalies have been observed on 
the plots of RH(T) and AP/pH 2 (T) at pressures somewhat 
lower than Pcl (Figs. 9, 10); these anomalies are par­
ticularly strong for samples 1-1 and 1-2. After inver­
sion of RH as a function of the pressure (at p > Pc2)' the 
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FIG. 6 
FIG. 5. Pressure dependence of the transverse magnetoresistance 

coefficient IIp/pH2 at T = 2°K for samples 2-1 (e, righthand scale) 
and 2-2 (0, left-hand scale). 

FIG. 6. Pressure dependence of the modulus of the Hall coefficient 
IRHI at T = 2°K for samples I-I (0), 1-2 (e), 2-1 (0), and 2-2 (6). 
The sign of the Hall coefficient is marked on the curves. 
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FIG. 7. Pressure dependence of the resistivity p at T = 2°K for the 
samples I-I (ll), 1-2 (0), 2-1 (0), and 2-2 (e). 

temperature plots RH(T) of all the samples ·assumed the 
form typical of a semiconductor with an impurity hole 
band (Fig. 11). 

DISCUSSION OF RESULTS 

1. Singularities of the Transition of Hgl-xCdxTe alloys 
into the Gapless State Under Pressure 

As indicated in the Introduction, in the case of 
He1_xC~Te alloys with x < 0.16 at helium tempera­
tures, the inverted spectrum of the HgTe type is trans­
formed under pressure into a spectrum of the CdTe type. 
Such a restructuring of the spectrum can be classified 
as a semimetal-semiconductor transition induced by 
pressure. During the course of this transition, the ma­
terial is in the gapless state (Er6 - Era ~ 0) in a narrow 
interval of pressures near p =' Pel. 

In the gapless state, the effective masses of the car­
riers are minimal, and the mobilities are maximal. 
Accordingly, the width of the region of weak magnetic 
fields (WT « 1) turns out to be smallest at p = Pel 
(Fig. 4), and the transverse magnetoresistance coeffi­
cient IIp/pH 2 reaches a maximum on gOing to the gapless 
state (Fig. 5). In this study, we have determined the 
pressure p = Pel of the transition to the gapless state 
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FIG. 8. Temperature dependences of the resistivity p at different 
pressures (in katm) for sample 2-l(the values of the pressure corre­
spond to the temperature T = 4.2°K; the same holds for figures 9-11). 
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FIG. 9. Temperature dependences of the Hall coefficient at pres­
sures p < PC2 for sample 2-1. 

both from the pressure dependences of IIp/pH2 at helium 
temperatures and from the linear relations Eg(p) ob­
tained for the investigated alloys after their transition 
into the semiconducting phase (in the latter case, Eg was 
determined from p(T) in the high-temperature region 
(Fig. 8)). The values of Pel determined by the two indi­
cated methods were in good agreement; the error in the 
determination of Pcl did not exceed ± 0.5 katm. 

It is obvious that after Hgl_xCdxTe goes over into 
the semiconducting phase under pressure the electric 
properties of the alloy at the lowest temperatures are 
determined exclusively by the nature of its defects. At a 
sufficiently large gap Eg, the donor or acceptor levels in 
the semiconducting phase are in the region of forbidden 
energies, and a strong difference between the carrier 
masses at the bottom of the conduction band and at the 
top of the valence band should lead to a difference in the 
behavior of the n- and p-type alloys in the low-tempera­
ture region. 
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FIG. 10 FIG. II 

FIG. 10. Temperature dependence of the transverse magnetore­
sistance for sample 1-2 at different pressures. 

FIG. II. Temperature dependences of the Hall coefficient of 
sample 2-1 at pressures p > Pc2 (semiconducting phase). 

In the case of the Hg1-xCdx Te alloys investigated by 
us at high pressures and in the semiconducting phase, 
the temperature dependences p(T), RH(T) and ~plpH2(T) 
acquire a form typical of a p-type semiconductor in 
which the conductivity as T - 0 is determined by the 
conductivity in the hole impurity band (Figs, 8-11), With 
increasing temperature, the holes go over from the im­
purity band to the valence band, where their mobility is 
much higher, The resistivity p then decreases in a cer­
tain temperature interval T < 70° K (Fig, 8), and the hole 
Hall coefficient RH goes through a characteristic maxi­
mum with increasing T (Fig, 11), 

The character of the transition of the Hg1_xCdxTe 
into the gapless state should depend qualitatively on the 
type of defects (n- or p-type). 

