REAFEEBUKNSFY Z 25

L

Tohoku University Repository ik

On the Electronic Structure of Bismuth and Its
Dilute Alloys

00 FUKUROI Tadao, MUTO Yoshio, SAITO Yoshitami,
TANAKA Kunihide, FUKASE Tetsuo
journal or Science reports of the Research Institutes,

publication title |[Tohoku University. Ser. A, Physics, chemistry
and metallurgy

volume 18
number oo
page range 418-439
year 1966

URL http://hdl.handle.net/10097/27333




On the Electronic Structure of Rismuth and
Its Dilute Alloys*

Tadao IFukurol, Yoshio MuTe, Yoshitami SarTo®F,
Kunihide Taxaxa and Tetsuo FUKASE

(Received Aungust 18, 1966)

Synopsis

We studicd the quantum oscillatory phenomena which were observed at 1.2~4.2°K
in the de Haas-van Alphen effect, the magneto-acoustic attenuation, and the Shubnikov-de
Haas effect of purc bismuth and its alloys doped with a small amount of tin, tellurium,
antimony, arsenic or manganesc. Our results obtained in this study with respect to pure
bismuth, are in good agreement with the results of the other investigators. Trom the change
of the periods of Shubnikov-de Haas oscillations in dilute bismuth alloys, we discussed the
electronic band structure in the higher and lower energy parts than the Fermi level of pure
bismuth, and could conclude that the Cohen’s model gives a better approximation for the
comprehension of the results.

I. Introduction

Since 1959, we have carried out the experimental studies on the electrical
properties ol bismuth, antimony and their alloys. In this series of works are
included the investigations on the galvanomagnetic effects of bismuth@ 3 and
antimony®), the semiconducting properties of bismuth-antimony alloys(:.9), some
electrical properties of dilute alloys of bismuth with tin, tellurium, and arsenic(?,
the de Haas-van Alphen effects of antimony® and bismuth®}fand the magneto-
acoustic attenuations of bismuth®™ and antimony®). In the present paper, our
investigations on the electronic structure of bismuth and its alloys, by using the
quantum oscillatory phenomena, are summarized.

Up to date the Fermi surface of bismuth has been extensively studied by
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means of the de Haas-van Alphen effect 12)-(8), the galvanomagnetic effect16,17,18),
the magneto-thermal oscillations@%, the ultrasonic attenuation(®-28), the magneto-
striction®%), the cyclotron resonance(®5)- (), the surface resistance measurements{®,
the magneto-reflection®) and so forth. According to a usual model on the elec-
tronic structure of bismuth obtained by Shoenberg®®) and Brandt@4), three electron
ellipsoids are located in the three-fold symmetry with ==120° rotztion around the
trigonal axis of a crystal, and a hole ellipsoid lies on the trigonal axis.

The Fermi level of bismuth can be changed by an addition of a small amount of
electron donor or acceptor, such as tellurium or tin®.1?), without affecting the
crystal potential. As the impurity concentration increases, the electronic structure
of bismuth below or above the Fermi level is to be revealed. On the other hand,
the addition of elements such as antimony and arsenic, which belongs to the
same column as bismuth in the periodic table, gives rise to a change in the lattice
parameters, modifying the energy band structure keeping the electron and the
hole concentrations in an equivalence(®), However, the influence on the band
structure of bismuth due to the addition of transition metal is not yet ascertained.
For instance, inasmuch as the electrical resistance of bismuth alloys containing a
small ‘amount of manganese decreases with decreasing temperature below 4.2°K,
it might be expected that manganese atoms in bismuth have no localized moment 2,
It would be desirable to study the electronic structure in such alloys.

In this paper, the de Haas-van Alphen effect up to 25 kOe, the magneto-acoustic
attenuation up to 18 kOe, and the Shubnikov-de Haas effect up to 18 kOe are inves-
tigated with respect to pure bismuth single crystals at liquid helium temperatures.
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The periods of quantum oscillations observed in every principal plane ascribable
to the Fermi surface of electron or hole are compared with each other and with
the results of many other investigators.

Further the Shubnikov-de Haas oscillations in bismuth alloys which contain
small concentrations of tin, tellurium, antimony, arsenic, or manganese are
investigated by means of a special technique described later. In addition to the
periods responsible for the usual electron ellipsoids, the hole periods are
observed in most of the alloys studied. These results are discussed on the basis
of the electronic structure of bismuth and its alloys.

