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We investigate the resistance, weak-field Hall coefficient, and Dingle temperature of Bi, - , Sb, 
semiconducting alloys uniaxially compressed to a 0.3% strain. The dependences of the resistance 
and of the Hall coefficient on the strain are determined both by the anisotropy of the carrier 
mobility, which comes into play when the carriers are redistributed among the band extrema in 
the course of compression, and by the degree of uniformity of the sample. We find that for most 
Bi, - ,Sb, in the investigated density range 0.09 < x  < 0.16 exhibit a microinhomogeneity of the 
"cluster" type. A strong decrease of the Dingle temperature upon compression is attributed to 
elimination of an intervalley scattering channel on going from a three-valley to a single-valley 
spectrum in the course of the strain. The aggregate of the experimental data does not point to the 
existence of deep impurity states in the band gaps of the investigated alloys. 

INTRODUCTION 

It is of particular interest to use uniaxial strains, which 
differ in principle from hydrostatic compression by their abi- 
lity to alter the anisotropy of the crystal lattice and its sym- 
metry, as an effective method of acting on the energy spectra 
of multivalley materials with strongly anisotropic disper- 
sion, such as bismuth, antimony, and their alloys. 

Earlier  investigation^'^ have shown that it is precisely 
the breaking of the threefold symmetry of the rhombohedra1 
lattice of these substances, by uniaxial deformation along the 
binary and bisector axes C, and C, , which leads to a strong 
qualitative rearrangement of the band structure. The ensu- 
ing violation of the equivalence of the L-points of momen- 
tum space in which the electron (or hole, in the case of 
strong doping) sections of the Fermi surface (FS) are local- 
ized, leads to a distribution of the carriers among the three Li 
extrema and, in the case of sufficiently strong strains, to a 
complete depletion of one or two Li pockets. The dispersion 
law at the L points does not change noticeably in this case all 
the way to strains ~ 0 . 3 %  (Refs. 1 and 3 ), remaining strong- 
ly anisotropic with effective masses differing by more 200 
times in different directions. It is therefore obvious that in 
the course of spillover of the carriers from "heavy" into 
"light" extrema and vice versa one can expect a complicated 
strain dependence of the conductivity, the value of which 
should change by several times ten times. The elimination of 
the depleted extrema from the scattering processes and the 
transition to a single-valley spectrum may become a source 
of valuable information on the anisotropy of the mobilities, 
and also on the role and magnitude of the intervalley scatter- 
ing in these materials. The most interesting object for the 
investigation of the influence of strong anisotropic strains on 
the kinetics and oscillatory properties are bismuth-antimo- 
ny alloys. 

The alloys Bi, -,Sb, constitute a continuous series of 
substitutional solid solutions in which a smooth restructur- 
ing is effected from the energy spectrum of Bi into the spec- 
trum of Sb (Fig. la).  Up to a density ~ ~ 0 . 3 5  the carrier 
dispersion law in L is well described by the McClure mod- 
el5s6 of the energy spectrum of pure bismuth, with the pa- 
rameters taken from Ref. 7. In the density interval 
0.065<x(0.22 the bismuth antimony spectra go over from 
the semimetal to the semiconductor state with a direct gap 

EgL at the points L (Fig. l a ) ,  which is the minimum gap in 
the spectrum at 0.09<x<0.16. The relative energy-scale dis- 
placement of the Li extrema in the superconductor 
Bi, _ , Sb, by uniaxial compression is shown in Fig. lb  (Ref. 
3). 

Since the energy spectrum of the alloy Bi, -,Sb, 
(0.09<x<0.16) is determined by the carriers in the three L 
valleys, the spillover of electrons (in n-type alloys) or holes 
(p-type) is not smoothed out by the presence of one more 
carrier group (holes in T for Bi or holes in H for antimony) 
and the anisotropic effects due to this spillover (e.g., in the 
conductivity) are particularly clearly pronounced. In addi- 
tion, owing to the low values of the Fermi energy, the band- 
structure change due to the anisotropic deformation (Fig. 
lb )  makes it possible to "spill" all the carriers into one or 
two valleys and pass UV in one or two extrema through the 
boundary of the energy bands and the corresponding band 
gap EgL, permitting thereby an investigation of the structure 
of the bottom of the band and of the energy gap, viz., the 
degree of blurring of the boundaries or the presence of impu- 
rity levels. Since the band structure of Bi and of Bi, -, Sb, 
alloys under strong uniaxial compression has been investi- 
gated in detailI4 and the strain potentials were determined 
with sufficient accuracy,829 it is possible to establish a one- 
to-one correspondence between the behavior of the electron- 
kinetic characteristics of the material, on the one hand, and 
the changes produced in the energy spectrum upon deforma- 
tion. 

We report here an investigation of the resistivity, Hall 
coefficient, and the Dingle temperature in the superconduct- 
ing alloys BilPxSb, in a wide range of antimony density 
(0.09<x<0.16) following uniaxial compression along the 
binary and bisector axes of the sample up to a strain z 0.3%. 
The composition and homogeneity of the investigated alloys 
were monitored. 

EXPERIMENTAL PROCEDURE 

Uniaxial compression of single-crystal Bi, - , Sb, speci- 
mens at helium temperatures, up to astrain E--, - 0.3%, was 
produced by the method described in Ref. 10. We used a 
calibrated tension device in which the force applied along 
the x axis to an elastic ring of nonmagnetic steel was trans- 
formed into uniaxial compression of the investigated speci- 
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men comprising a right-angle parallelepiped measuring 
3 X0.6X0.6 mm3 and rigidly secured in this ring by poly- 
merized "Aral'dit" resin in they direction perpendicular to 
the x axis. 

