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A systematic study is made of the semimetal-semiconductor transition under pressure inp-type 
Hg, ,, Cd,, Te at liquid-helium temperatures. The classical galvanomagnetic effects and the 
Shubnikov-de Haas effect are measured at pressures to 17 kbar and magnetic fields to 60 kOe. The 
cross section of the electron Fermi surface at the r p o i n t  and the electron cyclotron mass are 
determined as functions of the gap parameter E,. It is shown that the activation energy E, of the 
acceptor band is practically independent of E,. Data are obtained which indicate that there is no 
appreciable renormalization of the electron spectrum in thep-type alloys for energies in the 
resonance region E ~ N E , .  It is shown that at liquid-helium temperatures there are three groups of 
carriers involved in transport phenomena in thep-type semimetal alloys: "light" electrons in the 
conduction band, holes in the acceptor band, and thermally excited holes at the top of the valence 
band. The features appearing in the field dependence of the magnetoresistivityp(H) and Hall 
coefficient R , ( H )  are explained on the basis of a semimetal-semiconductor transition in the 
magnetic field H. 

PACS numbers: 72.20.My, 72.20.Jv, 72.80.Ey, 62.50. + p 

INTRODUCTION 

The compounds HgTe and CdTe form a continuous se- 
ries of solid solutions throughout the entire range of compo- 
sitions O<x( 1 (Refs. 1,2). A peculiarity of the restructuring 
of the energy bands in Hg, -, Cd,Te alloys is the presence of 
a semimetal-semiconductor (SM-SC) transition due to the 
inversion of the r6 and r, terms. At a certain value of x ,  
which depends on the pressurep and temperature T, the gap 
parameter E ~ = E ~ ~  - E ~ ,  goes to zero (at atmospheric pres- 
sure and T = 4.2 K, one has3 E, = 0 at x = 0.165). In 
Hg, -, Cd,Te alloys with E, < 0 the SM-SC transition can 
be observed by applying a pressurep (Refs. 4-7), a quantizing 
magnetic field H (Refs. 4,8,9), or a uniaxial stress (Ref. 10). 

Owing to the strong k-p interaction of the conduction 
band with the T6 band, the electron dispersion relation is 
nonparabolic. The overall character of the dispersion curves 
~ ( k )  in the vicinity of T is well described by the complete 
Kane model incorporating both the interaction of the three 
closest bands T6, T,, and T, and the influence of the distant 
bands.2 

In the region of the inverted spectrum (E, < 0) the elec- 
tron and hole dispersion relations (T,) near the r point can 
be obtained by the Luttinger method.' The interaction of the 
bands r6 and T, is taken into account by introducing addi- 
tional terms in the Luttinger parameters e: 

Here E~ < 0 is the gap parameter, E, = 2 m 0 9  '/fi2 is the en- 
ergy equivalent of the matrix element 9 specifying the T,- 
TR interaction, and yp are the parameters characterizing the 
interaction with the distant bands. 

In HgTe and the semimetallic Hg, , Cd, Te alloys the 

terms containing E, are dominant, so that the Luttinger pa- 
rameters are negative and increasing in absolute value as E, 

-+O. The values of Ep and f l  have been calculated in a num- 
ber of papers.3." According to the data of Weiler et al.," Ep 
is equal to 17.9 eV (9 = 8.26.10-' eV-cm) and does not de- 
pend on x (at least for compositions up to x = 0.27). The 
parameters yp, which take into account the influence of the 
distant bands, are of nearly unit order and have been deter- 
mined only to extremely low accuracy. Evidently, near the 
point of inversion of the bands r6 and r,, where the r,-r, 
interaction plays the dominant role, the function~(k ) for the 
electrons is described satisfactorily by the simplified Kane 
dispersion relation, which is obtained without allowance for 
the effect of the distant bands, in neglect of the free-electron 
energy, and under the condition E, E , ~ A ,  where A is the 
spin-orbit splitting. In this approximation one obtains a gap 
dependence of the effective mass m*(O) at the bottom of the 
conduction band which is linear, dependent on a single pa- 
rameter 9, and symmetric about E~ = 0 (despite the change 
in the symmetry of the term forming the conduction band: 
T,+r6). We note that when the effect of the distant bands is 
taken into account (yy#O), the gap dependence of m*(O) be- 
comes weakly nonlinear and is asymmetric about E, = 0 , 
(Ref. 3). 

The interaction with the distant bands has a substantial 
influence on spin effects in a quantizing magnetic field and 
on the nature of the SM-SC transition for magnetic fields in 
the extreme quantum region. The calculations of Kowalski 
and ZawadzkiR have shown that the shift in a magnetic field 
of the Landau level 0 +, which determines the bottom of the 
conduction band, is much slower than would be expected on 
the basis of a simple quasiclassical treatment. 

