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The transition of a semiconductor to a metal in the presence of a magnetic field is studied in Bi-Sb 
alloys containing from 5 to 16 at. percent Sb. The investigation is carried out at a magnetic field 
strength of 450 kOe, at temperatures of 4 and 77°K, and for various orientations of the field and 
current relative to the crystallographic axes. It is shown that an energy gap appears in Bi-Sb 
alloys at antimony concentrations above 8 at. percent. The dependences of the gaps in the Bi-Sb 
spectra on the antimony concentration are obtained. It is shown that in semiconducting Bi-Sb 
alloys the critical fields for which the transverse electrical resistance drops sharply, and at 
which the alloys go over to the metallic state (with a temperature dependence of the resistance 
characteristic of metals) increase with increasing amount of antimony. Local minima which 
precede the transition to the metallic state have been detected on the resistance versus field 
strength curves. The minima are apparently due to changes in the energy spectra of the alloy in 
the magnetic field. The magnitude of the spin splitting of the Landau levels in Bi-Sb alloys is 
discussed. 

INTRODUCTION 

IN[tJ we reported the observation of a new phenome
non-the transition of a semiconductor to a metal in a 
magnetic field-which was observed in the system of 
semiconducting Bi-Sb alloys at a temperature of 
4. 2~. This work is devoted to a detailed study of this 
phenomenon in Bi-Sb alloys in the 5 to 16 at. percent 
range of concentration of the second component in a 
magnetic field H up to 450 kOe and at temperatures of 
4 and 77°K for various orientations of the field and 
current relative to the crystallographic axes of the 
samples 11 • 

Metal-semiconductor and semiconductor-metal type 
transitions are connected with a displacement of the 
band boundaries and energy extrema in the bands in a 
magnetic field compared with their positions in the 
absence of a field. The possibility of such transitions 
and of the related singularities of the electric charac
teristics has been considered in[2 l on the example of a 
quadratic dispersion law: 

Px2 Py2 Pl 
e(p,py,pz) = 2mx+ 2my+-2m-:- for H=O; (1) 

lelli lelli p,z 
e(n p,) = (n+'/2)--H±--H+-- for H=I=O 

' m*c 2m8 C 2m.,_ 

[mx, my, mz are the components of the effective-mass 
tensor, n is an integer, m* = (rr/2)6S/6E and ms> 0 
are the cyclotron and spin effective masses of the 
current carriers]. 

The value of ~Ei and the direction of the displace
ment of the i-th extremum is determined by the magni
tude and sign of the parameter Bi: 

l)C 1 is the bisector axis, C2 is the binary axis, and C3 is the trigo
nal axis. 

lelli 
1\e;=--B;H. 

c 
(2) 

For Bi < 0 the energies of the minima are lowered 
and of the maxima raised; for Bi > 0-vice versa. 

Since the main difference in the structure of the 
energy spectra of metals (with equal numbers of elec
trons ne and holes nh) and semiconductors consists in 
the fact that in the former the energy bands overlap, 
whereas in the latter there is an energy gap ~E be
tween the bands), then the displacement of the band 
boundaries in a magnetic field may lead to transitions 
of metals to the semiconducting state or of semicon
ductors to the metallic state. An essential condition 
for transitions of the former type is the requirement[2 J 
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A=,-1 ___ 1 +-1 __ _2_>0 (3) 
lm;l me' lmn'l m"' 

for the latter-A < 0 (the subscripts e and h denote 
electrons and holes). 

Regardless of the exceptionally great complication 
of the general picture of the energy quantization in a 
magnetic field, for an arbitrary dispersion law the 
displacement of the band boundaries can in the first 
approximation be described by the following phenomeno
logical relations. 

For the bottom of the band (energy minima) we have 

..\e.,= eli HI , 1 1 
1 = eli HI Be' I max, 

c m 0 (p,,e) m~(p,e)' max c 

if the bottom of the band is lowered, and 

ft.e 0 = _!!:. HIBe'lmin, 
c 

if it is raised. 
For the top of the band (energy maxima) we have 

eli I 1 ..\eh=,-H 
c mh'(p,, e) 

1 I ell 
m '(P 1 ) =-HIB;Imax, 

h z,S max C 

(4) 

if the top is raised, and 
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if it is lowered. 
In these relations the effective masses m* (pz, E) 

and ms ( p~, E) of the electrons at the bottom of the 
band and of holes at the top refer to such values of Pz 
and p~ for which at an energy E the modulus of B* 
has an extremum. 

If the relationship between the cyclotron and spin 
effective masses in expressions (4) is such that the 
band boundaries in a semiconductor draw closer in a 
magnetic field and move apart in the case of a metal, 
then for certain critical values of the magnetic field 
He there should occur semiconductor (dielectric at 
T = 0°K) -metal and metal-semiconductor (dielectric 
at T = 0°K) transitions respectively, independently of 
the dispersion law of the current carriers. Naturally, 
these effects will be most simple to observe in mate
rials with a small band overlap or with a small energy 
gap Ll.E. A very convenient object of investigation from 
this point of view is the Bi-Sb system. 

On increasing the concentration of antimony which 
forms with bismuth a continuous series of solid solu
tions, the existing band overlap in bismuth decreases 
initially. According to data obtained in[ 3 l, in the 0 to 
3 at. percent range of concentrations of antimony the 
overlap decreases linearly with the concentration from 
38 meV in bismuth to 16 meV in the alloy Bi 97Sb3 • As 
far as we know, no data are available on the variation 
of the overlap at higher antimony concentrations. How
ever, Jain[ 4 J observed at 5 at. percent antimony the ap
pearance of a gap which increased linearly in the range 
of concentrations from 5 to 12 at. percent antimony. 