The single-crystal alloys Bi, - , Sb, (0.09gxgO. 16) 
were procured from various sources: the Institute of Radio 
and Electronics of the Russian Academy of Sciences, The 
Herzen Pedagogical Institute, the Berlin Humbodt universi- 
ty, and the Baikov Metallurgy Institute. The composition, 
type of conductivity, the density n (p), and the carrier mobil- 
i t y ~  at 4.2 K, as well as the helium/room-temperature resis- 
tance ratio p,,/p,, of the investigated alloys are listed in 
Table I. Several samples from each set listed in Table I were 
investigated. They were cut from bulky single crystals along 
the C, or C, axis, the directions of which were determined 
accurate to lo from the tracks of the secondary slip planes on 
the ( 11 1 ) basal plane. The samples were predominantly n- 
type and had different residual-impurity contents; the strong 
doping with tellurium was deliberate only in the case of the 
Bi,, Sb,, + 10 - Te samples (series N 1 of Table I ) .  

E, meV The antimony density in the alloy and the strain of the 
sample were determined selectively for typical samples of 
the series by x-ray diffractometry from the change of the 
distances between the plane as a function ofx (Ref. 11 ) or of 
the compression u, respectively. The homogeneity of the an- 
timony distribution in the samples was monitored with a 
SEMOX ARL/USA microsound quantum meter, from the 
change of the intensity of the x-ray bremsstrahlung of the 
electron beam on different sections of the sample, with a scan 
length 80 p m  and a resolution 1 pm." The electric resis- 

, E, mev tance and the Hall voltage were measured by the standard 
F y  r method. Studying the strain dependence of the Dingle tem- 

DINGLE TEMPERATURE AND INTERLINE SCATTERING IN 
BISMUTH-ANTIMONY ALLOYS AT 4.2 K 

Intervalley transitions in pure Bi are effected by acous- 
tic phonons with energy 40 K. When the temperature is 
lowered their contribution to the scattering decreases expon- 
entially, so that the ratio of the relaxation times for interval- 
ley rev and intravalley rav scattering at 4.2 K is 
rev/ra, =: 100. For scattering by neutral Sb impurities and by 
point defects in bismuth-antimony alloys one can expect to 
have rev -raV already at 4.2 K (Ref. 12), but this assump- 
tion has not been directly confirmed to date. 

The Dingle temperature was investigated in compres- 
sion along the bisector axis, which results according to Fig. 
l b  in a spillover of the carriers into a descending electron 
extremum L from two heretofore equivalent extrema L q,, . 
As a result, the energy spectrum of the alloy becomes single- 
valley at a certain strain ,, SO that the intervalley-scat- 
tering channel can be fully excluded. 

The SdH oscillations, with frequency F =  (eh  /c  S ) ,  
where S is the extremal cross section of the Fermi surface 

-10 - b perature T, we investigated the quantum oscillations of the 

Group I1 

magnetoresistivity p ( H )  . The strain-induced change of the 
FS was monitored in parallel with the investigation of the 
kinetic characteristics of all samples in which the carrier 
density was high enough to observe the Shubnikov-de Haas 
(SdH) effect. The Fermi surface was investigated by a stan- 
dard low-frequency Cf= 23 Hz) modulation procedure. 

The procedure for obtaining temperatures higher than 
4.2 K in an instrument with a tension device is described in 

b,kG/cm2 60 D 60 6,kG/cm2 detail in Ref. 10. The temperature of the sample is main- 

FIG, ,. a-Restructuring of band structure of Bi, _,Sb, alloys vs the tained in this case using an inverted foamed-plastic contain- 
antimony density x;  b--restructuring of band structure Bi,,Sb,, under er mounted on a long steel rod serving as the support of the 
isotropic deformation; a--compression force.'' stretching unit. The measurement results are reported below 

in a sequence that makes their discussion convenient. 

TABLE I. Compositions and characteristics of investigated alloys. 
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FIG. 2. a--Change of minimum cyclotron mass of sample N 1 (Table XI) 
in compression along C,; &lowering of Dingle temperature (left-hand 
scale) and stabilization of minimum cross section of the FS "ellipsoid" L ; 
(right-hand scale) in sample No. 1 (Table 11) in compression along the 
bisector axis. 

(FS), were observed in the sample series N 1 and N 6 (Table 
I ) .  The dependences of AS /S(E) on the strain E in compres- 
sion along C, are qualitatively the same for both samples 
which differ only in the Sb density and in the initial carrier 
density. We present below data for Bi,, Sb,, + at. % 
Te with SdH oscillations ofbetter quality. The cross sections 
of the FS ellipsoid corresponding to the descending extre- 
mum L I increase up to a strain EZE, and become stabi- 
lized after a complete carrier spillover from the L 2, extrema 
into L (Fig. 2a). The cross sections remain unchanged 
here, within a measurement accuracy (1-3)% up to the 
strain EZE,, at which overlap with the hole extrema L k3 
sets in. 

From the relative temperature variation of the first-har- 
monic oscillation amplitude 

A-TH-'" exp (-aT,lIf)sin h-' ( a T / I I ) ,  

where a = 0.1469( m,/m, ) . lo3 kOe/K and TD = h / 
(2k,mD) rD is the characteristic relaxation time, k, is the 
Boltzmann constant, and me is the free electron mass) we 
determined, as a function of the strain, the minimum cyclo- 
tron mass m,"'", whose values make it possible to calculate, 
from the variation of the oscillation amplitude with the mag- 
netic field H, the corresponding variation of TD with the 
strain.13 In compression along the bisector axis, the relative 
change of the cyclotron mass is qualitatively analogous to 
the cross-section change AS/S. The value of m,"'" increases 
by approximately 1.5 times for E = E,, and remains un- 
changed for E>E, (Fig. 2b). The Dingle temperature de- 
creases rapidly with the strain, by ~6 times at EZE, , (Fig. 
2b). This value can vary somewhat from sample to sample 
(see Table 11). 