It follows from Refs. 4-7 and 12 that the specifics of the 
SM-SC transition under pressure at liquid-helium tempera- 
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tures are determined by the defects in the Hg, -, Cd, Te al- 
loy. In n-type alloys (N, - NA > loJ6 ~ m - ~ )  the Fermi level 
at liquid-helium temperatures lies above the completely 
filled acceptor band (level), and the SM-SC transition under 
pressure occurs at a fixed electron density N (Ref. 12). The 
Fermi energy in this case passes through a sharp peak at the 
point of inversion of the bands (E, = 0). In thep-type alloys 
(NA > N,) investigated in Refs. 4-7 the Fermi level E, is 
pinned in the acceptor band. In this latter case the study of 
the SM-SC transition presents a unique possibility for a 
most direct determination of how the activation energy E,  of 
the acceptor band (level) depends on the gap parameter E,, 
which can vary under pressure over wide limits. This prob- 
lem is of interest in connection with a number of theoretical 
studies13-l7 which have yielded a nontrivial gap dependence 
E, (E*) of the activation energy of the quasidiscrete acceptor 
level that overlaps with the conduction band in semimetallic 
Hg, -,Cd,Te alloys. It  has shown" that in the case of a 
Coulomb impurity potential (with allowance for the nonlo- 
cality of the exchange interaction) the energy of the quasidis- 
Crete acceptor level E, increases by a factor of 2.6 upon the 
transition from the inverted spectrum to the normal spec- 
trum. Calculations with a highly localized potential of the 
vacancy type imply that the activation energy E, of the ac- 
ceptor level depends strongly on the density of states in the 
conduction band, i.e., on the size of the gap E, (Refs. 13, 14, 
16-18). In the SM-SC transition the acceptor level moves 
upward on the energy scale behind the rising bottom of the 
Conduction band and becomes pinned in the forbidden band 
far beyond the inversion point of the bands, in the region E, 

> 0 (Ref. 14). 
It should be noted that most of the calculations done in 

the impurity-potential approximation are of a semi-empiri- 
cal nature and must be fitted to the experiment. At the pres- 
ent time, however, there is essentially only one experimental 
study19 in which a strong growth of the activation energy E, 

of the acceptor defect was detected in Hg , - , Cd, Te alloys at 
the transition to the semiconducting phase. In Ref. 19 the 
value of E, was determined in an indirect way [from the fea- 
tures in the temperature dependence of the resistivity p(T)]  
and, in our view, cannot be considered reliable. At the same 
time, other s t ~ d i e s ~ - ~  have not revealed any appreciable de- 
pendence of E, on the gap parameter. Those results have 
since been re~onf i rmed.~~ 

It should be noted that the theoretical calculations 
(with the exception of Ref. 17) have not incorporated the 
possible overlap of the wave functions corresponding to 
neighboring impurity centers. The presence of such an over- 
lap greatly complicate~ comparison of theory and experi- 
ment, since real single crystals of Hg, -,Cd,Te alloys, as a 
rule, are highly compensated, and in the majority of cases the 
integrated concentration of defects remains unknown. In the 
semiconducting phase, experiment has shown2' that E, de- 
pends strongly on the defect concentration. Evidently a simi- 
lar dependence should also exist in alloys with inverted spec- 
tra (the semimetallic phase). The concentration dependence 
of the activation energy of the acceptor levels complicates 
their classification; the disagreement between the values of 

the activation energy E, in Refs. 4 and 5-7 is possibly due to a 
difference in the integrated defect concentration of the inves- 
tigated Hg, -, Cd, Te alloys. 

A number of questions remain in regard to the features 
of the electron and hole dispersion relations in the neighbor- 
hood of the point of contact r of the bands for E, < 0. It has 
been shown theore t i~a l ly~~.~ '  that many-particle effects 
should lead to a renormalization of the electron and hole 
spectra near the rpoin t  in pure materials with inverted spec- 
tra. MekhtievI3 has indicated the possibility of a resonant 
renormalization of the electron spectrum inp-type materials 
at electron energies E - E, . 

There is still no unified point of view on the character of 
the acceptor-band conductivity at liquid-helium tempera- 
tures (in particular, Arapov et al.20.24 assume an n-type ac- 
ceptor-band conductivity in Hg, -, Cd, Te alloys in order to 
explain the negative sign of the Hall coefficient R, (H) in the 
saturation region). Finally, the total number of groups of 
charge carriers involved in transport phenomena in p-type 
alloys at liquid-helium temperatures has not been definitive- 
ly established. 

In the present paper we systematically investigate the 
features of the SM-SC transition under pressure in p-type 
Hg,,, Cd,,, Te. We show that for a difference NA - N, 2 
1016 cm-3 in the acceptor and donor defect concentrations 
the activation energy E, of the acceptor band is practically 
independent of the size of the gap parameter E, . We establish 
that the value 9 = (8.4 + 0.3).10-8 eV.cm of the Kane ma- 
trix element in'thep-type alloy under study agrees within the 
error limits with the value obtained for n-type Hg, -,Cd, Te 
alloys,12 indicating that there is no appreciable renormaliza- 
tion of the electron spectrum in thep-type alloys for energies 
in the resonance region E F N E A .  We show that three groups 
of carriers participate in the transport phenomena in the 
semimetallicp-type alloys at T = 4.2 K: "light" electrons in 
the conduction band, holes in the acceptor band, and ther- 
mally excited holes at the top of the valence band. We ex- 
plain the features in field dependence of the magnetoresisti- 
vityp,, (H) and Hall coefficient R, (H) on the basis of an SM- 
SC transition in the magnetic field H (Ref. 4). 