II. Experimental procedures

Bismuth of the quoted purity of 99.9999%, purchased from Asahi Metal Co,
Ltd., was further purified by passing through 30 melting zones. Tin, tellurium,
antimony, and arsenic used for alloying had much the same purity. Manganese used
for doping was 99.9994 in purity, purchased from Johnson Matthey & Co. Ltd,
The Czochralski’s technique was used for growing a single crystal of pure bismuth.
The single crystals of alloys were grown by the Bridgman technique. The
crystallographical axes of the specimen were determined by a light figure technique.

Table 1. The concentrations of minor elements and
the residual resistance ratio i.e. Roppop /Ry gor.

Concentration of minor Ropeg /R0

Specimens elements in atomic 94 ’ (I//y-axis)
pure Bi — 151.3
Bi-8h: A 0.40 48,03
Bi-5b:B 1.79 16.99
Bi-As:A 0.017 42,25
Bi-As:B 0.17 20.10
Bi-Te 0.005 5.24
Bi-8n 0.0018 3.46
Bi-Mn: A ® 56.35
Bi-Mn:B 0.201 13.13
Bi-Mn:C 0.267 16.09
Bi-Mn:D 0.338 9.50

* In Bi-Mn:A, manganose was not analysed chemically but
it could be detected spectroscopically,

The specimens for the study of the de Haas-van Alphen effect were cut into
pieces from 100 to 200 mg in weight along the desired axial orientation. The
specimen used for the magneto-acoustic attenuation measurements was cut and
planed by the Servomet spark machine, the dimension of which was 8.73x10.35x
9.21 mm?® measured along the binary, bisectrix, and trigonal axes. The specimens
used for Shubnikov-de Haas experiments had the dimension of about 1.5%1.5%
10 mm® that was cut from the same single crystal which was used for the
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magneto-acoustic measurements. The residual resistance ratios of pure bismuth
crystals, i.e. the values of py0,/0, 50k are 94.9 for Ifjx, 151.3 for I//y and 138.3 for
Ijfz, in which I denotes the direction of the curent flow. Experiments of the
Shubnikov-de Haas effect on bismuth alloys were done only in the case of the
electrical current flowing parallel to the bisectrix axis.

The instrument used for the de Haas-van Alphen effect is the same automatic
recording torque magnetometer as described in previous papers®®, The voltage
proportional to the amount of torque was fed to the Y-axis and the e.m.f. of an
n-Ge Hall probe proportional to the magnetic field up to 24 kOe was fed to the
X-axis of an X-Y recorder.

The magneto-acoustic attenuation measurements were performed by a usual
pulse technique in the frequency range from 15 to 175 Mcfs with a longitudinal
acoustic waves. The echo signals which exponentially decayed were led to a
logarithmic amplifier through a selective gate and fed to the Y-axis of an X-V
recorder. The magnetic field up to 17.5 kOe was displayed on the X-axis likewise
in the de Haas-van Alphen measurements. Quartz transducers were attached on
both sides of a rectangular shaped specimen with GE 7031 adhesive. The detailed
experimental technique will be published elsewhere (10, )

In a measurement of the Shubnikov-de Haas effect, a polycrystalline sample was
used for the reference, the resistance of which displayed the similar field dependence
without showing oscillations. The difference e.m.f. caused by the magnetoresistance
of the single’ crystal specimen and of the above mentioned reference sample was
fed to a D.C. amplifier and led to the Y-axis of an X-Y recorder. The magnetic
field up to 17 kOe was displayed on the X-axis as in other measurements. Thus
quite small oscillations could be accurately detected.

III. Experimental results

1. de Haas-van Alphen effect of pure bismuth

The crystal orientation determined by means of a light figure technique was
further ascertained by measuring the angular dependence of a torque in a fixed
magnetic field at room temperatures as shown in Fig. 1. de Haas-van Alphen
measurements were done in three principal planes, the typical results of which
were given in Fig. 2. de Haas-van Alphen oscillations in a weak field are ascrib-
able to the electron ellipsoids and the oscillations in higher fields above 16 kOe are
due to the hole ellipsoid. The splitting which would .be attributed to the electron
spin can be observed at about 14 kQOe®, .