The strong decrease of the Dingle temperature, which 
determines the Landau-level broadening due to scattering by 
impurities and to imperfection of the crystal lattice, can have 
two causes: 1 ) increase of the Fermi energy at the extremum 
L ;  upon compression along the bisector axis, which de- 
creases the effectiveness of scattering by ionized impurities; 
2)  elimination of an intervalley scattering channel in the 
transition, in the course of the deformation, from a three- 
valley to a single-valley spectrum. 

The predominant scattering in the semiconducting 
Bi, _ ,Sb, alloys at 4.2 K is from ionized impurities14 (scat- 
tering from phonons can be neglected since as a rule 
(p4 - p1 6 )/p4 =: for these alloys). In electron scat- 
tering by a screened Coulomb potential, the scattering prob- 
ability l/rp which determines the resistivity p is connected 
with l / rD by the relation1' 

where k = 1 + q2/(2kF2), 1/q is the screening length and 
k, = [S,,, / ( d i 2 )  ] is the Fermi radius; 0 < rD/-rp < 1 
and TD/rp decreases with increase of k,. Equation ( 1 ) takes 
into account the predominant contribution to the resistance 
from large-angle scattering. This equation holds for metals 
with almost spherical FS, and can be used in the case of 
Bi, -, Sb, only to estimate limiting values. Assuming that in 
view of the high sensitivity of rD to small-angle scattering we 
always have rD/rP < 1, and that the decrease, which follows 
from ( 1 ), of this ratio with increase of the FS takes place also 

TABLE 11. Characteristics of samples of series No. 1 (Bi,, Sb, , + 1 0 4 a t  .% Te) in investiga- 
tion of the strain dependence of TD. 

(m,/m,)l@ E F .  meV TD. K TD(O)/TD(E~~)  ( T,, /T,, ma= 
- 

3 

*'Estimate with allowance for only scattering by an ionized impurity. **k = (l /ro)/  (l/rii ). 
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in the presence of anisotropic dispersion, we obtain the in- 
equality 

where the strain interval from zero to E, , corresponds to an 
increase, on the average, of the Fermi energfin L from 9 to 
16 meV for the three investigated samples (see Table 11). If 
for E = 0 there is only intravalley scattering, which is deter- 
mined in Bi, -,Sb, alloys at 4.2 K, according to Ref. 14, by 
the predominant scattering from ionized impurities (11) 
( l /rp z l/rii ), then, taking into account the known energy 
dependence 

where @ ( E , )  is a slowly varying function, we have 
rp (E,, ) / T ~  (0) = 3.5 at the point of total spillover of the 
carriers into the extremum L ; . This is an upper-bound esti- 
mate, since the introduction of energy-independent scatter- 
ing processes ( l / rp  = 1/r,, + l / rO)  only decreases the ra- 
tio rp ( E ~ ,  )/rp (0).  Taking the inequality (2)  into account, 
we can state that the experimentally observed decrease of the 
Dingle energy (by z 6 times) cannot be attributed only to an 
increase of the electron energy following carrier spillover 
into one valley. 

For agreement with experiment, it remains to assume 
that at E = 0 there exists an intervalley scattering channel 
which vanishes on going from a three-valley to single-valley 
spectrum in the course of the deformation. In this case, at 
zero strain we have 1 = 1 + l V ,  where 
1/raV z 1/rlI + l / rO.  At the most probable ratio of 1/rl1 and 
l/r0 located in the interval 0< 1/r0 GO. 5 .1 /~ , ,  (Ref. 16), 
the ratio of the intervalley and intravalley relaxation times at 
E = 0 for sample No. 1 (Table 11) does not exceed a value in 
the interval 0.44<reV/rav < 1.2. Similar estimates for all the 
investigated samples are listed in Table 11. Note that the 
observed increase of TD at E >  E,, (Fig. 2) is due to the 
appearance of intervalley transitions in the hole extrema 
L :,, which rise under the influence of the strain. The energy 
spectra of the electrons and holes in L are mirror images, as 
manifested by the symmetry of TD (E) about the midpoint of 
the band gap (E z E, ) . 

To our knowledge, the estimate obtained is the first di- 
rect evidence favoring a significant role of intervalley transi- 
tions in Bi, - , Sb, alloys at 4.2 K, transitions that must be 
taken into account in the calculation of the kinetic charac- 
teristics of these alloys. 

RESISTIVITY, HALL COEFFICIENT, AND HOMOGENEITY OF 
BISMUTH-ANTIMONY ALLOYS 

To establish the general laws governing the kinetic 
characteristics of semiconducting bismuth-antimony alloys 
under strong compression (up to E ~ 0 . 3 %  ) along the binary 
and bisector axes, we investigated the dependences of the 
resistivity and the Hall coefficient of several groups of 
Bi, -, Sb, single crystals in a rather wide range of antimony 
density (0.09 < x < 0.16). Altogether we measured more 
than 50 single crystals from the indicated range of antimony 
density x. The characteristic "representatives" of all the 
available sets of samples, cut as a rule from a single bulk 
ingot, are listed in Table I. 

The samples were compressed predominantly along the 
bisector axis C, , and the direction of the current j coincided 
with the compression direction (j(lC, ). The anisotropy of 
the resistivity of Bi, -,Sb, is most strongly manifested in 
this orientation. The Hall coefficient was measured in weak 
magnetic fields up to 10 Oe. In samples with sufficient impu- 
rity density, SdH oscillations were additionally observed 
and made it possible to monitor the variation of the FS with 
the strain. 

