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The effect of hydrostatic compression on the Shubnikov-de Haas effect in n -  and p-Bi,Te, samples with 
different degrees of filling of the valence and conduction bands is investigated. A flow of carriers between 
nonequivalent extrema in the band, under the influence of the presssure, is observed. It is shown that the 
energy gap between the extrema increases with pressure in the conduction band, and decreases in the valence 
band. The latter leads at a pressure P = 7 kbar to an electronic transition wherein the absolute extremum of 
the valence band is changed. 

PACS numbers: 71.25.Tn 

Measurements of the Shubnikov-de Haas (SH) oscilla- fication. The procedure used to produce and record the 
tions, whose period is determined in the general case high hydrostatic pressure is described in Refs. 5 and 6. 
by the extremal intersection of the Fermi  surface with The. pressure was determined from the superconducting 
a plane perpendicular to  the magnetic field, transition temperature of tin. The pressure-transmit- 

2ne ting medium was a mixture of 6 6  pentane and 4% oil 
('1 or the PES-5 polyethylenesiloxane liquid. The hydro- 

performed under normal p r e s ~ u r e , " ~  have shown that 
the Fermi surfaces of electrons and holes in a narrow- 
band strongly anisotropic (layered) semiconducting com- 
pound BkTes become much more complicated when the 
Fermi energy exceeds a threshold value E, = 15-20 
MeV in the valence band and E,  = 20-30 MeV in the con- 
duction band."4 The values of the corresponding hole 
and electron threshold densities fi * and n * a r e  (3-5) 
X 10" cm',. 

The present paper is devoted to an investigation of the 
SH effect in bismuth telluride under hydrostatic com- 
pression, with an aim a t  determining the baric depen- 
dences of the low values of the threshold energies and 
of the possible restructuring of the carr ier  energy spec- 
trum in BkTe,. 

EXPERIMENTAL PROCEDURE 

The SH oscillations in B$Te, single crystals were 
measured a t  helium temperatures in magnetic fields up 
to 70 kOe. At normal pressure, we investigated samples 
with different filling of the valence and conduction bands: 
p ,  from 1.6 X 10" to 2.4 X l O l 0  cmm3, and nR from 1.6 
X 1018 to 2.1 X 1019 (see Table I). The carr ier  densi- 
t ies  pa and n, were determined from the Hall coeffi- 
cients measured in maximum magnetic fields, R,, = R, 
and R,,, = R,, using the formula 

In samples of both types, with carr ier  densities above 
the threshold values, we investigated the influence of 
hydrostatic compression up to P = 12 kbar on the Hall 
coefficient and on the SH oscillations in the transverse 
magnetoresistance. The dependences of the investigat- 
ed signals on the magnetic field were plotted with an 
x-y recorder. To separate the oscillating par ts  we sub- 
tracted the Hall-pickup signal linear in the magnetic 
field from the investigated signals, followed by ampli- 

static pressure was produced at room temperature, af- 
t e r  which the chamber was cooled for two hours to heli- 
um temperature. It is known that slow coolingof an iso- 
tropic mixture does not disturb significantly the hydro- 
static character of the pressure a t  the center of the 
chamber channel,= a s  is confirmed also by the distinct 
picture of the SH oscillations under pressure. 

EXPERIMENTAL RESULTS FOR p-BhTe3 

According to the six-ellipsoid Drabble-Wolfe (DW) 
model proposed7 for Bi,Te,, al l  six ellipsoids have a t  
H 11C3 (H is  the magnetic field and C, i s  the crystal tr i-  
gonal axis) equal extremal sections and the oscil- 
lations should have the same  period. In samples with 
hole density above critical, p ,  > p  *, we observed besides 
the principal period A: also a large second period A," 
>A,', i.e., a t  t > E ,  (5. is the chemical potential of the 
carr iers)  the hole Fermi surface has two extermal sec- 
tions of unequal size: principal s,' and additional s,". 
These results a r e  treated a s  the appearance of addition- 
a l  extrema located 15-20 MeV below the top of the 

TABLE I, Principal parameter of the investigated samples at 
T =  4.2 K. 