METHOD OF MEASUREMENT 

The measurements were carried out on a setup for 
obtaining pulsed magnetic fields. The magnetic field 
was produced by a discharge of a bank of capacitors 
with a capacitance of 2000 JJ.F charged to 2.7 kV by 
means of a coiled solenoid placed in a liquid-nitrogen 
bath. The construction of the solenoid was identical 
with that described by Karasik. [5 J For an inner diame
ter of 8 mm and a 50-mm long operating portion of the 
solenoid the maximum field attained amounted to 
500 kOe with a pulse duration of 3.6 JJ.Sec. The sole
noid was connected to the capacitor bank by means of 
a gas discharger triggered by a 40-kV trigger pulse of 
~1 11sec duration. The field strength was determined 
with the aid of a test coil directly connected to the 
plates of an oscillograph. For calibration a signal of 
known amplitude and period from a GZ-34 generator 
was supplied to these plates. The magnitude of the 
field was determined by integration of strongly magni
fied oscillograms. 

The samples mounted in a special holder were 
placed in the narrow end of a helium dewar. The 
dewar with the holder were moved with the aid of a 
lifting device so that the sample was located at the 
center of the solenoid. The samples were cut from 
ingots prepared at the LGPI in the laboratory of G. I. 
Ivanov by electroerosion with a limitingly small rate 
of cut; the samples were in the form of right-angle 
parallelepipeds ~0.4 x 0.4 x 2.5 mm in dimension. The 

faces of the parallelepiped were parallel to the crystal
lographic axes of the crystal. After cutting, the sur
face layer was etched in a solution of nitric and hydro
fluoric acid to a depth of no less than 50 microns. 

The lower part of the sample holder consisted of a 
turned ivory cylinder of 2.5-mm diameter; the lower 
cross section of the cylinder was accurately perpen
dicular to its longitudinal axis. The sample was placed 
on this cross section and its ends were soldered over 
all their area with Wood's alloy to small strips of an
nealed 30-micron thick copper foil glued to the lateral 
sides of the cylinder and simultaneously serving as 
current electrodes. In order to insure that the meas
uring current remains constant during the measure
ments when the resistance of the sample increases 
strongly, a ballast resistance of about 5000 ohms was 
connected in series with the sample. 

Potential electrodes of copper wire of 20 micron 
diameter were soldered to the samples by an electric 
spark method. [GJ The maximum deviation of the solder
ing position from the longitudinal axis of the face of 
the sample did not exceed 20 JJ.. The distance between 
the electrodes varied between 0.6 and 1.2 mm. 

The potential electrodes of 20- JJ. wire were soldered 
to thicker conductors located in the longitudinal groove 
of the cylinder holder and formed together with it a 
loop whose area was matched for maximum compensa
tion of the induction during the field pulse. A small 
thin-walled organic-glass cup filled with diffusion oil, 
which froze on being cooled and fixed rigidly the cur
rent and potential electrodes, was then pulled over the 
end of the holder with the sample. 

The voltage from the potential electrodes was sup
plied through a broad-band amplifier to the plates of a 
modernized OK-17 oscillograph. The oscillograph was 
triggered in synchronism with the magnetic-field 
pulse. In order to exclude completely induction pickup 
the oscillograms were obtained for two identical field 
pulses with opposite directions of the measuring cur
rent. The potential difference on the sample, propor
tional to its resistance, was determined as half the sum 
of the amplitudes of these oscillograms. 

The depth of the skin layer of the measured samples 
exceeded by a large factor their transverse dimensions 
so that the effect of eddy currents could be neglected. 

The possible increase in the temperature of the 
samples during the field pulse (thermal shock) due to 
the production of Joule heat did not exceed ~1 °K for 
the largest measuring currents (20- 30 rnA). The 
temperature dependences of the electrical resistance 
of the samples in the absence of a magnetic field were 
measured by the block method, a gas thermometer 
being used to determine the temperature. 

RESULTS OF THE MEASUREMENTS 

1. Determination of the sample composition. It has 
been indicated above that the samples were cut from 
single-crystal ingots of the Bi-Sb alloy by electro
erosion. To determine the sample composition, the 
parts of the ingots directly adjacent to the samples on 
the right and on the left along the direction of growth 
of the crystals were chemically analyzed. In order to 
exclude possible errors in carrying out the analysis, it 
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Sample 
No. 

Ia 
lb 
2a 
2b 
3a 
3b 
4a"'* 
4b** 
5a*** 
5b*** 
6a** 
6b** 
6c** 
6d** 
7a*"'"'* 
?b**** 
7c**** 
7d **** 
7e**** 
Sa 
8b 
9a 
9b 

6.0 
6.0 
o.o 
o.o 
8.0 
8.0 
9.0 
9.0 
7.0 
7.0 

10.0 
10,0 
10.0 
10,0 
9,0 
9.0 
9.0 
9.0 
9,0 

12.0 
12.0 
15.0 
15,0 

5.o 1,2 
5.5 1,4 
6.45 3,5 
6.15 3,5 
8.8 24 
8,8 21 
8.9 4:i 
s.n 4o 
9,1 215 
9.1 215 