Let us consider the case of transition of a semi­
metallic Hg1-xCdx Te alloy of the p-type with large 
acceptor-defect concentration into the gapless state. In 
this material, a hole impurity band with large density of 
states is detached from the top of the valence band, and 
as T - OOK the Fermi level EF is situated in this band, 
The overlap of the hole impurity band with the conduc­
tion band causes the electrons to fill the conduction band 
up to E '" EF (Fig, 12), The parameters of the valence 
band rs with "heavy" holes, from which the impurity 
band is detached, do not depend on Eg, One can therefore 
expect the Fermi level to become frozen into the impur­
ity band at P »N and to be independent of p (i.e" of Eg), 
so that the electron Fermi energy EF becomes fixed 1 ), 

It is known that in the case of small values of Eg, the 
Kane dispersion law takes the form 

( e) p' e 1+- =--
eg 2m' (0) , 

3 h'e 
m'(O)=---g = aeg 

1.:]>2 ' 

(1) 

where m*(O) is the mass at the bottom of the band and .:1' 
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FIG. 12. Qualitative form of the 
energy spectrum of the semimetallic 
p-type Hgl_xCdxTe alloys investigated 
in the present study at p < Pel. The 
figure shows the motion of the chemical 
potential 1/ with increasing temperature 
in the low-temperature region. 

is the matrix element of the momentum operator. The 
cyclotron mass mc(EF) at the Fermi level is given by 

(2) 

We denote the fixed value by EF == /3, We then obtain for 
the section S of the Fermi sphere and for the cyclotron 
mass mc(EF) 

S=2nm'(0)eF(1+~) = 2na15 (eg+I5), 
Eg 

(3) 

(4) 
It is seen from (3) and (4) that Sand mc(EF) are linear 
in Eg in the case of a fixed Fermi energy, 

For the electron concentration N raised to the 
%(N2i3 ~ S) we have 

N'1"=(3n'h')-'I'[2al5(eg+li) J. (5) 

Thus, N 2h also varies linearly with the gap Eg. 

It follows from (3)-(5) that the experimentally deter­
mined ~ap dependences of S, mc ' and N2h enable us to 
find the matrix element ./' and the Fermi energy E F == /3, 

If the transition to the gapless state is produced in an 
n-type Hg1_xCdxTe alloy in which EF ex,.;eeds the over­
lap energy EOV' then the electron concentration Nand, 
consequently, S do not depend on Eg• We put S == Q for 
the fixed value, We then obtain for EF 

EF---+ - +--_ eg [( eg )' Q] 'I. 
2 2 2nCG' 

from which we see that EF reaches a maximum in the 
gapless state. 

(6) 

The cyclotron mass mc(EF) depends on Eg in a non­
linear manner: 

[ ( eg ) 2 Q] 'I. 
m,(eF)=2a 2 + 2nCG . (7) 

We note that the last case is apparently realized when 
semiconducting Bi1- xSbx alloys go over into the gapless 
state under pressure [9J. 

The helium -.emperature gap Eg of the Hg1-xCdx Te 
alloys investigated in the present study can be deter­
mined for any pressure, including atmospheric, from the 
formula 

(8) 

As already indicated, the most probable value is IOEg/oPI 
'" (10 ± 2) • 10-6 eV latm [12, 16J • 

A calculation of EF from the values of S, mc(EF) and 
Eg with the aid of relations (2), (3), and (8), carried out 
for samples 2-1 and 2-2, has shown that EF does not 
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FIG. 13. Dependence of the electron effective mass at the bottom 
of the band m'(O) on the gap €g in Hgl_xCdx Te alloys: 6-sample 
I-I, O-sample 1-2, o-sample 2-1, o-sample 2-2, 'V-from [33], +_ 
from [21], e-from [34]. 

vary noticeably with pressure. The constancy of EF, 
and also the linear decrease of the sections S and of the 
cyclotron masses mc(EF) with p (i.e., with Eg) (Fig. 3) 
favor the correctness of the model proposEld in the pres­
ent paper for description of the transition of semimetal­
lic p-type Hg1-xCdxTe alloys into the gapless state. 

The variation of the galvanomagnetic coefficients of 
the investigated alloys with pressure can be described 
qualitatively in the following manner. 