The resistivity change expected upon compression is 
determined by the restructuring of the energy spectrum and 
by the anisotropy of the mobilities. The mobility anisotropy 
is such that when the experiment is configured for compres- 
sion with uIIC2, jllC2, the carriers spill over from the 
"lighter" valleys L 5,, into the heavier L ;. The shift of the 
band extrema with strain is calculated with the aid of the 
strain potentials from Refs. 8 and 9. Such a shift is shown by 
way of example in Fig. 3 for a sample from series No. 1 
(Table I )  in compression along C,. The strain E,, corre- 
sponds here to the instant of total depletion of the extrema 
L z,, and to exit of the Fermi level (FL) into the band gap, 
while E,, corresponds to location of the Fermi level at the 
center of the band gap at the points L , , ,  and E,, corre- 
sponds to the FL reaching in the electron extremum L the 
ceiling of the valence band in L i,, . 

With respect to the variation of the resistivity as a func- 
tion of strain p (E) in the indicated experimental configura- 
tion, all the investigated samples (see Table I )  can be divid- 
ed into two groups. Group I includes alloys whose p ( ~ )  
dependence has characteristic peak with a height 
p ( ~ ) / p ,  z 10-25 independent of the initial carrier density 
(Figs. 4 and 5).  A feature of these dependences is that the 
resistance increases at E>E, against the background of a FS 
that does not change after complete spillover of the electrons 

FIG. 3. Displacements of electron and hole L-extrema of samples of 
series No. 1 (Table I )  in compression along the bisector axis. 
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FIG. 4. Stabilization of minimum cross section of electron "ellipsoid" L ; 
(right-hand scale) and peak of resistivity (left-hand scale) for sample of 
series No. 1 (Table I )  in compression along C,.  The inset shows the ar- 
rangement of the electron equal-energy surfaces at E > E ~ ,  , and also the 
directions of the current j and of the compressing force in compression 
along the bisector axis. 

into the extremum L,  (Fig. 4). The dependence on the 
strain was peaked for the overwhelming number of investi- 
gated samples. In group I1 the variation of the resistivity 
with the strain agreed with the variation of the band struc- 
ture and of the FS for only several Bi, -, Sb, single crystals 
from the investigated density range x (series 6 and 7 of Table 
I ) .  T h e p ( ~ )  plots showed first a resistivity growth by 15-30 
times, followed by stabilization at and a descent at 

. For the samples in which it was possible to investi- 
gate the magnetoresistance quantum oscillations, the start of 

FIG. 5. Strain dependences of the relative value of the resistivity (right- 
hand scale) and of the Hall coefficient (left-hand scale) for sample of 
series No. 1 (Table I )  in compression along the bisector axis: 1-load 
applied, 2-load removed. 

FIG. 6. a-Relative change of the cross section of the electron "ellipsoid" 
L ; of the FS of sample of series No. 6 (group 11, Table I )  in compression 
along C,; b--strain dependence of relative resistivity (right-hand scale) 
and of the Hall coefficient (left-hand scale) for sample of series No. 6 
(group 11, Table I )  in compression along the bisector axis: 1-load ap- 
plied, 2-load removed. 

the plateau on the resistivity curve correlates with saturation 
of the dependence of the intersection of the FS with the ellip- 
soid L on the uniaxial compression strain (Fig. 6).  

The Hall coefficient, correspondingly, also changes 
qualitatively in different manners: whereas for samples with 
a plateau on thep,, (E)  plot the strain dependence of the Hall 
coefficient p,,, ( E )  also has a section where the coefficient 
does not vary with the strain (Fig. 6), for a sample with a 
resistivity peak the horizontal section is either absent or re- 
placed by a small characteristic bend (Fig. 5) .  In all cases of 
compression along the C, axis the Hall coefficient undergoes 
an inversion at strains , < E < 3 .  

The characteristic changes of the resistance and of the 
Hall coefficient in compressions ullC, and j JIC, are shown in 
Fig. 7. The resistance increases in this case by only 2-3 times, 
and the inversion of the Hall coefficient takes place at strains 
insignificantly higher than E,, . 

Figures 8 and 9 show the strain dependences of the re- 
sistance at different temperatures. When the temperature is 
raised the peak decreases (Fig. 8)  and the plateau changes 
into a peak whose height decreases with rise of temperature 
(Fig. 9). The resistance change in each loading cycle is fully 
reversible. The increase of the initial resistance as well as the 
resistance on the "plateau" of the p,, (E)  curve in the tem- 
perature interval 4 . 2 ~  T<30 K is not caused by crystal dam- 
age, but is due to the temperature dependence; at T >  30 K 
the initial resistance of the sample shown in Fig. 9 ( E ,  - kT) 
begins to decrease. 
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FIG. 7. a--Strain dependence of relative resistivity (right-hand scale) 
and Hall coefficient (left-hand scale) for sample of series No. 6 (Group 
11) in compression along the binary axis: I-load applied; 2-load re- 
moved. &Arrangement of band extrema at & = 0 and and also 
direction of current j and of the compression force in compression along 
the binary axis. 

FIG. 8. Strain dependence of resistivity in compression along the C, axis 
for sample of series No. 1 (Table I )  at various temperatures: 1 - 4 2  K, 2- 
11 K, 3-17.5 K, 4-26 K, 5-32 K, 6 4 1  K, 7-58 K, 8-14 K (last 
loading cycle). 

FIG. 9. Strain dependences of the resistivity in compression along the 
bisector axis of sample from series No. 6 (Table I) at -farious tempera- 
tures: 1-4.2 K, 2-16.7 K, 3-20 K, 4-25.4 K, 5-30 K, 6-35 K. The 
inset shows in enlarged scale the temperature dependence of the resistance 
at E = 0. 