2. Magneto-acoustic attenuation of pure bismuth
A quite sharp tilt effect was observed in a weak magnetic field as described
by Reneker® and Mase et al.(®® However, the specimen under study displays

(33) s. Mase, Y. Fujimori and H. Mori, J. Phys. Soc. Japan, 21 (1966), 1744.




422 Tadao FUKUROI ¢f al.

Zaxis Yaxis Zaxis

{arbitrary units)

Torque

11 e PRI S WA S Ny SRR W WU S

150 180 210 240 276 300 350 355G
© (Degrees)

Fig. 1. The angular dependence of a torque at room temperature in the magnetic
field of 20.6 kOe. The field is rotated in the bisectrix(y)-trigonal(z) plane
of the purc bismuth specimen.
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Fig. 2. de Haas-van Alphen oscillations observed at 1.4°K. The magnetic ficld is
nearly parallel to the binary (x) axis in the trigonal-binary plane. Qscil-
lations in the lower field are ascribed to the electron cllipsoid and os-
cillations in the higher field to the hole ellipsoid. Arrows seen near 14
kOe point the spin splitting due to electrons. (Angles in the figure are
measured from the trigenal axis.)
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a finer structure in the neighbourhood of q | H, where q is a propagation vector
of the acoustic wave. In Fig. 3is shown the magneto-acoustic attenuation in
the neighbourhood of the trigonal axis in the case of q /l x as a function of
the angle of the magnetic field orientation. At the angles above 10° from the
trigonal axis, curves become nearly flat. Similar characteristics are’ observed in
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A Fig. 3. TUlirasonic attenuation versus 8 curves near z axis for the case of q/f/x at ‘
1.2°K and f==150 Mc/s when the magnetic field was rotated in the tngonal-
: binary plane. . . ;

1 [ T-120K |
5 P qeHZX it
: £2150 Mess !‘
3 N |

5| |
5 g-
3 SL ! I L H‘
3 S0 I 2 3 5 '
gl (KOe) ) i
: Si i
2 ] |
4 “r !
1 i 5‘
] - i
4 L | I L I L 1 | i
- 2 10 1 12 13 14 15 3 ik
H {KOeg) i

Fig. 4. TUlirasonic attenuation in pure bismuth as a function of magnetic fields in
the case of gffH/ffx at 1.2°K with £=150 Mc/s.
every case of q | H. By dint of this tilt effect, the relative direction of qand H 1

could be exactly determined. In Figs. 4 and 5 is shown the magneto-acoustic
effect in the cases of q//H//x and q//H//z, respectively. The attenuation curve
has not a sinusoidal shape but rather a resonance-like one with sharp peaks. This

implys that the type of oscillations is a salient feature of the giant oscillations. ii‘
The oscillations in Fig. 4 is attributed to the electron elhpso:ds and the oscillations |
in Fig. 5 would be due to'the hole e].hpso1d Itis not1ceable that every peak in 'the
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Tig. 5. Ultrasonic attenuation in pure bismuth as a function of magnetic ficlds in the
casc of q/fH//z at 1.2°K with =150 Me/s.

higher field region splits into twin peaks in both figures. This fact would be due to
the spin splitting of the Landau levels as described in the de Haas-van Alphen effect.

3. Shubnikov-de Haas effect -of pure bismuth

In Fig. 6 are shown the resistance changes in the magnetic field of 16.3 kOc
at the lquid nitrogen temperature as a function of the angle between the
crystal axis and the field, when the current flowed along the trigonal axis and the

Xoxis

TFig. 6. Voltages proportional to the magnctoresistance as a function of the angle
between the Dbismuth crystal orientation and the field of 16.33 LOe. The
current flowed along the trigonal (z) axis and the field was rotated in the
binary (x)-biscetrix(y) planc.

field was rotated in the binary-bisectrix plane. Such change of resistance versus
magnet setting angle characteristics was also studied when the magnetic field was
rotated in the trigonal-binary and the bisectrix-trigonal planes. These results were
used for an exact orientation of the crystal axis of the specimens.
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A typical example of Shubnikov-de Haas oscillations was shown in Fig. 7, in
which the main oscillations would be asecribable to the electron, the small
oscillations between 8 and 18 kOe to the hole and a fine structure found near 14
kOe to the electron spin splitting.