MEASUREMENTPROCEDURES 

To study the Shubnikov-de Haas effect we devised an 
apparatus capable of automatically recording the Shubnikov 
oscillations of the magnetoresistivityp(H) and its derivative 
ap(H )/aHin the field of a superconducting solenoid (up to 60 
kOe) at liquid-helium temperatures. To eliminate the mono- 
tonic component of the -p(H) signal we used an analog 
computer with Hall-effect transducers to generate a voltage 
- (aH * PH 2). A - 1/H signal was generated by an analog 
computer using a Hall-effect transducer with a photoampli- 
fier in the feedback circuit. The -H or - 1/H voltage was 
fed to the x coordinate of an xy recorder. 

For measurement of the galvanomagnetic coefficients, 
the signal from the sample (with the magnetic field directed 
opposite to the current through the sample), the signal from 
a reference resistance R,,, and the -H signal were recorded 
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in digital form with the aid of an FZO voltmeter with digital 
printout. The weak-field (H < 2 kOe) measurements of the 
galvanomagnetic coefficients were made in the field of a mo- 
dulation coil to avoid the characteristic hysteresis effects of 
the main solenoid. 

Pressures of up to 17 kbar were generated by a standard 
booster made of heat-treated beryllium bronze.25 A pentane- 
kerosene-oil mixture was used as the pressure medium. The 
pressure at liquid-helium temperatures was determined 
from the temperature shift, which was measured by an in- 
duction method,*%f the superconducting transition in a tin 
washer. 

The measurements were made on an unoriented rectan- 
gular single-crystal sample of Hg, - , Cd, Te (x = 0.09) with 
dimensions of 2.4X0.85 ~ 0 . 8 5  mm. The distance between 
the potential contacts was 1 mm. The current and potential 
leads were gold wires with a diameter of 20 pm. The leads 
were soldered to the surface of the sample with pure indium. 

MEASUREMENT RESULTS 

The quantum oscillations of the magnetoresistance in a 
single crystal of Hg, ,, Cdoo, Te under pressure were studied 
in a longitudinal geometry (Hllj; the sample was mounted 
along the working channel of the high-pressure chamber). 
The Shubnikov-de Haas oscillations of pl i  (H) were reliably 
recorded at pressures to 15 kbar. 

Quantum oscillations of an unusually large amplitude 
were also detected in the field dependence of the Hall emf. 
This effect is an indirect indication that the Fermi level in the 
investigated alloy is pinned in the acceptor band. In fact, for 
E, = const the carrier density and, hence, the Hall coeffi- 
cient R,  will oscillate in a magnetic field. 

In the case of a longitudinal orientation the conductiv- 
ity pll  (H) is known to pass through a minimum when the 
next Landau quantum tube separates from the Fermi level; 
here the longitudinal magnetoresistivity pl l  (H ) = lJul l  (H) 
passes through a ma~imurn.~' 

FIG. 1 .  Shubnikov-de Haas oscillations of the longitudinal mag- 
netoresistivity Ap,, (H) inp-type Hg,,, Cd,,,,Te atp = 11 kbar; 1 )  
T = 2.1 K; 2,3) T = 4.2 K (curve 3 was recorded with a five-times 
greater amplification than curve 2). For ease of viewing, curves 2 
and 3 have been shifted an arbitrary amount along the vertical 
axis. 

1 'I 'B 12 16 p, kbar 

FIG. 2. The pressure and gap dependence of the fields at which the 
extrema ofpli (H) occur for T = 2.1 K: 0) the fields at the oscilla- 
tory peaks, 0) the fields at the minima. The solid lines are the 
theoretical curves for the fields corresponding to the emergence of 
the a series Landau levels with quantum numbers 1) 1 + (a,); 2) 2+ 
(az); 3) 3+ (a,); 4) 4+ (a,). 

It is established in the present study that the oscillatory 
peaks inpll (H ) are systematically shifted to weaker magnetic 
fields by the application of pressure. Figure 1 shows exarn- 
ples of the Shubnikov oscillations ofpll (H) from a spherical 
electron Fermi surface at the r point, recorded with the 
monotonic background suppressed for two temperatures, 
T = 4.2 and 2.1 K, at a pressurep = 1 1.0 kbar. The pressure 
dependence of the fields at which the oscillatory maxima and 
minima ofpl, (H) occur for T = 2.1 K is given in Fig. 2. It is 
seen in Fig. 2 that the electron Fermi surface in the alloy 
under study contracts to a point atp=16.5 kbar. 