10.5 300 
10.S 175 
10.5 212 
10.5 to:. 
- 122 
- 91 
- 50 
- 122 
- 91 

12.0 236 
11.5 19 
15,8 2li 
15.8 26 

Table I 

- H [I C3 - - - -
- II II c, - - - -
- II II c, - - - -
- H[[C, - - - -
li,ll H[[Ca - - - 2(1 
f<.fl II II c, - - - -

13.0 H[[Cs - - - 70 
13.0 H[[C1 - - - -
15.6 H li Cs - - - 90 
15.6 H IIC1 - - - -
13.5 H iiCs Bo 1'20 90 Vi() 
13.5 H II c, 65 120 90 150 
13,o H II c, 65 120 90 150 
13.5 H II c, - - - 150 
17.4 H II Ca - - - 195 
17.4 H[[Ca - - - 19.'} 
17.4 HI[C3 - - - 1% 
17,4 H ,rc, - - - -
17.4 H[IC, - - - -
15.7 II II c, so 150 121J 250 
14.4 H ,[ C3 R5 150 120 zoo 
19,0 H II C, 120 210 170 ;~/() 

19.0 H [[C, - - -

*Direction of the measuring current ill C2 • 

**The chemical analysis for these samples was repeated. 
***For these samples Pmax.IP (300°K) is cited. 

****Samples from another batch. 

was carried out twice. The results of the two analyses 
coincided within an accuracy of 0.1 wt. percent. The 
composition of the samples according to the data of the 
chemical analysis and the calculated antimony concen
tration in the alloys is given in Table I. 

The appreciable discrepancy between the calculated 
data and the results of the chemical analysis indicates 
the presence of a considerable gradient in the anti
mony distribution along the length of the ingot. This 
circumstance apparently decreases the accuracy of 
the determination of the true antimony content in the 
samples from the data on the analysis of the adjoining 
portions of the ingot to several tenths of an at. percent. 

2. The temperature dependences of the electrical 
resistance. In all the investigated samples the electri
trical resistance increased on lowering the tempera
ture from room temperature to ~ 20° K. On lowering 
the temperature further two types of temperature de
pendences were observed: a) a further increase of the 
resistance down to the lowest temperatures, b) an in
crease with a subsequent transition to saturation at 
liquid helium temperatures, and c) a decrease of the 
resistance, leading to the appearance of a maximum 
Pmax on the p ( T) curves in the region of ~20° K. 

It was noted that when the samples were damaged as 
a result of an abrupt change in the temperature or 
mechanical deformation, then the p ( T ) dependences 
of type a) went over to dependences with the type 
b) saturation, and in type c) dependences the magnitude 
of the relative change of the resistance below 20°K 
decreased. At the same time, the ratio Pmax/p(300°K) 
-of the maximum value of the resistance at low tem
peratures to the resistance at 300°K-decreased in all 
the samples. The values of p ( 4.2°K)/p ( 300°K) of the 
investigated samples are given in Table I. Character
istic types of p ( T) dependences are shown in Fig. 1. 

Jain [ 4 1 interpreted the increase of the resistance on 
lowering the temperature in alloys containing more 
than 5 at. percent antimony as a result of the appear-

ance of a gap aE in the energy spectrum of the alloys. 
In order to calculate the gap, we used the formula 

p = pce-.6.E/2kT, (5) 

which is valid for semiconductors having an intrinsic 
conductivity with the assumption that the mobilities of 
the current carriers vary as T-312 • One must, however, 
bear in mind that the increase of the resistance, with 
decreasing temperature can also be due to a small 
band overlap, [7 ' 81 as a result of which the concentra
tion of current carriers changes as ~T-312 • In the 
latter case the T dependence of p should be a power 
law 

p = poTm. 

A careful analysis of the p ( T) dependences in 
Bi-Sb alloys in the range of concentrations 5 at. 
percent < c < 16 at. percent antimony indicates that 
from 5 to 8 at. percent antimony they follow a power 
law (Fig. 2a) with an exponent m ~ 1 and only for 

(6) 

c > 8.5 at. percent do these dependences in the region 
of temperatures ~20-lOOoK become exponential 
(Fig. 2b). We note that in the samples investigated by 
Jain[ 4 J the resistance increased on cooling only sev
eral-fold; the general form of the p ( T) dependences 
was rather complicated, so that it was in our view 
impossible to distinguish between the power and ex-

p.ohm 
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y. 
b 
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FIG. I. Characteristic types 
of temperature dependences of 
the electrical resistance for semi
conducting Bi-Sb alloys. 
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ponential dependence in alloys containing from 5 to 
8--9 at. percent antimony. 

The gaps toE calculated according to (5) for the 
Bi-·Sb samples investigated by us ( c > 8.5 at. percent 
Sb) are given in Table I. It is interesting to note that 
for samples of the same composition but of different 
quality [different ratio Pmax!P (300°K)] the gaps toE 
have within the accuracy of the measurements the 
same value, regardless of the fact that the p ( T) de
pendences of these samples below 15-20°K differ ap
preciably. 

3. Dependence of the resistance on the magnetic 
fielE_. At an antimony concentration below 8 at. percent 
the electrical resistance increases monotonically in a 
magnetic field for all orientations of the field relative 
to the crystallographic axes of the samples (Fig. 3). A 
characteristic feature of these dependences is a strong 
decrease of the anisotropy of the magnetic resistance 
in strong fields, connected with the different character 
of the p (H) dependences at field orientations parallel 
and perpendicular to the trigonal C3 axis. In weak 
fields (below ~100 kOe) p increases more rapidly for 
H II C3 than for H 1 C3 • In the range of strong fields 
for H 11 C3 the p (H) dependence reveals a tendency 
towards saturation, whereas for H 1 C3 in the range 
of fields above 100-150 kOe it is close to linear. As 
a result of this the anisotropy of the alloy Bi93 • 1Sb6 • 9 
decreases in a field H >::l 400 kOe to less than a half. 