*mhi, i s  the cyclotron mass in the direction of the elongation 
of the principal valleys in the mirror plane. 
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FIG. 1. Reciprocal second oscillation period 1 / A I 1  vs the re- 
ciprocal principal period 1 /~ :  for p-Bi2TeS at HI I CS and 
T = 4.2 K .  Triangles-present data, circles-data of Ref. 3. 

ground band.'" The filling of the valence band begins 
with the principal valleys (index I), and a t  P, >p * there 
appear the sections of the additional valleys (index 11). 

Figure 1 shows the relation between the quantities 
1/~," and l/~:, obtained for Bi,Te, samples withP,>P* 
a t  P = 1 bar. The experimental points fit well a straight 
line, thus indicating that the principal and additional 
sections increase proportionally with increasing hole 
density. 

The chemical potential S is connected with the oscilla- 
tion period by the relation 

efi 1 -' ~=F[A(F)I  
where m is the cyclotron mass a t  the Fermi level. Sub- 
stitution in (2) of the quantity (l/A,')* = (1.65 * 0.05) 
x lo5 Oe", which corresponds to the intercept of the 
straight line on the abscissa axis (Fig. 1) and of the val- 
ues  rnj = (0.105* 0.05)m0, determined from the tempera- 
ture dependence of the SH oscillation amplitude a t  H((c, 
on sample No. @ with period A:= (A,')*, leads to a chem- 
ical potential 5 = E, = 18.0* 1.5 MeV. 

Since expression (2) for the holes in the additional 
valleys determines the value of the chemical potential 
5" reckoned from the Ep level, we can write 

E* 

From (3) and from the data of Fig. 1 it  follows that at 
HUC, the ratio of the cyclotron masses of the holes in 
the principal and additional valleys remains the same 
when the valence band is filled, and is equal to m,'/m," 
= 1.8. This value will be used below in the analysis of 
the experimental data obtained under pressure. 

We investigated under hydrostatic compression sam- 
ple No. 2p (p, < p  *) and sample No. 6p (p, > p  *), in which 
both the principal and the additional periods of the SH 
oscillations were observed a t  normal pressure. 

Figure 2 shows the baric dependences of the recipro- 
cal  oscillation periods, measured for sample No. 2p a t  
three nearly mutually perpendicular directions of the 
magnetic field. It i s  seen that the extremal sections of 
the Fermi surface a re  less than half their values a t  nor- 
mal pressure, corresponding to an almost threefold de- 
crease of the volume of the principal valleys and to an 
equal decrease of the hole density in them. Inasmuch a s  
in the same pressure interval the total hole density in 
the sample remains unchanged (accurate to lo%), a s  

0 I0 P, kbar 

FIG. 2. Reciprocal periods of SH oscillations vs. pressure 
inp- and n-BizTes samples with carrier density below critical. 
The Roman numbers I and I1 label data pertaining to the prin- 
cipal and additional parts of the Fermi surface. Solid lines- 
calculation for sample 2p at H I I  CS, dashed--experimental aver- 
age. Sample No. 29: *) l/A,', magnetic field in mirror plane 
at an angle 14" to the binary axis ( i n  the elongation direction 
of the principal valleys), 0 )  l/A;; .) l/A,", C2; A) l/A:; 
A) I/A:', H I (  cS. Sample NO. 9n: 0) I/A:, H I I  Cs. 

follows from the weak dependence of R, on the pressure, 
i t  is natural to assume that with increasing pressure the 
threshold energy E, decreases and the holes flow over 
from the principal to the additional valleys. 

From this point of view, the break on the plot of l/A, 
against ~ ( ~ 1 1  c,) in Fig. 2 becomes understandable. Up 
to P = 6 kbar the magnetoresistance oscillations a re  due 
to the holes of the principal valleys. Their outflow de- 
creases the density with increasing pressure, thereby 
decreasing l/A:. Above P = 6 kbar, the observed oscil- 
lations a re  due to the holes from the additional cavities, 
the hole density increases with pressure, and l/A," also 
increases. At P = 6.0 kbar the holes of both type make 
comparable contribution to the SH effect and the magne- 
toresistance oscillates with two periods, a s  in the sam- 
ple with p, >p* a t  normal pressure. 

The oscillations in sample No. 6p had oscillations with 
two periods a t  HIIc, in the entire range of investigated 
pressures. The baric dependences of l/A,' and l/A:' a r e  
shown in Fig. 3, which illustrates clearly the flow-over 
effect: l / ~ j  decreases and l/h," increases with pres- 
sure. 