At helium temperatures the semimetallic p-type 
Hg1-xCdx Te alloys with acceptor defect concentration 
?:1017 cm-3 have two groups of carriers: "light" elec­
trons at the bottom of the conduction band and "heavy" 
holes in the hole impurity band. The electron concentra­
tion is determined by the position of the Fermi level EF' 
which is frozen into the impurity band, and by the gap E , 
on which the density of states in the conduction band de~ 
pends. An increase of the pressure decreases 1 Eg I, and 
consequently decreases the effective masses and the 
state density in the conduction band. The position of the 
Fermi level remains unchanged in this case, since the 
hole impurity band parameters do not depend signifi­
cantlyon Eg• A decrease of the state density in the con­
duction band leads to a decrease in the electron concen­
tration N in this band, in accordance with (5). The values 
of Sand mc(EF) vary in accord with (3) and (4). At the 
pressure p = Pcl the gap Eg ~ 0; the mass at the bottom 
of the conduction band is in this case m*(O) ~ O. 

The electron mobility )..L reaches a maximum value 
when the alloys go over into the gapless state (p = Pcl)' 
The transverse magnetoresistance coefficient <lp/pH 2, 

which depends strongly on the mobility, also reaches a 
maximum on gOing to the gapless state. The electronic 
contribution to RH' in view of the fact that the electron 
mobilities JJ. are much higher than the hole mobilities v, 
turns out to be predominant at all p :::: Pcl and helium 
temperatures. The decrease of N in the conduction band 
with pressure leads to a growth of RH' After the gapless 
state is eliminated (p > Pcl) the overlap of the conduc­
tion band (rs) and of the hole impurity band decreases 
rapidly. The electron concentration N vanishes at a 
p = Pc2 given by the relation 

DB, 
6 ~ -;;p(pcrpC!)' 

The Hall coefficient RH is inverted in this case, and 
<lP/PH decreases to values 10-7 = 10-8 Qe-2 owing to the 
smallness of the hole mobilities v in the impurity band. 

2. Change of Carrier Effective Mass, Concentration, 
and Mobility on going to the Gapless State 

The electron effective masses at the bottom of the 
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band m*(O) of the investigated alloys at various pres­
sures were determined from mc(EF), EF' and Eg with the 
aid of relation (2). The dependence of m*fO) on the gap 
Eg is shown in Fig. 13. The same figure shows the data 
of[21,23,34J. In accordance with the Kane model, the gap 
dependence of m*(O) is linear, and the matrix element.7' 
turns out to equal ~7.1 x 10-8 eV-cm. The available data 
allow us to conclude that for Hg1-xCdxTe alloys with 
x < 0.2 the value of!!' does not depend significantly on x. 

The electron concentration N, the electron mobility )..L, 
and the product Pv of the hole concentration by the hole 
mobility were calculated from the given p, RH, and 
Ap/pH2 on the basis of the two-band model. The corre­
sponding formulas in the case N)..L2 » Pv2 (it is possible 
here that P »N and Pv ~ NJJ.) can be represented in 
the form 

l/p~a~e(Pv+Nfl). 

1 Nfl' 
RH=- e (Pv+Nfl)" 

/1p PvNfl' 
pH' (Pv+Nfl)' . 

(9) 

(10) 

(11) 

From an examination of the plots of p, RH' and 
<lp/pH2 against p (Figs. 5-7), from the pOint of view of 
relations (9)-(11), we can conclude the following. The 
hole contribution ePv to the mobility should not vary 
strongly on going to the gapless state. The electron con­
tribution eN to the mobility can vary in a complicated 
manner with pressure, inasmuch as the concentration N 
decreases on going to the gapless state, and the mobility 
JJ. increases (the electron contribution eN)..L vanishes when 
the alloys go over into the semiconducting phase). It is 
clear that at ePv > eN)..L the hole contribution stabilizes 
the p(p) dependence (Fig. 7). Relations (10) and (11) re­
main in force in the region p < Pc1 even in the case 
Pv >N)..L, if)..L »v. 

On going to the gapless state, the strongest increase 
occurs in <lp/pH2 , inasmuch as (11) contains JJ. 3 (Fig. 5). 
It follows from the two-band model that RH is inverted 
after the electrons vanish, and <lp/pH 2 - 0 (it appears 
that the simplified relation (10) ceases to hold as soon 
as p > pc1)' 

The formalism considered above is naturally only a 
certain approximation, but the strong variation of the 
galvanomagnetic coefficients (Figs. 5-7) on going from 
the two-band spectrum (p < Pc2) to the one-band spec­
trum (p > Pc2) allows us to assume that the two-band 
character of the spectrum fully determines the features 
of the transport phenomenon in our case. 

Calculations have shown that the values of N deter­
mined from (9)-(11) and from the Shubnikovoscillations 
are in good agreement, thus confirming the correctness 
of the calculations. 

Certain parameters obtained from the calculations 
and characterizing the Hg1-xCdxTe alloys at p = 1 atm 
and at helium temperatures are listed in the table. 