In alloys containing more than 8.5 at. percent anti
mony the character of the p (H) dependences changes 
qualitatively: for a field orientation parallel to the 
trigonal axis a sharp decrease is observed with in
creasing field in all the investigated samples for some 
value of the field He depending on the composition of 
the alloy. The value of He increases monotonically on 
increasing the antimony concentration in the alloys. 
For field orientations perpendicular to the trigonal 
axis this effect is absent. 

Regardless of the fact that the decrease of the re-

-----,--~?f~r.____, 

z -----1 FIG. 3. Dependence of the resist-
-J'-----t;t>"------+- ance on the magnetic field for the 

Bi93.ssSb6 .45 sample. Curve l-HIIC3 , 

I iiiC2; curve 2-H IIC 1 , i IIC2, T = 4.2°K. 

__j 
~--~U~~~---«~W~-N~.kOe 

FIG. 2. Temperature dependence of the resistance for H = 0 for the 
samples: a--Bi93 .55 Sb6 .45 and b-Bi91.2 Sb8 . 8 in In p-1/T coordinates 
(curve I) and In p-in T coordinates (curve 2). The temperature is in 
°K. The arrows mark the range from 20 to I 00°K. 

sistance for H > He is the most characteristic feature 
of the behavior of alloys containing more than 8.5 at. 
percent antimony, a number of peculiarities are ob
served in the p (H) dependences which make it possi
ble to separate two subranges of antimony concentra
tions (at. percent): 8.5 < c < 9.5 and c > 9.5. 

In the first subrange, on increasing the field directed 
parallel to the trigonal axis the resistance first in
creases, goes through a maximum at H =He, and 
then decreases, approaching some constant value which 
in the region of strong fields depends weakly on the 
field strength (Fig. 4). In a field perpendicular to the 
trigonal axis the resistance increases in weak fields 
faster than H, then for H ~ 50--100 kOe it bends and 
continues to increase monotonically approximately 
proportionally to H. On increasing the gap toE the 
anisotropy of the magnetic resistance in weak fields 
( H < He ) decreases rapidly. In a field H = 20 kOe in 
an alloy with toE = 6 meV the value of 
p (H II C3 )/p (H 1 C3 ) >::l 6, in an alloy with toE= 13 meV 
it is >::l3, and in an alloy with toE= 15.6 meV it 

~plfo,-1.--,------r--,------, 
I 1 a 

I 

fPU zoo .JOO 

FIG. 4. Dependence of the resistance on the magnetic field for sam
ples of the following composition: a-Bi91 .2 Sbs.8 , b-Bi91 .1 Sb8.9 , c
Bi90.9 Sb9.1 . Curve l-HIIC3 , iiiC2; curve 2-HIIC2, iiiC2, T = 4.2°K. 
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amounts to ~ 1 (Fig. 4). As a result in the first two 
alloys on going through He the anisotropy changes sign, 
whereas in the third alloy it only increases sharply. 

In the second subrange ( c > 9. 5 at. percent anti
mony) a local resistance minimum appears in the re
gion of the maximum on the p ( H) dependence for 
H II C3 (Figs. 5 and 6); the depth of this minimum in
creases with increasing antimony concentration and 
its position shifts towards the region of higher fields. 
The depth of the local minimum depends strongly on 
the quality of the sample [the value of 
PmaxiP ( 300oK)]. On damaging the same sample the 
position of the local minimum does not change, 
whereas its depth decreases gradually; as a result of 
this the minimum ceases to be noticeable (Fig. 5). In 
samples with a large PmaxiP ( 300°K) ratio the resist
ance decreases for H > He by a factor of several 
hundred and attains a value which is in any case 
smaller than the resistance at H = 0 (Fig. 6, curve b). 
In these instances one can only state that the absolute 
value of the resistance becomes less than the measure
ment accuracy of 0.2 ohm. 

In the best samples the effect of the decrease of the 
resistance in a field is also observed at the liquid 
nitrogen temperature of 77°K (Fig. 7). However, the 
increase of the resistance with the field at this tem
perature is considerably smaller than at 4.2°K, the 
maximum is smeared out, the local minimum disap
pears, the resistance begins to decrease at large 
values of the magnetic field and decreases only by 
30-40 percent. In less perfect samples the resistance 
at liquid nitrogen temperatures increases monoton
ically with the field, exhibiting no decreasing trend. 

DISCUSSION OF THE RESULTS 

1. A criterion for the quality of Bi-Sb single 
crystals. It was shown inl 9 l that the presence of de-

FIG. 5. p(H) dependence for 
Bi89.5 Sb 10.5 samples with various 
ratios of p( 4.2°K)/ p(300°K) for 
HIIC3 ,iiiC2 ;T=4.2°K: a-
p( 4.2°K)/ p(300°K) = 300, b- 212, 
c-175, d-135. 

zoo ~uu o zoo ¥uo 
II, kOe ll,kOe 

FIG. 6. p(H) dependence for the following samples: a-·Bi 88•5 Sb 11 .s, 
b-Bi88Sb12 , and Bi84.2 Sb 15 .s forHIIC 3 , iiiC2 , T = 4.2oK. 

fects in the lattice, in particular those related to the 
nonuniform distribution and incomplete solution of the 
second component, as well as those related with a 
small plastic deformation, leads to a smearing of the 
extrema of the bands and the production of "tails" 
with a low density of states. The depth of the smearing 
and the density of states in it depend on the number of 
defects and impurity atoms in the lattice and the de
gree of its perfection. 