Calculation of the change of the band structure by com- 
pression, similar to that shown in Fig. 3 for sample No. 1 of 
Table I, has established that if a sample has a resistance max- 
imum the latter is located corresponds to the strain E,, at 
which the FL is in the middle of the band gap at the points 
L2,, (accurate to =: + 3 meV). For the samples of group 11, 
with allowance for the temperature spreading of the FL, the 
placement of the ends of the plateaux E, and E,  in the strain 
scale, on the p,, (&)/p2, plot (Fig. 6)  agree within 3 meV 
with the critical strain values E~ and E ~ ,  at which the FL 
crosses the bottom of the conduction band and the top of the 
valence band in L2,, respectively. The corresponding energy 
interval 

where r = - q1 Dl, + D2, - q3D3, + CD,,, q1 = 0.31 and 
77, = 0.42 are the Poisson coefficients, { = 0.41 is indicative 
of the shear strain produced in the basal plane by compres- 
sion along C,, while Du are the strain potentials of the band 
gap in L , ,  (Ref. 8). Within the accuracy limits indicated 
above, AE agrees with the band gap width EgL determined 
from the empirical dependence on the antimony density x 
from Ref. 7. For example, for the samples Bio,,, Sb,, ,  (No. 
6, Table I) we have AE=: 18, whereas E,, = (10-242x) 
meV = 21.5 meV. The measure thermal gap for the samples 
of this series is =: 20 meV. 

The cause of the strong increase of the resistivity in the 

891 Sov. Phys. JETP 74 (5), May 1992 N. Ya. Minina and L. A. Kirakozova 891 



initial strain region of the investigated Bi, - ,Sb, samples at result of spillover of the carriers into the valley L 7 with 
a compression along C,,,, at a current jJJC,, ,, is the strong larger effective mass, the sample resistivity increases. In ac- 
anisotropy of the electron and hole valleys at the points L. cordance with the form of the mobility tensor for the semi- 
Thus, according to Ref. 17, for the alloy Bi,,, Sb,,, the ratio conductor Bi, -, Sb, at O < E < E ~  , the relative change of the 
of the mobilities along the binary axisp, and the mobility uf resistance with the strain is determined for O < E < E ~ ,  by the 
the carriers along the bisector axis p, is p, /p, = 1 19.6. As a expression 

where no is the number of electrons in each of the L extrema 
at E = 0, n, is the number of electrons in L ; . 

The spectrum of the L electrons and holes is specular in 
first-order approximation, and the mobilities of the holes 
and electrons are equal, p: = pf. Therefore for E > E ~ , ,  after 
the electron extremum L ; overlaps the hole extrema L ,h,, 
we obtain 

wherep is the carrier density in one of the extrema L :, of the 
valence band, and No is the total electron density at E = 0. 

The change of the resistance upon compression along 
the C, axis with change of the parameters of one of the sam- 
ples of series No. 6 (Fig. 1, curve 1 )  was calculated using 
expressions (4)  and (5 ) and the dependences of the carrier 
densities n, and p on EF at the extrema L ; and L :, . The 
initial values of the Fermi energy and of the carrier density 
were determined using the McClure model6 of the energy 
spectrum of Bi in Bi, -,Sb, alloys, with the spectrum pa- 
rameters from Ref. 7. The change of the Fermi energy with 
strain at various L valleys were calculated using the strain 
potential tensor of these alloysBp9 and the condition that the 
difference between the densities of the electrons and holes be 
preserved. We used the anisotropy of the carrier mobility in 
Bi, -,Sb, alloys of analogous composition,'' and the band 
boundaries were assumed to be distinctly demarcated. 

For complete spillover of all carriers from the "lighter" 
valleys L ;, into the heavier valley L ; as a result of uniaxial 
compression along the C2 axis ( j  JJC, ) , the relative increase 
of the resistance is given by 

( , U ~ = p i ( 0 ) ; p ~ = , U i ( ~ )  <&<Ek3),whichleadsfor 
the anisotropy of the mobilities from Ref. 17 to the value 
p * ( ~ ) / ~ '  = 86.7 (for x = 0.13) at the instant of the total 
spillover of the carriers into the extremum L ; . This is sever- 
al times larger than the experimentally observed increase 
p,, ( ~ ) / p ~ ~  z 15-30 for samples of both groups. This dis- 
crepancy can be attributed to the fact that in the calculations 
no account was taken of the elimination of an intervalley 
scattering channel, and also of the decrease of the efficiency 
of scattering by an ionized impurity on account of the in- 
crease of EF at the L ; extremum as the three-valley spec- 
trum becomes single-valley as a result of the strain; this 
should increase, according to the data of the preceding sec- 
tion, the mobility p: at E > E ~  by 2 4  times. 

For compression along a binary axis (aJJC,  ; jJIC, ), the 

total spillover of the carriers into two descending electron 
extrema L leads to a resistivity change 

Since& ,,u: )p: y:, this ratio is equal to 2, in fair agreement 
with the experimentally observed increase of the resistance 
(Fig. 7). In contrast to the case of compression along C, ,the 
intervalley scattering mechanism is not completely turned 
off here, and the Fermi energy does not increase so signifi- 
cantly (by ~ 2 5 % ) .  

At first glance the inversion of the Hall coefficient in 
compression along the bisector axis occurs too early (Figs. 5 
and 6).  Actually, the contribution of the "light" holes from 
the L g,, extrema become decisive at strains corresponding 
to the energy gap between the FL in L ; and the ceiling of the 
valence band, equal to ~5 meV. However, in contrast to 
compression along C, (Fig. 7),  when the mobility ratio of 
electrons and holes from overlapping terms L q,, and L are 
not so large: 

the mobility of L , ,  holes in compression along C, is higher 
by two orders than the mobility of the L ,  electrons 

~(?;/p??~=~I;p,p~-~=10~. 