H [Koe) (scale {or the curve W)
o] 14

‘The varlotion of efectrical resisiance {arbitrory unitg)

The variotion of electrical resistance (ortitrary uniss)

| 1 | ! 1
0 2 4 & a [[+] 2 e
H [KQe)

L]

3 4 5 6 KOe
H {Koe) [scole far the curve W)

{a) ’ (b)
Fig. 7. A typical example of Shubnikov-de Faas measurements.

{a) Curve I'is the magnetoresistance of the pure bismuth single crystal when the
current flows along the trigonal axis and the magnetic field is parallel to the
binary axis. Curve II is the magnetoresistance of polycrystalline bismuth
which does not show any oscillatory behavior. Curve ITI is the observed
Shubnikov-de Haas oscillations. This curve is obtained by d.c. amplifying
the difference voltage between the curves I and TI. Main oscillations in the
curve III is attributed to the electrons. A small peak at 14.5 kOe comes
from the electron spin splitting. Small oscillations due to the holes can be
seen in the range from 8 to 18 kOe.

{(b) Oscillations due to holes were further enlarged, as shown in Curve IV, in
the above-cited field range by the similar procedure as Curve III. A
hump seen at near 7.2 kOe, may also be due to the spin splitting. Curve
V is that observed in the lower field range. In Curve V, the oscillations
due to clectrous can be observed even in the fields below 1 kQe,

From the above experimental data, we could obtain the relationship between
‘the periods of the de Haas-van Alphen type oscillations and the direction of the
magnetic field. In Figs. 8, 9, and 10 is shown the angular dependence of periods
obtained from the data of the de Haas-van Alphen effect, the magneto-acoustic
attenuation, and the Shubnikov-de Haas effect, respectively. In the figures,
the open circles can be assigned to the Fermi surface of electron and the full circles
to the Fermi surface of hole. These results are in fairly good agreement with the
results of other investigators(14,25-28,33), '

4. Shubnikov-de Haas effect of several kinds of bismuth alloys
Shubnikov-de Haas oscillations of bismuth alloys listed in Table 1 were studied
at 1.2°K, when the magnetic field was rotated in the trigonal-binary plane and the
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Tig. 8. Angular dependence of the periods of the de Haas-van Alphen effect in pure
bismuth. The points denote the observed values. The full curves are ob-
ained with suitable clectron parameters and the dotted one with the values

replaced by hole parameters.
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Fig. 9. Angular dependence of the periods obtained from the ultrasonic attenuation
in pure bismuth. The curves are obtained by means of least squares fit.
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Tig. 10. Angular dependence of the periods obtained from the Shubnikov-de Haas ef-
fcct in pure bismuth. The curves are obtained by means of least squares fit.
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current flow was parallel to the bisectrix axis. Prior to every measurement, the
magnetoresistance at a certain magnetic field were measured as a function of the
magnetic field orientation chiefly ‘at liquid nitrogen temperature like in Fig. 6
and it was served for an accurate mounting of the specimen.

In.Figs. 11 and 12 are shown the Shubnikov-de Haas oscillations of Bi-Sb
alloys for the magnetic field along the binary and trigonal axes. The oscilla-
tions due to the electron or the hole were observed. Although the alloy specimen
Bi-Sb: B contains 1.79 at. 9, of anfimony, it exhibited clear oscillations. In Figs.
13 and 14 are shown the Shubnikov-de Haas oscillations for specimens Bi-As.
The Bi-As alloys gave also a similar behavior as the Bi-Sb alloys.

In Fig. 15 is shown the Shubnikov-de Haas effect of the Bi-Te alloy observed

5 &
g Bl-5b1A (0.401% Sb) z Bi-S0+8 (179 t.% 5b)
:‘ |
5 sl nex
&5 =
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b ¥
5 g
2 o]
g g
c K¢ Z
B 3
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2 ez 2
k] k-]
§ 3]
5 b}
E 8
£ ! 1 I | 1 ! 1 1 # 1 1 | | 1 1 !
2 4 & 8 10 & w18 2 4 & & 16 1z 4 6
H (Koe) H (KDe)
Fig. 11 Fig. 12

Fig. 11. Shubnikov-de Haas oscillations of the alloy Bi-Sh:A for Hffx and H/[z at 1.2°K.
Fig. 12. Shubnikov-de Haas oscillations of the alloy Bi-Sh:B for Hf/x and H/[z at 1.2°K.