The presence of "tails" in the valence and conduc
tion bands leads to the circumstance that a residual 
conductivity connected with the band overlap remains 
in the semiconducting region, even in the case of alloys 
prepared from extremely pure components. Therefore, 
the more perfect the crystals, the smaller the residual 
conductivity at T - 0°K. From this point of view the 
absence of saturation of the resistance on the p ( T) 
curves down to the very lowest temperatures and the 
value of the ratio p ( T- 0°K)/p ( 300°K) are the most 
reliable criteria for the perfection of crystals. 

The increasing energy length of the "tails" and of 
the density of states within them, accompanied by de
crease of the ratio p (T- 0°K)/p ( 300°K), explains 
naturally the smearing out of the features on the p (H) 
curves when the samples are damaged. Damaging the 
samples which leads to increasing concentration of 
current carriers is to some extent equivalent to a tem
perature increase. 

Retention of the residual conductivity at low tem
peratures can also be connected with an unequal con
centration of electrons and holes resulting from the 
presence of acceptor-donor type impurities in the al
loys. In this case, even if the band structure is perfect, 
the electrical conductivity of the alloys will be deter
mined after freezing out the excited current carriers 
by the magnitude of the excess concentration of elec
trons or holes. 

For a sufficient degree of "contamination" and 

p,ohm 
~r----.----.----. 

FIG. 7. p(H) dependence for Bi89 .5 Sb10 •5 

samples for HIIC 3 , iiiC2 , T = 78°K. Curve a
e---l-l--+---+----lp(4.20K)/p(3000K) = 300, b-212. 
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FIG. 8. Change of the energy spectrum of bismuth on adding anti
mony: a-energy spectrum of pure bismuth, b-e-successive change 
of the energy spectrum of bismuth with increasing antimony admix
ture. 
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perfection of the lattice a maximum should appear on 
the temperature curves p ( T); this was observed, for 
example, in the alloy Bi00 .Jlb9• 1 (Fig. 1). In such 
"impurity" samples the ratio of resistances at the 
maximum and at T = 300°T, i.e., PmaxiP ( 300°K), 
can serve as a criterion of the quality of the lattice, 
and the ratio p (T- 0°K)/p (300°K) as an indirect 
criterion of the contamination. The smaller the latter 
ratio, the more strongly "contaminated" the sample. 
The high values of p ( 4.2°K)/p ( 300°K) in the majority 
of the investigated samples attest to their high degree 
of perfection. 

2. The change of the energy spectrum in Bi-Sb 
alloys. According to existing ideas,l10 -14l the energy 
spectrum in Bi-Sb alloys changes as follows (Fig. 8). 

On increasing the antimony concentration the ex
trema of the valence bands T and T' in the bismuth 
spectrum are lowered relative to the extrema L1 and 
L2, the distance Eg between which remains unchanged 

FIG. 9. Variation of the magnitude of 
the overlap in the "metallic" Bi-Sb alloys 
(with less than 8.5 at. percent Sb) and of 
the gaps Eg (between the extrema L1 and 
L2 ) and t.E (L1 and T). 

fL-·---,---------,p,ohm 
(II 

FIG. 10. Temperature dependence of 
p for the Bi89 •5 Sb10 .5 sample for: a-H = 

/

6 

1""----\-1:---t--1-f------ll 0; b-H<Hc; c-H> He. 
/ 

---.o-
JD fiiQ 

r.·~ 

He. hoe 
¥00'.-----,---.--,-------, 

FIG. II. Dependence of the critical 
field He (curve I) and of the field H (curve 
2) on the antimony concentration. 

in a first approximation. In the range of concentrations 
0 < c < 3.0 at. percent antimony the band overlap de
creases approximately in proportion to the antimony 
concentration[ls] (Fig. 9). On the basis of a linear ex
trapolation of this dependence one would expect that 
for c = 5 at. percent antimony the band overlap vanishes, 
which is in agreement with the results of Jain. l4 l How
ever, as was indicated above, in the range of concen
trations from 5 to 8.5 at. percent antimony the band 
overlap is retained and the energy gap only appears at 
antimony concentrations exceeding 8.5 at. percent 
(Fig. 8d). 

The values of the gaps calculated from the p ( T ) 
curves for the investigated samples are shown in Fig. 
9. The gap width increases rapidly in the range of 
concentrations from 8.5 to 9.5 at. percent antimony, 
after which it changes weakly. Such a character of the 
change of the gap means that the extremum T being 
lowered together with T' becomes at c = 9.5 at. per
cent antimony equal to the extremum of light holes 
L2 (Fig. 8). On being lowered further, the gap between 
the extrema L1 and T becomes larger than the gap 
Eg (Fig. Be). Therefore the experimental data ob
tamed for c > 9. 5 at. percent antimony refer to the 
gap Eg and characterize its dependence on the con
centration. The values of the gap Eg obtained in this 
range of concentrations are in good a~reement with 
the value of Eg = 15 meV in bismuth. 15 , 161 The gap 
Eg apparently does not change for concentrations 
0 < c < 12 at. percent antimony and then increases 
weakly. The proposed nature of the change of the gap 
t.E between the extrema L1 and T at concentrations 
c > 9.5 at. percent antimony based on the results of 
measurements of the magnetic resistance (see below) 
is shown in Fig. 9 by the dashed line 1. 