- 
0 5 PI kbar 

FIG. 3. Dependence of reciprocal magnetoresistance-oscil- 
lation periods on pressure at HI1 CS. Sample No. 6p: Ip) prin- 
cipal period, IIp) second period; sample No. 10n: In) princi- 
pal period. 
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FIG. 4. Relation between the quantities (I/A:')'/~ and ( 1 / ~ : ) ~ / 2  
in samples 2p and 6p at various pressures. Dashed--calculat 
ed relation for sample No. 2p with the parameters determined 
for parameter 6p; the arrow marked P shows the direction of 
increasing pressure. 

DISCUSSION OF RESULTS FOR p-BizTq 

For a quantitative analysis of the presented experi- 
mental data we assume that the baric dependences of the 
oscillation periods, a s  well a s  the Hall coefficient R, in 
samples 2P and 6p a r e  due mainly to the flow-over eff- 
ect  and that the total density pR is equal to the sum of 
the densities PI and pII in the principal and additional 
valleys, and is independent of pressure. Expressing 
the densities pi in terms of the corresponding SH oscil- 
lation periods, we obtain 

pR=al (A:) -"=+aII (A117 -%, (4) 

where a, and a,, a r e  coefficients that depend on the 
shapes of the energy valleys [see (6) below]. Figure 4 
shows the experimental dependence of (l/~,")'/~ on 
( l / ~ d ) ~ / ~  for sample No. 6p a t  different pressures. It 
is well approximated by a straight line. It follows from 
Fig. 4 that a,/a,,= 0.16. Substitution of this ratio in (4) 
yields a t  pR = 1.2 X lo1' cm-3 

a,=4.7.1OLo an-3 0eJl2 a11=30.10'0 cmJ Oe"lz (5) 

von Middendorff and ~andwehr, '  on the basis of an in- 
vestigation of the SH oscillations in samples with differ- 
ent hole densities a t  normal pressure, have proposed a 
B&Te3 valence-band model in the form of two six-ellip- 
soid subbands of the DW type. For  such a model 

where m, is the state-density mass  in the subband. Sub- 
stitution in (6) of the mass  values determined for the 
principal (see Ref. 8) and additional (see Ref. 3) sub- 
bands yields values that coincide respectively with a, 
and aIIfrom (5). Using m,'/my = 1.8 we obtain from (5) 
and (6) the following subband parameters: 

A large value of (m,/m3),, means that the additional 
ellipsoids should be strongly elongated with a ratio of 
the length to the transverse dimension not less than 9, 
a s  a result of which the length of the ellipsoid for the 
sample with the maximum density p, = 4.4 X loi9 cm-3 
(Ref. 3) exceeds the dimensions of the Brillouin zone of 
Bi,Te,. The model of the valence band in the form of 
two six-ellipsoid subbands3 with large filling of the band 
is inconsistent. It is possible that the ellipsoidal model 
of the additional subband is valid in the case of small 

filling. On the other hand with increasing density, a s  
proposed earlier,g the additional ellipsoids a r e  deformed 
and join the principal ones, becoming transformed into 
hyperboloidal junctions whose lengths, for the same ex- 
tremal section and volume, can be  much less  than that 
of the ellipsoid. We note that if al l  the subbands a r e  in- 
dependent, the additional subbands should have a shape 
more complicated than an ellipsoid. 

To determine the baric dependence of the threshold 
energy we used Eq. (3), in which we substituted the ex- 
perimental values  of the reciprocal periods obtained for 
sample No. 6.b at  various pressures.  It was  assumed 
that the cyclotron masses  mi  and mi1 do not change with 
changing P in first-order approximation. Then E, de- 
creases  linearly with pressure a t  a ra te  aE,/aP = - 2.7 
x lo-' e V h a r ,  which is comparable with the pressure 
dependence of the band gap of B4Te,.l0 We can thus 
write in the linear approximation 

where P* = 6.8 kbar is the critical pressure a t  which the 
threshold energy is equal to zero. At P > P *  the filling 
of the valence band s t a r t s  out from the additional val- 
leys, i.e., an electronic transition characterized by a 
low pressure i s  realized in Bi2Te3, and when this pres- 
sure  is exceeded a l l  the holes flow over into the addi- 
tional valleys, thereby creating conditions favorable for 
the study of their form with the aid of the SH effect. 