As indicated above, the model assumed in the present 
paper for description of the transition of p-type 
Hg1-xCdx Te alloys into the ~apless state predicts a 
linear gap dependence for N2 3 on Eg for four p-type 
Hg1-xCdx Te alloys investigated in the present paper 
are shown in Fig. 14. The solid lines in the figure were 
drawn in accordance with formula (5) for .I> = 7.1 
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FIG. 14. Dependence of the electron concentration N raised to the 
2/3 power on the gap Eg at T = 2°K for p-type Hgl_xCdx Te alloys: 
"',A-sample I-I, .,0-1-2, e,0-2-1, 0,--2-2. Dark point-from 
oscillation-measurement data, light points-calculated from galvano­
magnetic effects in weak magnetic field. +-sample 7B of [12). The 
solid straight lines I and 2 were calculated from formula (5) at.)' 
= 7.1 X 10-- eV-cm and at 8 = 3.5 and 2.5 meV, respectively. 

p, cm'/V·",c 
5-/0' 

FIG. 15. Dependence of the 
electron mobility }J. on the gap Eg 
at T = 2°K in the investigated 
p-type Hg l-xCdx Te alloys: 0-

sample I-I, e-I-2, 0-2-1, 
"'-2-2. 

X 10-8 eV-cm and for 0 equal to 2.5 and 3.5 MeV. As 
seen from Fig. 14, in first-order approximation a linear 
gap dependence of N2/3 is observed for all alloys, and 
the electron Fermi energies EF == 0 are very close in 
magnitude, in spite of the considerable difference be­
tween the concentrations of the acceptor defects (see the 
table), 

Figure 14 also shows the dependence of N2/3 on 109 ob­
tained for the p-type alloy Hg1_xCdxTe (x = 0.149) 
(Sample 7B) in [12J. It should be noted that the value 
EF = 3 ± 0.5 meV determined in the present paper for 
p-type Hg1-xCdx Te alloys agrees with the ionization 
energy Ei "" 6 meV of a single quasilocal acceptor level, 
as calculated inC 5J for HgTe, if account is taken of the 
fact that when the impurity band is produced its center 
of gravity shifts towards the boundary of the main 
band[35J . The reasons for observing much larger values 
of EF == 0 (up to 20 meV) in[12J remain unclear. 

Calculations have shown that the electron mobilities 
V. of the investigated alloys increase strongly with de­
creasing gap in a wide range of values of 109, in propor­
tion to lOgY (where 1:$ Y :$ 2.4), approaching 

107 cm2/V-sec in sample 2-1 at helium temperatures on 
gOing over to the gapless state (Fig. 15). These relations 
are in qualitative agreement with the results of(12J, The 
much weaker growth of the mobilities with decreasing 
gap 109 that was observed in the semimetallic n-type 
Hg1_xCdxTe alloys at T = 4.2°K in[13J seems to be due 
to the fact that the samples were polycrystalline. 

Expressions for the electron mobility V. of 
Hg1-xCdx Te alloys in the case of scattering by an 
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ionized impurity were obtained in a number of 
papers (26-28J. It is easy to verify that if EF is constant 
and the variation of the dielectric constant K can be 
neglected, then the dependence of Jl on 109 takes the form 

Jl IX Egli2 [26J at pressures p < Pcl (when EF < 109). 

Allowance for the anomaly of K as 109 - 0[27,28J can only 

weaken this dependence. The strong power-law de­
pendence of V. on 109 observed in the present study there­
fore cannot be explained on the basis of the indicated 
model. It is not excluded that an appreciable contribu­
tion to the carrier scattering at helium temperatures is 
made by interband scattering (conduction band-impurity 
band), but it is difficult at present to obtain quantitative 
estimates. 

It should be noted that when n-type Hg1_xCdxTe 
alloys go over into the gapless state the Jl(Eg) depend­
ence at T = 4.2°K should be stronger than for p-type 
Hg1_xCdx Te alloys, inasmuch as in this case the elec­
tron Fermi energy EF reaches a maximum at 109 = 0 (see 
(6)). 

Calculation shows that the quantity Pv, which charac­
terizes the hole contribution to the conductivity, de­
creases monotonically with pressure as p - Pc1; the 
change in PII does not exceed 30% in this case. 