Bl-AsA (0.017 ol % As) 8i-As:B(047 01.% As}

The variatlen of electrical resistonce Lorbitrary units)
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| 1 1 { 1
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(koe) 2 4 5] 8 10 12 [E] &
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Fig. 13 Fig. 14
Fig. 18. Shubnikov-de Haas oscillations of the alloy Bi-As:A for Hffx and H}fz at 1.2°K.
Fig. 14. Shubnikov-de Haas oscillations of the alloy Bi-As:B for H//x and Hj/z at 1.2°K.
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Fig. 15. Shubnikov-de Haas measurements of the alloy Bi-Te for H//x and Hj//z at
1.2°K., The curve for H//z does not show any oscillatory behavior.

under the magnetic field applied parallel to the binary and the trigonal axis. The
oscillation could be observed when the magnetic field was applied parallel to the
binary axis, while it could be hardly observed for the field applied parallel to the
trigonal axis. In our measurements, for any direction of the magnetic field the
amplitude and the period of the oscillation in the Bi-Te alloy were smaller than
those in pure bismuth. From the data of the said alloy specimen only one kind of
period was analysed and it was assigned to the contribution of an electron band
as discussed later. -

In Fig. 16 is also shown the Shubnikov-de Haas oscillation of the Bi-Sn alloy
for the magnetic field applied parallel to the binary and the trigonal axis. In
contrast to the case of the Bi-Te alloy, the oscillations of the Bi-Sn alloy were more
remarkably observed when the magnetic field was applied parallel to the trigonal

Bi-5n {00018 a*-% Sn}

The vorigtion of electrical resistoncs (arbifrary unitsl

Fig. 16. Shubnikov-de Haas measurements of the alloy Bi-Sn for Hf/x and H{/z at
1.2°K. The curve for H/fx shows a unique hump but this cannoct de
ascribed to the electroms. '
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axis than to the binary axis, so that we must ascribe the oscillations to the contribu-
tion of the different Fermi surface from that in the Bi-Te alloy. From the data of
the Bi-Sn  alloy specimen under study, two kinds of periods were analysed out, i.e.
one of them was ascribable to the Fermi surface of electron and the other to that
of hole.

In Tig. 17, the transverse magnetoresistance of the specimen Bi-Mn:A is
shown, so far as a clear oscillatory effect, a quite similar one to the pure
bismuth*, was observed. In Figs. 18, 19, and 20 are shown the Shubnikov-

Bl~Mn:BIiD.201 gk % Mn)

Bl=Mnia

The electrical resistonce (arbitrary units)
Tne variation of etectrical resistance larbitrary unils)

!
271 I8 o 2 4 & a8 10 iz 14 e

24 u® kol H 1Koe)
F.g. 17. Fig. 18.
Fig. 17. The transverse magnetoresistance of the alloy Bi-Mn:A for H{{x and Hj/z
at 1.2°K.
Fig. 18. Shubnikov-de Haas oscillations of the alloy Bi-Mn:B for Hfjx and H{fz
at 1.2°K,
Bi«MAIC (1267 of.5% Mn} ) 8i-Mn:DI0338al. % Mn)
5
HrY =

The virigtion of efectrical resistance {arkitom

The wvariation of eiecirical resistance {orbitrary units)

] ! ] S
B i0 - c 2 4 6 3 o2 i )
H (KOa)} H o {KOg)

‘ Fig. 19. TFig. 20.
Fig. 19. Shubnikov-de Haas oscillations of the alloy Bi-Mn: C for Hf/x and Hifz at 1.2°1.
Fig. 20. Shubnikov-de Haas oscillations of the alloy Bi-Mn: D for Hj/x and H}/z at 1.2°K.

|
G

* The curve for the case in which the magnetic field was set 85° from the trigonal axis
is also included. This curve s quite similar to the one in which the field was parallel
o the binary axis. Both curves manifest the spin splitting due to electron.
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Fig. 21. Angular dependence of the periods observed in the Shubnikeov-de Haas
effect of Bi-Sb and Bi-As alloys.