Equations (3) and (4) with (8) taken into account from 
a system of equations with respect to the pressure-de- 
pendent variables Af and A,". The results  of the solu- 
tion of this system with the parameters determined 
above a r e  shown by the solid lines in Fig. 3 for sample 
No. 6p and in Fig. 2 for sample No. 2p, and by dashed 
lines for sample No. 2p in Fig. 4. The agreement of the 
calculated curves with the experimental data for sample 
No. 2p is somewhat worse than for sample No. 6p. This 
indicates that the parameters of the system of equations 
(3) and (4) depend on the degree of filiing of the valence 
band, a fact that can be  due, for example, to the non- 
parabolicity of the principal subband (see the table). 

EXPERIMENTAL RESULTS FOR nSi2 Te3 AND 
THEIR DISCUSSION 

A model of the conduction band was proposed ear-  
lier,lm4 on the basis of an investigation of the SH effect 
in n-type bismuth telluride, in the form of two subbands: 
principal (index I), consisting of six ellipsoids, and sec- 
ond (index 11), located higher in energy by En = 20-30 
MeV. No SH oscillations from the electrons of the up- 
per subband were observed, so  that the forms of the 
additional valleys a r e  unknown. We can write for this 
model the equation 

Figure 5 shows an experimental plot of n;,/3 against 
n:/3, which is well approximated by a straight line, and 
which was obtained for samples with different densities 
n, a t  normal pressure. The electron density n1 in the 
lower subband was calculated from the period of the SH 
oscillations at H((C,, using the formula 
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FIG. 5. Plot,of n:i3 against n :I3 obtained for n-BizT% samples 
with different electron densities nR=nI + n11 at  normal pres- 
sure. Circles-present data, triangles-data of Ref. 4. 

with a ratio (m,/m,), = 4.14." The density in the upper 
subband was defined a s  the difference nII = nR - nI. The 
point of intersection of the line with the abscissa axis 
corresponds to the threshold electron density n* = 3 
x 10" cm-', above which the second subband begins to be 
filled. The chemical potential b*, which equals En at 
n, = n*, amounts to b* = En = 24* 2 MeV at a state-den- 
sity mass ma,= 0.33 m,.' The slope of the straight line 
in Fig. 5 yields a ratio m,,I/md, = 2.6, which agrees 
with the earlier data.''' 

We investigated under pressure sample No. 9n with 
n, <n* and sample No. 10n with n, >n*. Since the Hall 
coefficient R, increased by not more than 10% for either 
sample, it was assumed that the total electron density 
n, is constant. Figure 3 shows the experimental de- 
pendence of the reciprocal period 1/~, '  on the pressure 
for sample No. 10n. The quantity 1/~,', and consequent- 
ly also the section of the principal valleys, increases 
with pressure. Taking into account the results for 
p-Bi'Te,, we can propose that the gap En between the 
subbands in the conduction band increases under pres- 
sure and that the electrons flow over from the second 
subband to the principal one. Calculation of En at vari- 
ous pressures by means of formula (19), using m,,,/ 
ma,= 2.6, yields a linear increase of the gap a t  a rate 
a ~ , / a p  = 1.5 x eV/bar. For sample No. 9n (n, 
<n*) the periods of the oscillations along the principal 

crystallographic directions [see A:(P) on Fig. 2 l a r e  
practically independent of pressure, thus confirming the 
assumption that the flow-over plays the principal role 
in the change of A: in n-BkTe, at n, >n*. 

Thus, an investigation of the SH effect in Bi,Te, under 
hydrostatic compression has shown that the relative 
placement, on the energy scale, of the nonequivalent ex- 
trema vary both in the valence band and in the conduc- 
tion band. In the valence band this leads a t  P = 7  kbar 
to a change of the extremum-to an electronic transi- 
tion. The transition of B4Te3 into the metallic state at  
P z  46 kbar (Ref. 12) is apparently due to the overlap of 
the second subband of the valence band and the princi- 
pal subband of the conduction band. The pressure range 
7-40 kbar is therefore of greatest interest for the in- 
vestigation of the anisotropy of the new absolute extre- 
mum of the valence band of Bi,Te, by the SH-oscillation 
method. 
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