The cyclotron mass m, and the Dingle temperature TD 
were determined from the temperature and field dependence 
of the amplitude of the Shubnikov os~il lat ions.~~ 

A number of the characteristic features of pll (H ) in the 
alloy under study complicate the calculation of m, and TD. 
First, the resistivity p, in zero magnetic field decreases ap- 
preciably as the temperature is lowered (Fig. 3), and this 
change must be taken into account. Second, the oscillatory 
peaks in pll (H) are shifted to weaker magnetic fields as the 
temperature is lowered (Fig. 1). The latter effect is due to the 
shift of the Fermi level with temperature, which is observed 
in the semimetallic Hg, - , Cd, Te alloys even at liquid-heli- 
um  temperature^.^.^^ 

We denote by (p,), and H, the resistivity in zero mag- 
netic field and the field of the selected oscillatory peak at T,. 
In first approximation the corresponding Fermi energy is 
given by E, -H,  . If the Dingle temperature TD is indepen- 
dent of T, the ratio (b,).= Tz /(b,),= ., of the amplitudes of a 
given oscillatory peak measured at temperatures T, and 
T,(T, < T,) will be27 
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FIG. 3. Pressure dependence of the resistivity po ofp-type 
H&,,,C&,,Teat: l )T=4.2K;2)  T=2.1 K. 

Relation (1) was used to calculate m, on a computer. The 
cross section Sof the electron Fermi surface was found from 
the period A (1/H ) = eh /cS of the Shubnikov oscillations in 
the reciprocal magnetic field for fields far from the quantum 
limit. The electron density N was calculated from the expres- 
sion 

which holds for a spherical Fermi surface. 
Figure 3 shows the pressure dependence of the resistiv- 

ity p, of the alloy under study in zero magnetic field at tem- 
peratures T = 4.2 and 2.1 K. A characteristic feature of the 
pressure dependence ofp,( p) is the sharp growth of the resis- 
tivity at pressuresp- 16 kbar. Step-like functionsp,( p) such 
as these are usually observed at first-order phase transitions. 
In our case, however, the phase transition to the hexagonal 
cinnabar structure occurs at much higher pressures.29 

The step-like behavior ofp,( p) observed in the present 
study is due to a semimetal-semiconductor phase transition 
and can be explained qualitatively in the following way. The 
Fermi level, which determines the density of light electrons 
at liquid-helium temperatures, is "frozen into" the acceptor 
band, which overlaps the conduction band. As the pressure 
rises, the density of states at the bottom of the conduction 
band falls (~~4,  and the volume enclosed by the electron 
Fermi surface at the r point systematically decreases (Fig. 
2). At the same time, the effective mass of the electrons de- 
creases and their mobility increases sharply, reaching a max- 
imum in the region of the inversion point of the bands T6 and 
r,. Over a wide range of pressures, the growth of the elec- 
tron mobility p as the inversion point is approached turns 
out to be stronger than the decrease in the electron density N. 
Therefore, at pressures in this range the resistivity po not 
only fails to increase, it even falls off somewhat with increas- 
ing pressure at T = 2.1 K (Fig. 3). Near E, = 0 the decrease 

of the electron density N becomes the dominant factor, and 
p, begins to increase sharply. The size of the "jump" inpo( p) 
is governed by the relative contribution to the conductivity 
from carriers of the hole group. The growth ofpo(p) should 
go to completion in the transinversion region (E ,  > 0) after 
the conduction band T, ceases to overlap with the acceptor 
band, leading to the complete disappearance (for T-0 K) of 
the electron group of carriers. In this case the conductivity at 
liquid-helium temperatures will be due entirely to the 
 hole^.^-^ 

In the present study we measured the field dependence 
of the transverse p, (H ) and longitudinal p,, (H ) magnetore- 
sistivities (Fig. 4) and Hall coefficient R,(H) (Fig. 5) of 
Hg,,, Cd,, Te at liquid helium temperatures for pressures 
up to 17 kbar. We established that upon the transition to the 
extreme quantum region of magnetic fields the magnetore- 
sistance increases anomalously rapidly with increasing field, 
this effect being especially strong near the point of inversion 
of the bands (Fig. 4). At high enough pressures (near bound- 
ary of the SM-SC transition) the functions p(H  ) and p,(H ) 
come together at the maximum attainable magnetic field 
(Fig. 4). The characteristic growth of the magnetoresistance 
beyond the quantum limit can be explained by the onset of a 
gap at r in a magnetic field and the lifting of the overlap 
between the conduction and acceptor bands (the magnetic 
"freeze-out" of the electrons at acceptor defects). The mag- 
netic "freeze-out" model for the electrons in Hg, -, Cd, Te 
alloys in a strong quantizing magnetic field was first pro- 
posed4 in 1972. 

A distinctive feature of the field dependence R, (H) of 
the Hall coefficient at liquid-helium temperatures over a 
wide range of pressures is an inversion of the sign of R, as H 
increases (Fig. 5). 