The hole contribution to the conductivity at helium 
temperatures and at p = 1 atm turned out to be quite ap­
preciable in the investigated alloys. Thus, in samples 
1-1 and 1-2, with respective hole densities ~ 12 x 1017 
and ~6 x 1017 cm-3, the conductivity for the hole impurity 
band was ~ 8(Yfo of the total conductivity (see the table). 
The hole density and the hole mobility were estimated 
from p and RH at p > Pc2' when the alloys went over into 
the semiconducting phase. The appreciable value of the 
hole mobility (see the table) in the impurity band appears 
to be connected with the characteristic broadening of the 
wave functions of the states at the impurity levels (5J . 

Tentative calculations of the pressure dependences of 
Jl and N in the investigated alloys at T > 4.2°K (Figs. 16 
and 17) have shown that, as expected, the maxima on the 
Jl(p) curves shift towards lower pressures with increas­
ing T (IEgl decreases with increasing T). However, the 
shift of the maximum in the low-temperature interval is 
weaker than would follow from the dependence of Eg on x 
and T [19-21J, The reasons for this discrepancy are not 
clear, 

IU ~ '--''--:;Z--'--'1;;-~6,.......'--/J~L.7!; 
p, katm p,katrn 

FIG. 16. Plots of the electron mobility (a) and of the electron density 
(b) against the pressure at various temperatures for sample 2-1. 

N. B. Brandt et al. 163 



Z.D 

- J.J 

I.D 

D.J 

ZO ¥O 50 ~'K 

FIG. 17. Temperature dependence of the electron density N at p = 4.4 
katm < PCI for samples 1-1 (e, left-hand scale) and 1-2 (0, right-hand 
scale). 

3. Low-Temperature Anomalies of RH(T) and 
C.p/pH2(T) 

Low-temperature anomalies on the RH(T) curves, 
analogous to those shown in Fig. 9, were observed in· 
p-type Hg1_xCdxTe alloys by a number of 
workers [36 ,37J. In the present study we observed anom­
alies of similar type also in the plots of c.p/pH 2 against 
T (Fig. 10). 

It is indicated in [5J that such anomalies in p -type 
HgTe may be due to the decrease of the electron density 
N with increasing T in the low-temperature region. 
According to the calculations in [5J , the dependence of N 
on T has a minimum at kT ~ Ei/2, where Ei is the ion­
ization energy of the quasilocal acceptor level. 

The effect predicted in [5J is due to the specific char­
acter of the temperature dependence of the chemical 
potential in doped semiconductors. As is well known, the 
chemical potential of a standard semiconductor with a 
hole impurity band lies in the impurity band at T = OaK. 
With increasing T it first shifts toward the top of the 
valence band, and only then does it move to the center of 
the gap E . In the cases of HgTe and of Hg1_xCdxTe 
alloys with sufficient acceptor-defect concentration, a 
similar motion of the chemical potential should be ob­
served with increasing T (Fig. 12). The electron density 
N would then decrease in the temperature region where 
the chemical potential drops. 

A calculation carried out in the present study for 
samples 1-1 and 1-2 with the maximum acceptor-defect 
concentration have shown that the effect predicted in[5J 
does indeed take place (Fig. 17). The decrease of N in 
the low-temperature interval with increasing T is ac­
companied by a strong decrease of the electron mobility 
Il and by an increase of Pv. 

The calculation results suggest the following model 
for explanation of the low-temperature anomalies on the 
RH(T) and C.p/pH 2 (T) curves of p-type Hg1_xCdxTe 
alloys. The intense transitions of the holes from the im­
purity band to the valence band, which occur in the low­
temperature interval (the process is clearly seen in 
Fig. 11) lead to a lowering of the chemical potential. 
This process is accompanied by a decrease of the elec­
tron density N and mobility Il, which in the case of scat­
tering bX an ionized impurity is very sensitive to EF 
(Il ~ Ep2). At the same time, owing to the transitions of 
the holes into the valence band, the average hole mobility 
increases. As a result, the electron contribution to the 
galvanomagnetic coefficients decreases, and the hole 
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contribution increases. After the transfer of the holes 
from the impurity band to the valence band is completed, 
the chemical potential begins to rise rapidly with in 
creasing temperature, and this leads to an increase in 
the electron density N with temperature. The thermal 
generation of fast electrons causes an increase of RH 
and c.p/pH2 in a certain temperature interval. With fur­
ther growth of T, the material goes over into the 
intrinsic -conductivity state. 

In conclusion, we take the opportunity to express sin­
cere gratitude to S. D. Beneslavskil', V. L. Bonch­
Bruevich, and B. L. Gel'mont for exceedingly useful 
discussions. The authors are grateful to V. I. Ivanov­
Omskil' and V. K. Ogorodnikov for a number of valuable 
remarks. 
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