Estimates made in the simple two-band model show that in 
this situation the Hall coefficient reverses sign if the density 
of the light holes in L , ,  is only 0.05% of the electron density 
in L , .  Therefore, taking into account the temperature 
smearing of the FL and of the bottom of the bands, the be- 
havior ofp,,, (&) at t ~ ) & ~ ~  can be fully accounted for by the 
appearance of thermally activated "light" holes. This con- 
clusion is confirmed also by the fact that when the tempera- 
ture is lowered the inversion point shifts into the region of 
large strains. 

It is considerably more difficult to explain the strong 
decrease of the Hall coefficient at O < E < E ~  , for undoped 
Bi, - ,Sb, alloys in the investigated density range upon com- 
pression along the bisector axis L according to Ref. 17, in the 
superconducting Bi, -,Sb, at E = 0 we havep,,, =: I/(eNc) 
and, inasmuch as for one carrier group the Hall coefficient is 
also equal to l/(eNc), the Hall coefficient should not change 
on going from a three-valley to a single-valley spectrum. 

Comparison with calculation (Fig. 10) gives grounds 
for assuming that within the framework of the existing no- 
tions concerning the band structure of Bi, _, Sb, alloys and 
its variation under uniaxial compression, the experimental 
p,, (E) curves (Fig. 6), which have a clearly pronounced 

892 Sov. Phys. JETP 74 (5), May 1992 N. Ya. Minina and L. A. Kirakozova 892 



FIG. 10. Calculated plots of relative change of resistivity upon compres- 
sion: I-along the bisector angle (left-hand scale), 2-along the binary 
axis (right-hand scale). In the calculation we used the characteristics of 
one of the samples of series No. 6 (group 11, Table I ) .  

plateau on the segment E, ,  <&<Ek3 (at these strains the FL 
in the descending extremum L crosses the band gap in L,,, 
-Fig. 3), reflects the spillover of the carriers and their ani- 
sotropy, and also correlates fully with the concomitant 
changes of the FS. On the contrary, the resistivity vs strain 
plots with maxima are anomalous, notwithstanding the fact 
that they are characteristic for the greater part of the investi- 
gated samples. 

The causes of this anomalous behavior must be sought 
in the substantial smearing of the boundaries of the energy 
band, which takes place to a greater or lesser degree for all 
samples of group I. Leading to the same conclusion is the 
character of the temperature dependence of the form of the 
strain dependences p,, ( E )  (Figs. 8 and 9)  which makes it 
possible to assume that the transformation of a plateau into a 
peak, which results from the temperature smearing of the 
energy gap, can take place also at 4.2 K as a consequence of 
the sufficiently strong spatial inhomogeneity of the samples. 
By inhomogeneity of impurity distribution we mean here 
microscopic fluctuations, which must be distinguished from 
the uniform change of the density along the length of the 
crystal as a result of impurity segregation in course of the 
growth. In the latter case one can always choose a sufficient- 
ly small section in which the density change is negligibly 
small. 

The SEMOX ARLIUSA setup used by us to monitor 
the homogeneity of the samples makes possible an x-ray mi- 
croanalysis at a point - 1pm2 and monitor continuously the 
ratio of the alloy components in an 80-100pm segment. We 
investigated two samples from each of the two groups, with 
different characters of the strain dependences of the resistiv- 
ity (samples No. 1,3 of Table I with maxima and samples of 
type No. 6 with plateaux). Freshly cleaved ( 1 11 ) surfaces 
were scanned in 8-10 arbitrary points on the surface of each 
sample. Figure 11 shows characteristic spatial dependences 
of the x-ray intensity I corresponding to the Bi atoms 
(curves 1, left-hand scale) and to Sb atoms (curves 2, right- 
hand scale) for linear scanning of samples of group I (Fig. 
1 la, b) and samples of group I1 (Fig. 1 Ic). The signals cor- 

FIG. 1 1 .  Characteristic spatial dependences of the intl,lsity of the x-rays 
corresponding to the Bi atoms (curves 1, left-hand scale) and the Sb 
atoms (curves 2, right-hand scale), in linear scanning: a, b--for samples 
of group I; c-for samples of group 11. 

responding to lines 1 and 2 of Fig. 1 1 were reckoned from the 
zero background ( x  = O), and their oscillations point unam- 
biguously to a change of the component densities in the 
Bi, - , Sb, alloy. The signal I of Fig. 1 1 corresponds on the 
average to 90 at.% Bi, as against =: 10 at.% for signal 2. The 
relatively deep minima (or maxima) on curve 2 correspond 
therefore to a relatively small increase (or decrease) of the 
intensity on curve 1. On all, without exception, the segments 
of the investigated samples from group I we observed a no- 
ticeable microscopic inhomogeneity of the composition 
(Figs. 1 la, 1 Ib) . The characteristic dimension of the regions 
in which the ratio of the Bi and Sb densities changes amounts 
to 10-30 pm, and the fluctuations of the density in them 
reaches 1-3 at.%. No x-ray intensity fluctuations were ob- 
served on any of the investigated scanned sections of group 
11 (Fig. 1 lc) .  