As the pressure is raised, the inversion field H * at which 
R, changes sign from " - " to " + " shifts rapidly toward 

FIG. 4. Longitudinal magnetoresistivity p,, ( H )  (solid curves) and 
transverse magnetoresistivity p, ( H )  (dashed curve) in the investi- 
gated alloy at T = 4.2 K for pressuresp: 1 )  1.9; 2) 4.8, 3) 7.8; 4)  1 1 ;  
5 )  14.8; 6) 16.7; 7)  0.001; 8) 16.4 kbar. 
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FIG. 5. Field dependence of the Hall coefficient IR,(H)I in the 
investigated alloy at T = 4.2 K for pressurep: 1) 5; 2) 7.8; 3) 11; 4) 
14.6; 5) 16.8; 6 )  4.7; 7 )  0.001 kbar. The sign of R , ( H )  before and 
after the inversion is indicated in the figure. 

weaker magnetic fields (Fig. 6) .  For purely technical reasons, 
the inversion field H * was not reached at atmospheric pres- 
sure in the present study. 

The R, ( H )  curves obtained in this study (Fig. 5) consti- 
tutedirect proof of the existence of an acceptor band withp- 
type conductivity in Hg, ,, Cd,, Te at liquid-helium tem- 
perature. On the basis of a qualitative analysis of the R, (H) 
curves in Fig. 5 one can conclude the following. The mobility 
of the electrons in the conduction band is substantially high- 
er than that of the holes in the acceptor band. Therefore, in 
spite of the significantly higher density of the holes ( P ) N ) ,  
the sign and magnitude of R,  in weak magnetic fields are 
predominantly governed by the electron group of charge 
carriers. With increasing pressure the electron density de- 
creases, leading to the growth of IR, I in weak magnetic 
fields. It is only near the point of inversion of the bands that 
the growth in [R, I changes to a sharp drop. Evidently, the 
Hall coefficient R, in weak magnetic fields changes sign dur- 
ing the SM-SC transition under pressure as a result of the 
complete disappearance of the electron group of 

u 
0 4' 8 12 l5 

p kbar 

FIG. 6 .  Pressure dependence of the inversion field H * of the Hall 
coefficient R x ( H )  (Fig. 5)  at T = 4.2 K .  

A noteworthy feature of the curves in Fig. 5 is the pres- 
ence of a local maximum in I R, (H ) 1 which appears immedi- 
ately following the inversion of the sign with increasing H. 
We believe that this maximum indicates the presence of two 
groups of holes at liquid-helium temperatures in the investi- 
gated alloy, with highly different mobilities: holes in the ac- 
ceptor band, and thermally activated holes at the top of the 
valence band r,. 
DISCUSSION OF RESULTS 

Our studies of the oscillatory and classical galvanomag- 
netic effects in Hg, ,, Cd, ,, Te at the transition from the se- 
mimetal to the semiconductor phase at liquid-helium tem- 
peratures enable us to describe unambiguously the nature of 
the restructuring of the bands in this alloy. 

Certain of the experimental data indicate that there is 
an acceptor band in this alloy that is split off from the top of 
the valence band T, and overlaps the conduction band. 

These data include: 1) the inversion of the Hall coeffi- 
cient R, (H ) in a magnetic field H (Fig. 5); 2) the anomalously 
large amplitude of the Shubnikov oscillations of the Hall emf 
at atmospheric pressure [these oscillations are practically 
unnoticeable in Fig. 5 because of the logarithmic scale used 
in plotting R, (H )]; 3) the sharp decrease with pressure of the 
cyclotron mass of the electrons and the frequency of the 
Shubnikov oscillations from the electron Fermi surface, 
which results from the pinning of the Fermi level at the SM- 
SC transition under pressure (in the case of a free Fermi level 
the frequency of the Shubnikov oscillations from the elec- 
tron Fermi surface at the SC-SM transition remains strictly 
constant1*). 

Using the pressure dependence of both the cross section 
of the electron Fermi surface and the electron cyclotron 
mass, one can calculate the Fermi energy E, over a wide 
range of pressures and thus determine to good accuracy the 
position of the acceptor band at the SM-SC transition under 
pressure (making use of the obvious condition EF"Ea). 

Our analysis has shown that the density of states in the 
acceptor band in the alloy under study is high enough for the 
Fermi level to be pinned in the acceptor band both under 
pressurep and in a magnetic field H.  This circumstance sub- 
stantially simplifies the problem of identifying the Landau 
quantum levels. The curves of the quantum numbers of the 
oscillations versus the reciprocal of the field ( l / H )  obtained 
for various pressuresp imply that the peaks in pl, (H) for all 
pressures correspond to the a series of Landau levels' [for (1/ 
H ) 4  all the straight lines extrapolate to the same value, 
n = - 1/41. At atmospheric pressure we also observed a 
peak in pl l  (H) corresponding to the emergence of the 0 - 
level (the b series),' but the amplitude of this peak fell off 
sharply under pressure. The reasons for the depression of the 
amplitude of the oscillatory peaks due to the b series of Lan- 
dau quantum levels remains unclear. 