In order to reconcile the data on the change of the 
band overlap in alloys with an admixture of up to 3.0 at. 
percent antimony with the obtained dependence of the 
gap ~E on the antimony concentration, one must as
sume that in the range of 3.0 at. percent Sb < c < 8.5 at. 
percent Sb the band overlap in Bi-Sb alloys changes in 
irregular fashion. It is quite possible that the irregular 
nature of the dependence of the overlap on the antimony 
concentration in the range preceding the appearance of 
the gap is a manifestation of the "delay" effect of the 
metal-semiconductor transition connected with the 
fact that the transition is energetically disadvantageous. 
Since in bismuth a state with a small band overlap is 
more advantageous than the "dielectric" state, l17l then 
on increasing the antimony concentration above 3 at. 
percent the crystal lattice of the alloys can be deformed 
in such a way that the overlap is retained until the en
ergy of the lattice deformation compensates for the 
energy gained at the expense of the band overlap. As 
soon as the deformation energy becomes equal to the 
overlap energy, the latter decreases sharply (jumpwise 
in the ideal case) and an energy gap appears in the 
spectrum of the alloys. 

An analogous effect can take place in the transition 
of Bi-Sb alloys from the "metallic" to the semicon
ducting state under pressure. The work of Itskevich 
and Fisherl 181 in which they investigated quantum os
cillations connected with the hole surface in a Bi-Sb 
alloy under a pressure of 10 kbar is of interest from 



SEMICONDUCTOR-METAL TRANSITION 251 

this point of view. They observed that the extremal 
cross section of the hole surface of this alloy decreases 
weakly under compression in the range of pressures 
~7 kbar, and decreases subsequently very rapidly to 
zero. Since hydrostatic compression and the antimony 
impurity give rise to analogous changes in the band 
overlap in bismuth, one can assume on the basis of 
the data of Itskevich and Fisher that the delayed change 
in the overlap begins at an antimony concentration 
above 3 at. percent. The possible form of the concen
tration dependence of the overlap is shown in Fig. 9 by 
the dashed curve 2. 

We note that the elastic deformation energy W of 
the lattice under hydrostatic compression W = P 2 /2U 
( U is the volume compressibility) amounts at 
P ~ 7 kbar to ~6 meV which agrees in order of mag
nitude with the energy gain ( ~EF for holes) due to the 
overlap retained in the range of concentrations 4-8 at. 
percent antimony. 

3. Semiconductor-metal transition in a magnetic 
field. It was noted above that the most characteristic 
peculiarity of the p (H) dependence of Bi-Sb alloys 
containing more than 8. 5 at. percent antimony when the 
field is directed parallel to the trigonal axis is the 
sharp decrease of the resistance when the field reaches 
the critical values He. A direct proof of the fact that 
this effect is a result of the appearance at H = He of 
band overlap is the appearance for H > He of a tem
perature dependence of p characteristic of metals 
(Fig. 10). The p ( T) dependence for H = 0 (curve a) 
and for H < He (curve b) typical for semiconductors 
goes over to a metallic dependence (curve c) in fields 
exceeding He. The values of He for the investigated 
alloys are shown in Fig. 11. 

The minimum concentration of antimony in alloys 
(~8.8 at. percent) starting with which there appears 
the effect of the resistance decrease in a field corre
lates well with the concentration at which a gap ap
pears in the energy spectrum of the alloys (Fig. 9). A 
correlation is also observed between the He ( c ) de
pendences in the range of concentrations 8. 5 at. percent 
Sb < c < 9.5 at. percent Sb (Figs. 9 and 11) and the 
magnitude of the gap ~E (c) in the corresponding con
centration range. 

The large negative value of the coefficient B 
[formula (2)] for holes at the extremum T in bismuth 
when the field is directed parallel to the trigonal axis 
( m~ /mh ~ 2) retained in Bi- Sb alloys in the range of 
concentrations2> 0--4 at. percent antimony, the absence 
of the effect of decreasing p with increasing H for 
other orientations of the latter for which B > 0 for 
holes at the extremum T, as well as the correlation of 
the He (c) dependences and ~E (c) noted above for 
8. 5 at. percent Sb < c < 9. 5 at. percent Sb indicate 
that a decrease of the gap in semiconducting Bi-Sb 
alloys in a magnetic field parallel to the trigonal axis, 
leading to the appearance of overlap for H = He, is 
mainly connected with a raising of the extremum T in 
the magnetic field. 

It is therefore of interest to attempt to utilize the 

2> Results of an investigation of Bi-Sb alloys in the range of concen
trations from 0 to 5 at. percent antimony in fields up to 500 kOe will 
be published in the nearest future. 

He (c) dependence (Fig. 11) to determine the gap ~E 
between the extrema T and L1 in the range of con
centrations exceeding 9.5 at. percent antimony where 
the direct determination of ~E ( c ) from the p ( T) 
curves for H = 0 becomes impossible. Since there are 
no grounds for assuming that the value of the coeffi
cient B for holes at the extremum T in bismuth in
creases (in magnitude) in Bi-Sb alloys, the bending of 
the He curve towards saturation (Fig. 11) means that 
the rate of displacement of the extremum T relative 
to L1 in the alloys decreases with increasing antimony 
concentration. Unfortunately, it is impossible to de
termine to any accurate extent the dependences ~E (c) 
solely on the basis of data obtained in this work. The 
dashed curve 1 shown in Fig. 9 is plotted with allow
ance for a number of approximate simplifications dis
cussed below and is an estimate. We note that the de
cisive influence of the orientation on the nature of the 
p (H) dependences excludes the possibility of explain
ing the observed anomalies on the basis of a change in 
the kinetics of the electrons in a magnetic field. 