e

de Haas oscillations of Bi-Mn: B, C, and D alloys, respectively. These characteris-
tics are very similar to the case of the specimen Bi-Mn: A.
The relationships between the periods of the oscillations and the angle of the

magnetic field, which are obtained from the above mentioned measurements, are
shown in Fig. 21 for the Bi-As and the Bi-5b alloys, in Fig. 22 for the Bi-Te
and the Bi-Sn alloys, and in Fig. 23 for the Bi-Mn alloys.
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Fig. 22.  Angular dependence of the periods observed in the Shubnikov-de Hazs effect
of Bi-Te and Bi-Sn alloys.
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Fig. 23. Angular dependence of the. periods observed in the Shubnikov-de Haas 5‘
effect of Bi-Mn alloys.

! IV. Discussion : ‘

The Fermi surfaces of electron and hole in bismuth were deduced experimentally l‘
by Shoenberg®® and Brandt®4 and have been corroborated by many other “
investigators, The Fermi surfaces of electron are expressed by the follow- 1
ing equations: )
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20y EFere. = g1 Po® + age P2 + O35 PR + 2ag Py P, {1,2)

2mg Epee. = 1 (g1 + Bay,) Pu? + ! (Ban + au) Py? + a5, P2
rs T

= 3%3'_ (@ — ag) PePy & 1/ T gy PP, — UgaPyl; (LDb)
in which we denote the binary, bisectrix, and trigonal axes as x, y, and z axes,
respectively, Er,, and @;; stand for the Fermi energy and the components of the
reciprocal effective mass tensor of electron. The Fermi surface of hole is given
by

2my Eppo, = ﬁu (P 4 Py + BaaPR, (I,C)
where Epy,. and Bi; are the Fermi energy and the reciprocal mass parameter of

hole. In addition, the components of the reciprocal effective mass parameter, <778
are defined by the next relations:

", Qgn M2 Ugn M
mn=_0, m22=——3—°—, m%:J_E_U
1y ¥ b
Clgq Hlg
Wy == — ————, (y= Otgp O3z — Cipg®) . (2

Recently, however, the band structure of electron becomes more precisely elucidated
in terms of its non-parabolicity(3,34,35),

According to Onsager®®, the period of the de Haas-van Alphen type oscilla-
tion for a general Fermi surface is given by
1 eh
Pr= ()= 1 @

where H is the magnetic field strength.

1 1 1
)= = s
where H; and H,, denote the magnetic field strength corresponding to the maximum
or the minimum of successive oscillations. A,. is the extreme cross-sectional area
of the Fermi surface in momentum space perpendicular to the magnetic field.
And ¢, &, and ¢ have the conventional meanings, For the Fermi surface described
in eq. (1), 4.« in eq. (8) can be calculated for each magnetic field direction. For
the magnetic field H contained in y-z plane making an angle @ from z-axis, the
periods are given as follows; -

(34) B. Lax, Bull. Amer. Phys. Soc., 5 (1960), 167.

{35) M.H. Cohen, Phys. Rev., 121 (1961), 387.

(36) L. Onsager, Phil. Mag., 43 (1952), 1006, or See I.M. Lifshitz and A M. Kosevich, Sov.
Phys. J.E.T.P,, 2 (1958), 636.
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B : . e
d( Iif )1 = c_fng; [au%z cos? @ + ay;ay, sin?  — 20,404, sin @ cos 0J (4,a)
B 0 H]

4 0 .

2
4 3(asp095 — fj1-232) + Ogaty; sin? 0]” (4,b)
For H in the z-x plane at an angle & from the z-axis, the periods become
1 &h 2
4 (——E—) T o Ep [ccnoz22 €08% & + (0tpattyy — @49%)2 sin? ﬁ] , {5.a)
1 el 2 .
4 ( -H—>2 a = c_mgfp_ Oy10ap €0S% 0 &+ /T ayuay, sin & cos
+ (029020 — aﬁf) + 310p sin? aJm (5.b)

And for H in the x-y plane at an angle @ from the x-axis, the periods become

1 0 . 12
4 (_IT)1 = m [(a22a33 — 5% cos® & + G116t Sin? 0] ; (6.2)
1 _ &h (02355 — @p?) + 301105 2
A( H )2’3_ oy Ep [ 4 cos"o
+ KQE (Ctzp0t55 — apg? @11 gy) in 4 cos. 6
: s
+ -t ot =) o] (6.b)