The value of the spin-splitting factor v = A,,,, /Ao,, de- 
termined from the position of the 0 - peak inpil (H  ) at atmo- 
spheric pressure turned out to be close to its limiting value' 
0.5. We note that in a case where oscillatory peaks from the b 
series of Landau levels are present the frequency of the Shub- 
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FIG. 7. The pressure and gap dependenceof: 0) the 
frequencyd - ' of the Shubnikovoscillations; 0) the 
electron mass m,(~,); A )  the electron Fermi energy 
E~ in the investigated alloy at T = 2.1 K. The solid 
lines are constructed from the theory for E, = 3.7 
meV and d = 8.4.1OW8 eV.cm. 

nikov oscillations would be practically doubled. 
To convert from the pressure dependence of the carrier 

parameters to the gap dependence, one must know the start- 
ing value E: of the gap in the alloy at atmospheric pressure 
and the pressure coefficient of the gap d~,/dp. The absolute 
value of the gap parameter E, decreases linearly with pres- 
sure, reaching zero at the point of inversion of the r, and r8 
bands, 

and then increases. At a pressure 

the overlap of the conduction band (r,) with the acceptor 
band is lifted, leading to the disappearance of the electron 
group of charge carriers for T 4  K. At liquid helium tem- 

FIG. 8. The pressure and gap dependence of: 0) the 
electron density N; 0) the electron mobility p,; A, 
A )  the relaxation time  in the investigated alloy at 
T =  2.1 K. The solid curve is given by the theory. 
The value of r indicated by the filled triangle ( A )  
was calculated using an extrapolated value of the 
effective mass. 

9 . 
s - 

i - 

N' 

5 -  = 

. -  .. 

0 

5 - -- 

peratures one hasI2 Lkg/dp = (8.8 f 0.3) meV/kbar. The 
value of E: can, in principle, be obtained from empirical ex- 
pressions relating the value of the gap parameter to the com- 
position x and temperature Ta t  atmospheric pressure,' but 
the accuracy with which E: is determined in this case is man- 
ifestly inadequate. In the present study we determined the 
starting gap E: (orp*), the electron Fermi energy E,, and the 
matrix element 9 by comparing the experimental pressure 
dependence of the Shubnikov oscillation frequency A -'(I/ 
H ) and cyclotron mass m, with the theoretical values calcu- 
lated in the two-band Kane model' ( E ,  &,(A ) using the 
known valuei2 of d~,/dp and assuming that the matrix ele- 
ment 9 does not depend on the pressure (Fig. 7). It should be 
noted that the use of the two-band version of the Kane dis- 
persion relation, which does not allow for the influence of 
the distant bands, is completely justified in the present case, 
since in our alloy, even at atmospheric pressure, the correc- 
tions f ' for the interaction with the distant bands constitute 
no more than a few percent of the Luttinger parameters yf. 

The straight lines in Fig. 7 are given by the theory. The 
calculations show that the Fermi energy e, and, hence, the 
activation energy of the acceptor band E, are independent 
the gap parameter E, to within the accuracy of the experi- 
ment (Fig. 7). The values of e: and p* come to - 145 + 5 
meV and 16.5 + 0.5 kbar, respectively. The vanishing of the 
electron group of carriers for T-0 should occur at a pres- 
s u r e ~ * *  = 16.9 kbar. 

The matrix element 9 is equal to (8.4 f 0.3)-10W8 
eV.cm and agrees within the error limits with the value of 9' 
calculated12 for n-type Hg, -,Cd,Te alloys with a "free" 
Fermi energy E,. This agreement indicates that there is no 
appreciable renormalization of the electron energy spectrum 
for energies in the resonance region EF"E, in the p-type 
alloys. 

Calculations of the Dingle temperature T, from the 
field dependence of the amplitude of the Shubnikov oscilla- 
tions show that in first approximation the Dingle tempera- 
ture, which characterizes the nonthermal broadening of the 
Landau levels, does not depend on E,. 

At liquid-helium temperatures the conductivity of the 
alloy Hgo,,, Cd,,, Te is equal to the sum of the electron and 
hole contributions: a = ae + a,. As we shall see, the inte- 
grated hole contribution a, to the conductivity is indepen- 
dent of the pressurep and, for pressuresp >p**, practically 
coincides with the conductivity of the alloy: a E a , .  The 
change in the conductivity a of the alloy with pressurep is 
completely determined by the pressure dependence of the 
electron contribution a,(p) = ~ ( p )  - a,, which can easily 
be calculated from the experimental data (Fig. 3; at atmo- 
spheric pressure a, comprises - 2.5% of the total conduc- 
tivity o). In this paper we have used the data of the oscillation 
measurements [N (E,),  m, (E,)] and the gap dependence a,(&,) 
of the electronic contribution to the conductivity to calcu- 
late the electron mobility 

'%" 

and the relaxation time T* = ,u,m*/e, where 

1 

-. 
l l l l l , ~ ~ l  
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m*=m,=m'(O) (I+~E,/E,)  where 

and m*(O) is the effective mass at the bottom of the conduc- 
tion band. The results of the calculation are shown in Fig. 8. 
Near the point of inversion of the bands the electron mobility 
pe reaches values - lo6 cm2/V.sec, which agree in order of 
magnitude with the theoretical estimates.18 