A very clear-cut correlation exists between the charac- 
ter of the strain dependences of the resistivity and of the Hall 
coefficient, on the one hand, and the degree of homogeneity 
of the Sb impurity distribution in samples of groups I and 11. 
Antimony impurity fluctuations by ( 1-3), at.% lead to var- 
iations of EgL = (lC242x) meV the bulk of the alloy by 
(2.5-7.5) meV, which are manifested in the kinetic effects as 
a smearing by the same amount. The reason is that the Fermi 
level in the bulk of the alloy is uniform and consequently in 
regions with small EgL the local value of the Fermi energy is 
larger and complete spillover of the electrons into the L ;  
extremum occurs at larger strains, and the overlap with the 
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hole extremes L :, takes place at smaller ones. 
It should be noted that a temperature spreading of the 

gap by 2 k T z  5 meV (E,, z 2 0  meV) suffices to convert the 
plateau on a p ( ~ )  plot into a peak by the action of tempera- 
ture (Fig. 9).  The presence of peaked strain dependences in 
the resistivity in Bi, - ,Sb, at 4.2 K is fully explained by the 
considered fluctuations of the densities of the alloy Bi and Sb 
components, leading to variation of the energy gap by up to 
7.5 meV. 

An additional cause of smearing the energy-band boun- 
daries can also be the fluctuations of the charged-impurity 
density, especially in doped (No. 1, Table I )  or compensated 
(No. 5, Table I )  Bi, - ,Sb, alloys. It is impossible to observe 
such fluctuations in the investigate samples with the appara- 
tus employed, since its sensitivity limit is -0.5 at.%. 

The foregoing data offer evidence that a characteristic 
feature of single-crystal Bi, -, Sb, alloys is not the aforemen- 
tioned specific inhomogeneity, which is determined appar- 
ently by the crystal growth conditions and amounts to the 
presence of microscopic regions in which the component ra- 
tio differs from that in the bulk of the sample. While the 
opinion that Bi, _ , Sb, single crystals are of high grade and 
have negligibly small smearing of the energy-band boundar- 
ies, based on the quantum oscillatory effects in these alloys, 
is valid for individual samples, is on the whole an exaggera- 
tion. The existence of oscillatory effects, just as the quite 
distinct diffraction peaks in the x-ray investigations, reflects 
only the homogeneity of the greater part of the sample vol- 
ume. In the case of a strong anisotropic spectrum and aniso- 
tropic deformation, which permit the FL to be continuously 
passed in the course of a single experiment through the bot- 
tom of the energy band and through the band gap, the trans- 
port properties turned out to be more sensitive to inhomoge- 
neity. 

The form of the strain dependences of the resistivity and 
of the Hall coefficient can serve as a good criterion of the 
crystalline perfection of the alloy and of the sharp definition 
of the band boundaries. One cannot exclude the possibility 
that selection of samples with very distinct band boundaries 
can lead to a certain success in their practical utilizations as 
receivers (and possibly also sources) of IR radiation. The 
uniaxial deformation method we used to study the band 
structure is promising for the investigation of the impurity 
states of Bi, -,Sb, as well as of other semiconductors with 
narrow band gaps. 

IMPURITY LEVELS IN THE BAND GAP OF SEMICONDUCTING 
Bi,-,Sb, 

Owing to the specific properties of bismuth-antimony 
alloys (high dielectric constant, low carrier effective mass 
m* - 10 - 2m, ) it is assumed that donor or acceptor impuri- 
ties form shallow levels and distort little the band spectrum, 
leading only to a small tail, on the order of 1 meV, of the 
density of states on the band boundary.I4 The impurities are 
fully ionized at helium temperature.16 

However, recent data based on investigations of the 
photoconductivity and of the photomagnetic effect" favor 
the existence of deep impurity states in the band gaps of 
semiconducting Bi, - , Sb, . On the basis of the temperature 
dependence of the Hall coefficient in the model representa- 
tion that takes a deep donor level into account, the number of 

Conduction band 

20 
Valence band 

FIG. 12. Band structure of Bi, -,Sb, alloys vs the antimony density x, 
according to the data of Ref. 18. N,, , N,, --shallow acceptor and donor 
levels, respectively. N,,-location of deep donor level as proposed in Ref. 
18. 

such states was estimated to be 10'7-10'8 cm-, (Ref. 18). 
The location of the level depends on the Sb density (Fig. 12). 

The presence of a deep impurity level ND, (in the nota- 
tion of Ref. 18) should influence noticeably the kinetic and 
oscillatory properties of the material in the case when such a 
level lands in the band of alloyed states and becomes reso- 
nant. 

Uniaxial compression along the bisector (binary) axis 
afforded a unique possibility of pass the FL at the extremum 
L, (L,,, ) through the band gap at the points L,,, (L ,  ) and 
to cross the ND2 level provided the latter did not drop sub- 
stantially in the course of the deformation into the interior of 
the valence band. Let us analyze the degree to which the 
aggregate of the presented oscillatory and galvanomagnetic 
data offer evidence in favor of such an intersection of the FL 
with N,, . It must be borne in mind here that the number of 
impurity states on the ND2 level reaches 10'7-1018 cm-3 
(Ref. 18). In the investigated alloys this should lead to a 
steep rise of the carrier density, the initial value of which is 
z 1015 cmP3. 

In the analysis of the Hall-effect data it should be noted 
that were the FL to pass prior to crossing the valence band 
through a sufficiently filled donor level located in the imme- 
diate vicinity of its ceiling, this would lead to an increase of 
the electron density and to further decrease of the Hall coef- 
ficient. As a result of the FL stabilization by the filled ND2 an 
increase of the carrier density in the extremum L (uJJC, ) 
orL i,, (ullC, ) would only initiate an overlap of the extrema 
L and L :, at ullC, or L ;, and L : at u]lC,, but could not 
lead to inversion of the Hall coefficient up to full depletion of 
the ND, level and the onset of real overlap. The inversion 
would occur then at substantially larger strains than ob- 
served in experiment (Figs. 5-7). 