In the magneto-acoustic attenuation measurements, the giant quantum oscilla-

tion as predicted by Gurevich, Skobov and Firsov (@ is observed under the condi-
tion of

T, \MP
Ep> o, > kT and ql( EF) >1, )

where Er is the Fermi energy, o, the cyclotron frequency, ¢ the wave number of
the ultrasonic wave, / the mean free path of the charge carrier, and other symbols

have the conventional meanings. The peaks of such giant type oscillation are reaily
periodic in -1 and the period is given by

eh

From eqs. (8) and (8) we have

37) V.L. Gurevich, V.G. Skobov and Y.A. Firsov, Sov. Phys. JETP, 13 (1961), 552.
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P, Ay

Pl_ AO

(9)*

If the angle between q and H is not too close to 90°, then for the most experimenta]
situations 4, is so close to A.. that the period P, of the giant quantum oscillation
is very near to the period Py of de Haas-van Alphen effect.

In the present experiment, the quantum oscillations, which are avised in the
cases that the Landau levels cross the Fermi level, are observed by means of the de
Haas-van Alphen eficct, the magneto-acoustic attenuation, and the Shubnikov-de
Haas effect for pure bismuth. As shown in Figs. 8, 9, and 10, the angular
dependence of the periods of the quantum oscillations observed in the above-men-
tioned eflects is quite similar to one another. The solid and dotted lines in these
figures were drawn from the analysis of the observed values by means of eqgs.
(4), (3), and (6). This analysis gave simultaneously the effective mass parameters
of the charge carrier, a;; or f3;;, which are listed in Table 2 together with other

Table 2. The band parameters of pure bismuth

|
Band Aubrey| Galt et! Brandt Kao ,' Mase Smith \ Ours Sc.l)llgt‘:’-
Parameter et al (25 21,026} | of gl (10 lot 5] (27,28) ct al.B®¥ | ¢t al ‘%) Ultrasonic' nikowv.
‘ de Haas
ayy 202 114 192 141 192 182 208 121
1399 1.67 1.39 1,58 1.53 1.64 1.24 1.56 2,24
[ 2% 83.3 | 108 79.0 86.3 81.1 73.2 80.9 121
oy 8.33 9.47 8.42 9.01 9.41 5.49 8.78 10.2
Ne(=3n,) 3.0 1017 | 3.9 10173 2] x 1017 2.75x 107 (3,18 x 1017 1\2.25x1017
B 14.7 15.2 14.8 16.6 15.6 J 18.7 16.0
Bas 14,7 15.2 14.8 16.6 15.6 16.7 16.0
Haa 1.07 1.61 1.32 1.84 1.45 2.34 1.09
N, 2.76% 1017 | 3.5 % 1017 2.55 X 1017 [2.75 X 1017 | 2.3 1017 3,57 x 1017

authors’” values, Our values of a;; and f;; in each measurement are not exactly
equal to one another but in fairly good agreement with other results(4,25-28,33,59)
The slight deviation of our results from others could be fairly modified by
taking into account the misorientation of crystal axes within a few degrees.
Shubnikov-de Haas effect has also been studied in bismuth alloys doped with a
small amount of tin, tellurium, manganese, antimony, and arsenic, respectively.
The oscillatory behavior of each specimen is distinguished by the valence of the
added minor element and the characteristic period of the oscillation can be under-
stood in terms of the relative shift of the Fermi level to the conduction and the

(38) G.E. Smith, G.A. Baraff and |.M. Rowell, Phys. Rev.. 135 (1964), A1118.
* The detailed explanation of eq. (9) should be referred to eq. (5) in the paper by V. Shapira
and B. Lax (Phys. Rev., 138 {1965), A 1191),

T D
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valence bands. It has been shown that tin and tellurium act as an acceptor and a
donor, respectively, so that the Fermi level of bismuth moves upwards and down-

wards as the concentrations of tin and tellurium increase as displayed in Fig.
24.

{ Erlezn

8i-5n{C.00)8 of % 8n) Pure Bismuh Qi-Teld00S of % Tel

Fig. 24. The schematic diagram of the electronic band structure in Bi-Sn and Bi-Te
alloys, showing the displacement of Fermi level in dilute bismuth alloys.