Important information on the nature of the hole con- 
ductivity at liquid-helium temperature in p-type 
Hg, ,, Cd,,, Te was obtained by studying the field depen- 
dence of the Hall coefficient R, (H) under pressure (Fig. 5). 
The sample was mounted at right angles to the working 
channel of the chamber. We note that a pressure drop took 
place at the partition of the high-pressure chamber, resulting 
in an increase in the integrated hole density P from - 2.1016 
cmP3 to - 5.10i6, in an increase in the hole contribution a, 
to the conductivity by a factor of -2.5, in a drop in the 
electron mobility p,, and in a decrease in the activation ener- 
gy of the acceptor band from - 3.7 meV (Fig. 8) to - 2 meV 
(see Table I). 

It must be kept in mind that for ap-type semimetallic 
Hg, -,Cd,Te alloy, an analysis of the field dependence of 
R,(H) (Fig. 5) based on a purely classical model, which as- 
sumes that the carrier density and the relaxation time are 
independent of the magnetic field H is only a crude approxi- 
mation. For T-+O the lifting of the degeneracy of the bands 
at 1" in a magnetic field results in the complete outflow of 
electrons from the conduction band into the acceptor band 
at magnetic fields in the extreme quantum region ("magnetic 
freeze-out").4 Near the point of inversion of the bandsr, and 
r 8 ,  the sharp drop in the electron density with increasing 
magnetic field H gives rise to an anomalously large longitu- 
dinal magnetoresistivity pl l  (H) (Fig. 4).4 

In the case of three independent groups of carriers the 
Hall coefficient R,(H) is given in the classical model (n, 
= const, 7, = const) by 

is the Hall coefficient for H a .  Here e, p, < 0 for electrons 
and e, p ,  > 0 for holes. 

To obtain unambiguous results in calculating n, and p, 
from R,(H), one must use the experimental values of the 
conductivity in zero magnetic field (H = 0): 

The parameters a ,  8, y, and S are found from the system of 
linear equation (3) under the condition y, 6 > 0. Equations (3) 
contain the experimental values [R, (H ) /R ,  (O)], deter- 
mined in the fields Hm (m = 1,2,3,4). The choice of the four 
pairs of experimental values of Hm and [R, (H)/R,(O)], was 
varied during the calculation. 

We used the values ofa,  8, y, 6,  R, (0), andp, for a given 
pressure to find the mobilities p, and carrier densities n, 
(i = 1, 2, 3). Three independent values of the mobility p, 
were obtained from the cubic equation. The carrier densities 
n, were calculated from the three linear equations with the 
known values of the mobilitiesp, substituted in. The calcula- 
tions based on the classical model showed that one of the 
three groups of carriers consists of electrons and the other 
two consist of holes with highly different mobilities at 

TABLE I. Electron and hole parameters in the investigated alloy 
at T = 4.2 K and at various pressures, as calculated from the field 
dependence of the Hall coefficient R, (H) and resistivity p,; N is 
the electron density, p, is the electron mobility, P, is the density 
ofholes in the impurity band, p,, is the hole mobility in the impu- 
rity band, P, is the density of thermally activated holes in the 
valence band, ph, is the hole mobility in the valence band, and v is 
the spin-splitting factor. 

*Calculated by formula (3) with allowance for the dependence of the electron density N on the magnetic field H [formula (4)]. 
**Calculated by formula (3) for n, = const, r, = const (the classical model). 
***Fermi energy E ,  calculated by formula (5). 
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FIG. 9. Experimental (0, 0) and theoretical (solid 
curves) field dependence of the Hall coefficient 
IRx(H)I in the investigated alloy at T =  4.2 K for 
pressuresp: 1) 16.8; 2) 11 kbar. The theoretical 
curve forp = 16.8 kbar is constructed witb the clas- 
sical model of Eq. 3 (n, = const, 7, = const). The 
theoretical curve forp = 11 kbar is constructed 
with allowance for the dependence of the electron 
density on the magnetic field (Eq. 4; seeTab1e I and 
Fig. 10). 

T = 4.2 K (see Table I). According to the model we have 
adopted here, the holes with the lower mobility p,,- lo2 

' 

cm2/V.sec are found in the acceptor band, while those with 
the higher mobility p,, - lo4 cm2/V.sec are thermally acti- 
vated holes at the top of the valence band (the "heavy" 
branch I-',). 