4. The local minimum on the p (H) curve. We 
noted above that no local minimum is observed on the 
p (H) curves in the concentration range 8.5 at. percent 
Sb < c < 9.5 at. percent Sb, and it appears only at high 
concentrations. Two reasons can apparently be cited 
which can lead to the appearance of a local minimum 
on the p (H) curves: the presence of a large excess 
concentration of holes in the alloys as a result of the 
presence in them of acceptor-type impurities (for ex
ample, lead), and the interaction of the extrema L1 and 
L2 located one below the other when they draw closer 
together in a magnetic field. 

In the first case one can propose the following 
scheme explaining the observed complex nature of the 
p (H) dependences in the region preceding the transi
tion of the semiconductor to the metal (Figs. 5 and 6). 
In alloys with a concentration larger than 9. 5 at. percent 
antimony in zero field the excess holes occupy three 
L2 extrema (Fig. 12a). On increasing the field the ex
tremum T rises and reaches for some field H1 the 
Fermi level of holes at L2 (Fig. 12b). On further in
creasing the field the holes flow over from the L2 
extrema to the extremum T (Fig. 12c), as a result of 
which the hole extremum T is included in the elec
trical conductivity and the resistance decreases. For 
H = H2 all the holes from the extremum L2 ''flow 
over'' into the extremum T. Light holes belonging to 
L2 are excluded from the electrical conductivity and 
the resistance again begins to increase. After the 
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FIG. 12. Schematic diagram of the displacement of the extrema in 
Bi-Sb alloys in a magnetic field with H II C3 . The field increases from a 
to g. 
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Table ll 

H II C, / ___ H,II_C_, --I---,H,-II_c,_ 

m* I ms \ m* ms m" I ms 

{I 0,00841 0.00791 0.1281 0.36 I 0.0651 0. H Electrons 0.0168 O.OHi8 0.0097 0.0091 
Holes 0,21 1.:, 0.21 1.5 0,064 O.o:l:l 

Fermi level reaches for H = He the bottom of the con
duction band (L1), band overlap appears and the elec
trical conductivity increases sharply. The proposed 
scheme explains the absence of a local minimum in 
the range of concentrations between 8.5 and 9.5 at. 
percent antimony in which the extremum T is located 
above L2 ( aE < Eg) and the increase of the local 
minimum on increasing the antimony content in the 
alloys as a result of an increase of the energy inter-
vals aE - Eg and Eg. ~ 

It is natural to assume that a field H = ( H1 + H2 )/2 
corresponds to the situation depicted in Fig. 12c. The 
values of the fields H for the investigated samples are 
given in Fig. 11 (curve 2). Our attention is drawn to 
the fact that curve 2 intersects curve 1 at a point cor
responding to the concentration c = 9.5 at. percent 
(for c > 9.5 at. percent the local minimum cannot ap
pear). This value of the concentration is in good agree
ment with the value at which aE becomes equal to 
Eg (Fig. 9) (for aE ::s Eg the local minimum obviously 
also cannot appear). 

In the second case the drawing together of the ex
trema L1 and L2 in a magnetic field (on account of the 
rising of the extremum L2) which precedes the over
lap of the extrema L1 and T (the semiconductor
metal transition) can also lead to an increase in the 
electrical conductivity and the appearance of a mini
mum on the p (H) curve. We note that the extrema 
L1 and L2 cannot intersect in a magnetic field, a cir
cumstance which would lead to band overlap. 

The drawing together of the extrema L1 and L2 
also makes it possible to explain the absence of local 
minima on the p (H) curves in the range of concen
trations below 9.5 at. percent antimony. Further in
vestigations are essential in order to explain the real 
reason for the appearance of a local minimum. 

5. Some remarks concerning the orbital and spin 
effective masses and their relations in the Bi-Sb alloys. 
In considering this question we shall assume that the 
general picture of the relations of spin and orbital ef
fective masses in Bi-Sb alloys is qualitatively similar 
to that in bismuth. According to the data of[ 161, the ef
fective masses in bismuth for a field orientation 
parallel to the principal crystallographic axes have the 
values shown in Table II. The cited values correspond 
to a quadratic dispersion law for holes and an ellip
soidal model with the nonquadratic Lax-cohen disper
sion law[ 19' 201 for the electrons. 

The strong dependence of the cyclotron mass of the 
electrons on the energy is connected with the smallness 
of the gap Eg. In the case of holes in bismuth the cor
responding gap El is in any event not smaller than 
50-60 MeV. [l?] Therefore in bismuth the deviation of 
the dispersion law from a quadratic one is not large 
in the case of holes, and can only lead to a certain de-

FIG. 13. Schematic diagram of the possible displacement of the 
extrema T (continuous lines) in Bi-Sb alloys in a magnetic field parallel 
to the trigonal axis. The dashed line characterizes the rate of displace
ment ofT in bismuth. [16] 

crease (by 30-40 percent) of the values of the cyclo
tron masses at the top of the band. Apparently, the 
energy dependence of the cyclotron masses of the holes 
should decrease in Bi-Sb alloys as a result of an in
crease of E~. 