If it is assumed, however, that the donor level near the 
top of the valence band does exist nonetheless, and the inver- 
sion of the Hall coefficient upon compression along the bi- 
sector axis, which takes place at E,, < E < E , ~  is due to the 
appearance of thermally activated holes, a repeated sign re- 
versal of the Hall coefficient should be caused by the fact 
that the FL reached the donor level and by the strong in- 
crease of the electron density. Figure 5 shows the strain de- 
pendences of the resistance and of the Hall coefficient for 
n-Bi,,, Sb,, (EFz2.4 meV; sample No. 3 of Table I ) .  It 
shows that at E ~ E , ,  the Hall coefficient is inverted and de- 
creases smoothly with increase of the strain, which attests to 
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FIG. 13. Strain dependence of the relative resistivity (right-hand scale) 
and of the Hall coefficient (left-hand scale) for sample p = Bi,, Sb,., (se- 
ries No. 5, Table I) in compression along the binary axis: I-load applied, 
2-load removed. 

an increase of the hole density. The strain interval in which 
the Hall signal due to the main contribution of the "light" 
holes was observed corresponds to 10 meV on the energy 
scale, i.e., the FL is quite deeply immersed in the valence 
band. A similar dependence of the weak-field Hall coeffi- 
cient was observed also for compression along the binary 
axis (Fig. 7).  These data give grounds for stating that an 
overlap of the electron extremum L (L ",, ) at E Z E ~ ,  actu- 
ally takes with the extrema L ,h,, (L ) of the valence band. 

To verify the possible rapid immersion of the ND2 level 
in the valence band in the course of deformation, we investi- 
gated compensatedp-type samples (series No. 5 of Table I )  
in compression along the binary axis. Since the donor level 
ND2 should be empty in such samples, its lowering (with 
"capture" of the FL) would have led to an increase of the 
hole density, and a reversal of the sign of the Hall coefficient 
would have been observed only at E % - E ~ , ,  and furthermore 
under the assumption that the distance, in energy, between 
ND2 and the L ',,, extrema that are lowered by the strain is 
shortened. The reversal of the sign of the Hall effect ob- 
served at &%ck3 (Fig. 13) excludes the possibility of rapid 
descent (even at small strains) of a deep donor level into the 
valence band. 

The invariance of the cross section A S / S  of the Fermi 
surface at E~~ < E  < E~ , (Fig. 4) confirms additionally the 
invariance of the carrier density in this strain interval, and 
offers likewise no proof that the Fermi level crosses a rather 
capacious donor level. 

One can assume, however, that the ND2 level is less 
capacious than estimated in Ref. 18, and does not lead to a 
substantial change of the carrier density: a 10% increase of 
the carrier density corresponds to an increase of A S / S  by 
only 3%, within the limits of the measurement error. Never- 
theless, when landing in the band of allowed states of the 
extremum L i ,  the ND2 level should scatter the carriers and 
should be manifested by a resistivity peak similar to that 

FIG. 14. a-Strain dependence of FS cross section (right-hand scale) and 
of resistivity (left-hand scale) for sample of series No. 1 (Table I ) ,  n((C,, 
jl(C, ; b--arrangement of electron extrema in L at E = 0 and E > E ~  and also 
directions of the current j and of the compression force a. 

observed in the present study of the strain dependence of the 
resistivity of group-I samples. As shown above, the latter is 
governed by the anisotropy of the energy spectrum and by 
the microinhomogeneity of the Bi, - , Sb, alloy. In addition, 
no noticeable increase of the Dingle temperature is observed 
on the T, (E)  dependence (Fig. 2) in the vicinity of E Z E ~ ~ ,  
where a resistivity maximum is observed, thus confirming 
once more the absence of a connection between the peak and 
the possible resonant scattering. To shed light, nonetheless, 
on the question of the probability of resonant scattering, it 
seems necessary to investigate the p , ,  (E)  dependences in 
compression along the bisector axis (ulJC,; jJJC, ). In this 
experimental configuration the descending valley L ; is 
"light" relative to the two other valleys L ',,, and the as- 
sumed resonant-scattering peak should be uniquely more 
pronounced against the background of the resistivity that 
decreases with the strain. However, as shown by the data of 
Fig. 14, even in this case no signs of resonant scattering on 
passage of the FL through the band gap are observed. 

Thus, the aggregate of the oscillatory and galvanomag- 
netic measurements of a large class of 
Bi, -, Sb, (0.09<x<0.16) samples does not confirm the exis- 
tence of a deep donor level with high impurity-state density 
in the band gaps of these alloys. 

The experimental justification for introducing such a 
level in Ref. 18 was the splitting of the photoconductivity 
peaks of a number of Bi, -,Sb, samples, but the "cluster- 
type" microinhomogeneity described above can cause such a 
splitting (if the antimony density is approximately the same 
in the majority of the clusters) and can thus imitate the pres- 
ence of a deep impurity level. As shown above, the direct-gap 
fluctuation connected with the inhomogeneity of the compo- 
sition amounts to 2.5-7.5 mev, which correlates with the 
separation of the ND2 level from the top of the valence band 
(Fig. 12), which increases with increase of the antimony 
content in the alloy. 

In conclusion, we would like to emphasize once more 
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the extensive possibilities of using strong anisotropic strains 
to investigate the band structure of narrow-band semicon- 
ductors, and also to express our gratitude to Professor N. B. 
Brandt for constant interest in the work, to A. Kraapf and 
W. Kraak of the Humboldt University for supplying the 
high-grade Bi, -, Sb, single crystals, and to H. Neubert and 
Z. Rogashevskii for help with the investigation of the sample 
inhomogeneities. 

I ' The measurements were made at the Humboldt University in Berlin. 
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