Near the point of inversion of the bands (p = 16.8 kbar) 
we obtained good agreement between the theoretical and ex- 
perimental dependence of R, over a wide range of magnetic 
fields (Fig. 9). The theoretical curve in Fig. 9 (p = 16.8 kbar) 
was calculated from (3) with the parameters given in Table I. 
In the region of the SM-SC transition the electron density N 
even at H = 0 is three to four orders of magnitude smaller 
than the integrated hole density P = P, + P,, while the 
electron mobility pe reaches its peak value (Fig. 8). Under 
these conditions the dependence of Non the magnetic field H 

FIG. 10. Theoretical dependence of the electron 
density Non the magnetic field H a t  T =  4.2 K, 
calculated according to Eq. (4) (see Table I). 1) 
p = 7.8; 2) 11; 3) 14.6 kbar. H :  is the field at which 
the inversion of R ,  occurs. 

does not have a substantial effect on the form of R,  (H ), and 
the classical model can be used. Quantum effects become 
appreciable at pressuresp < 16 kbar, since here the electron 
group of carriers gives only an insignificant contribution to 
the field dependence R , ( H )  of the Hall coefficient. In this 
case one cannot obtain good agreement between theory and 
experiment over the entire range of magnetic fields on the 
basis of a purely classical model. The results can be im- 
proved significantly by introducing a field-dependent elec- 
tron density N ( H )  in Eq. (3) (Fig. 9, theoretical curve 2 for 
p = 11 kbar). The density N (H ) was calculated by numerical 
methods on a computer (without allowance for the collision 
broadening of the Landau levels) with the aid of the expres- 
sion ( E ~  = const) 

n,s s* 

(4) 
where 

is the cyclotron frequency corresponding to the bottom of 
the band, m*(O) is the effective mass at the bottom of the 
band, v is the spin-splitting factor, s = + 1, and 

The functions N (H ) which yielded the best agreement 
between the experimental and theoretical R, (H) curves for 
p = 7.8,11, and 14.6 kbar are shown in Fig. 10. In the frame- 
work of the simplified Kane model [formula (4)], the rate of 

FIG. 11. The dependence of the activation energy E, of the accep- 
tor band (level) on the gap parameter E, in the alloy system 
Hg, _,Cd,Te. The data are taken from: 0 , O )  the present study; 
O) Refs. 5-7; W) Ref. 21 ( N ,  - N ,  = 8,1016 A) Ref. 3; A) 
Ref. 20; x ) Refs. 14 and 19. 
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motion of the lowest Landau level (the 0 + level), which de- 
termines the rate of growth of the direct gap at T, is governed 
by the values of the gap parameter E, and v factor.' A theo- 
retical analysis disregarding the influence of the distant 
bands' has shown that for E, < 0 the v factor at the bottom of 
the conduction band is independent of E, and is equal to 0.5. 
Our calculations have shown, however, that for v = 0.5 the 
inversion of the Hall coefficient R, (H) occurs at consider- 
ably weaker fields than implied by experiment. Agreement 
between the theoretical and experimental functions R, (H) is 
obtained for v ~ 0 . 8  (see Table I and Fig. 9). Thus the shift (to 
higher energies) of the bottom of the conduction band in a 
magnetic field occurs much more slowly than predicted by 
the simple model of Ref. 1. It follows from what we have said 
that the use of expression (4) for small quantum numbers n 
requires serious justification even for ~ , 4 .  

It is of interest to consider the characteristic local 
growth of the electron density (Fig. 10). This growth, which 
is due to the increase of the density of states at the Landau 
level 0 + in the magnetic field H, can be important in slowing 
the upward shift of the 0 + level in the magnetic field [the 
electron density N falls sharply only when the bottom of the 
Landau subband 0 + approaches E, (Fig. lo)]. 

It follows from the data given in Table I that the param- 
eters of the holes of the impurity and thermally activated 
bands are practically independent of the pressure, i.e., of the 
gap parameter E, . 

The Fermi energy E, of the investigated alloy in the 
semimetallic phase can be estimated from the density P, of 
thermally activated holes in the valence band with the aid of 
the expression 

At T = 4.2 K and for a band-hole mass m, = 0.5mo (Ref. 3), 
relation (5) gives a value ~ ~ 2 1 2  meV (see Table I). This pres- 
sure-independent value of E, is in good agreement with the 
value of E, determined from the calculations of R , ( H )  ac- 
cording to Eqs. (3) and (4) (see Table I). 

We have used the results of this study and the data of 
other authors to construct the gap dependence of the activa- 
tion energy E, of the acceptor band in Hg, -,Cd,Te alloys 
over a wide interval of values of the gap parameter E, (Fig. 
1 I ) ,  both in the region of the inverted spectrum (E, < 0) and 
in the region of the normal spectrum ( E ~  > 0). The sharp 
growth in E, for E,+O detected in the experiment of Finck et 
al.5 is not supported by the results of the present work or by 
the data of other authors. We have established that, at least 
for N, - N ,  > 1016 ~ m - ~ ,  the activation energy E, of the 
acceptor band does not depend in an appreciable way on the 
size of the gap parameter E, in the region of the transition of 
Hg, - ,Cd,Te alloys from the semimetal to the semiconduc- 
tor phase. This result is in disagreement with the theoretical 
Refs. 14-17. 

It should be pointed out in conclusion that the absence 
of reliable information about the degree of compensation of 
the defects in the actual Hg, _ ,Cd,Te single crystals used in 
the experimental studies makes it very difficult to analyze 
the data (Fig. 11) on the basis of the existing theories. 
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