It must immediately be emphasized that on the sole 
basis of the obtained experimental data it is impossi
ble to obtain unique quantitative data on the values of 
m~, mh, m~, and m~ and their relations in Bi-Sb 
alloys. First, there are no data on the nature of the 
change of the effective masses on increasing the anti
mony concentration. Secondly, we do not know how the 
values of the effective masses change when the spec
trum changes in a magnetic field. Thirdly, it is not 
clear whether the relation of the spin and orbital 
masses remains the same in a strong magnetic field. 

We restrict ourselves therefore only to a consider
ation of the problem to what extent the assumptions 
concerning the constancy of the masses of holes (con
stant rate of displacement of the hole extremum in a 
magnetic field) agrees with the obtained experimental 
data. This assumption is certainly incorrect for elec-) 
trons and holes at the extrema L1 and L2, since the 
values of the masses at the bottom of the band at L1 
and at the top at L2 are determined by the magnitude 
of the gap Eg which can change strongly in a field. 

Let us describe the displacement picture of the 
extrema T in a magnetic field (Fig. 13) assuming the 
displacement rate to be constant (linear approxima
tion). On the ordinate axis we mark the proposed posi
tion of the extrema L1 and L2 in the investigated 
alloys for H = 0. On increasing the field the extrema 
L and T are displaced. We mark on the abscissa axis 
values of He ( c ) and draw vertical straight lines 
through these points. The appearance of overlap for 
H = He means that the lines describing the displace
ment of the extrema L1 and T (c) in a magnetic field 
should intersect with the corresponding vertical 
straight line at one point. 

Let us first consider the results obtained when the 
field is directed parallel to the bisector axis; these 
characterize the displacement of the extremum L1. 
For this orientation the extremum T is lowered very 
slowly since the spin mass exceeds considerably the 
orbital mass and the latter is rather large. According 
to[lsJ the extremum L1 should also be lowered at a 
rate 8E/8H = 0.1 meV /kOe (dashed line on Fig. 14). 
It is seen that in the alloy Bi91.2-Sba.a with a value of 
aE = 6 meV both straight lines intersect at 
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FIG. 14. Schematic diagram of the possible displacement of the 
extrema 11 (line I) and T (line 2) of Bi-Sb alloys in a field H II C1 • The 
straight line 3 characterizes the displacement of L1 in bismuth. [16] 

H = 55 kOe, i.e., for this field band overlap should 
have appeared. 

However, nothing of the sort is observed experi
mentally: even in the alloy with a gap width .6.E = 6 me V 
the resistance increases monotonically in the entire 
range of fields (Fig. 4, curves 2). Therefore, if there 
occurs overlap for this orientation, then for values of 
He> 450 kOe. It follows hence that L 1 is displaced 
downwards very weakly or is altogether not displaced, 
i.e., the corresponding value I B I< 4 (according to[taJ 
I B I = 32 ). We note that for H II Ct the rate of dis
placement of L 1 downwards should have a maximum. 
For other orientations L1 can altogether not descend 
or descends very slowly. 

Let us now return to a consideration of the picture 
of the motion of the extrema in a field for H II C3 when 
overlap occurs. For simplicity we shall assume that 
the position of Lt does not change in a field. We draw 
through the points He on the abscissa axis straight 
lines with a slope en I B 1/c, the same as for the 
Bi91.2Sba.s sample for which both He and the gap be
tween L1 and T are known. Unfortunately, the use of 
the 8.5-9.5 at. percent antimony range for determining 
the value of atjaH is not correct, since in this range 
there may be appreciable effects connected with non
equilibrium processes when the lattice parameters 
change on account of a transition of the alloys from the 
metallic to the semiconducting state. The points of 
intersection of these straight lines with the ordinate 
axis should yield the values of the gaps .6.E in the in
vestigated alloys. The values of .6.E thus obtained are 
shown in Fig. 9 by the dashed curve 1. The dashed 
curve on Fig. 13 characterizes the rate of displace
ment of the extremum T in bismuth in accordance 
with the data of[163 . 

6. The nature of the p (H) dependence in Bi-Sb 
alloys for a concentration c < 8.5 at. percent Sb and 
c > 8.5 at. percent Sb. In alloys with c < 8.5 at. per
cent antimony the bands overlap for H = 0 and this 
overlap increases in a magnetic field. For c > 8.5 at. 
percent antimony the bands do not overlap for H = 0 
and their overlap appears only in a magnetic field 
H =He. It would therefore appear that the nature of 
the p ( H ) dependences after the appearance of overlap 
in alloys with c < 8.5 and c > 8.5 at. percent antimony 
should be identical. Figure 15 shows p (H) curves for 
two Bi-Sb alloys located on the left and on the right of 
the concentration c = 8. 5 at. percent antimony. It is 
seen that in the range of strong fields the absolute 
values of the electrical conductivities and the form of 

FIG. 15. p(H) dependence for the following 
samples: 1-Bi9 1.2 Sb8 •8 and 2-Bi93 •55 Sb6 •45 

lt--_.,.;"1<::----1 for H IIC3 , iiiC2 , T = 4.2°K. 

the p ( H) curves in these alloys are similar. The 
strong increase of the resistance for H < He of the 
Bie1.2 Sba.s alloy characterizes its semiconducting be
havior in a magnetic field. 

In conclusion we express our deep gratitude to 
Professor G. I. Ivanov for kindly providing single
crystal Bi-Sb samples of very high quality, M. Ya. 
Azbel' for useful discussions and interest in the work, 
as well as to Yu. G. Kashirskil' and V. Lyn'ko for as
sistance in carrying out the experiments. 
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