Under the assumption that the Fermi surface of electron is described by

eq. (1) of a parabolic ellipsoidal model proposed by Shoenberg, the electron
concentration in the conduction band is given by

8w (2mg E )3/
253

e ==

* - ’ (10)
1‘/‘3511(05225133 — ag")

where

m03,'2

= an(mzzmsa — Hlgy®)

1/(7‘11(0‘22&33 — op?)

On the other hand, by simplifying Cohen’s non-ellipsoidal and non-parabolic
model @) %), one of the Fermi surfaces of electron can be expressed by

P2 P2 P2 Er 1 7 Py

2m, + 2, + 2y =EF(1+ Eg)H—E;<2m2) (1)

where 1, 2, and 3 refer to the principal axis system of the Fermi surface, the m’s
are the effective masses at the bottom of the conduction band, E, is the energy gap,
and Er the Fermi energy. 1In this case the concentration of electron is given by

167 E
n, = T .(2m1 My mg)ti? E g3/ (I + %fg) (12)

and £,=0.0015 eV was obtained by Lax et al.® and the effective masses of

electron at the bottom of the conduction band were given, say, by Kao et al. 8
as follows:

my =0.00163m,, my= 1.35m,, my=0.00264 iy -

In the Bi-Sn alloy specimen (0.0018 at. % Sn) treated in the present
experiment, the Fermi level is estimated to be located either 0.002 eV lower {by
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the Shoenberg’s model of eq. (1)) or 0.007 ¢V lower (by the Cohen’s model of eq.
(11) ) than that of pure bismuth, While in the Bi-Te alloy specimen (0.005 at. %
Te) studied here, the Fermi level is also estimated to be located either 0.018 eV
higher (by the model of eq. (1)} or 0.02 eV higher (by the model of eq. (11} ) than
that of pure bismuth. It is generally admitted that the Fermi energy of hole is
0.012 eV and that of electron is 0.018 eV for pure bismuth. But when the non-
parabolic clectron band is assumed, the Fermi energy of electron is appraised at
0.025 ¢V. Tt is deduced irom the above estimations in conformity with both models
that only the conduction band gives rise to the oscillations in the case of Bi-Te
alloy, while both of the conduction and the valence bands participate to the
oscillatory effect in the case of Bi-Sn alloy. Accordingly, we can expect that the
periods of the Shubnikov-de Haas oscillations observed in the case of Bi-Sn and
Bi-Te alloys would be remarkably different from the case of pure bismuth. Our

observed data are qualitatively explained in terms of the above consideration.
On comparing Fig. 22 with the data obtained when the magnetic field

was rotated in the z-x plane in Fig. 10, it is reliable that the curve “‘a” in Fig. 22,
which was observed in the Bi-Te alloy specimen, may correspond to the curve “a”
in Fig. 10 due to electron in pure bismuth. This correspondence means that the
addition of tellurium into bismuath gives rise to a decrease in the period of the
Shubnikov-de Haas oscillation, that is to say, the cross-sectional area of the Fermi
surface of electron in Bi-Te alloy becomes larger than that of pure bismuth.
Similarly, it will be permitted that the curve “b” and “c” in Fig. 22, which were
observed in the Bi-Sn alloy specimen, correspond to the curve “b” due to electron
and the curve “c” due to hole of pure bismuth in Fig. 10. Then we can find that
the period due to the conduction band increases and that due to the valence band
decreases by the addition of tin into bismuth, that is to say, the cross-sectional
area of the Fermi surface of electron in the Bi-Sn alloy specimen becomes smaller
and that of hole becomes larger than those of the corresponding Iermi surface
of pure bismuth. Irom the above experimental results, we can conclude that tin
and tellurium act as an acceptor and a donor in bismuth, respectively, and give
rise to a shift of the Fermi level of bismuth.

On the other hand, since antimony and arsenic belong to the same column in
the periodic table as bismuth, the addition of antimony or arsenic to bismuth does
not affect the characteristic property as semimetals, i.e. the condition that
Ny=N.(=3n,) is retained, where N, and N, denote the total number of hole and
electron in unit volume, and #, the number of electron per one ellipsoid in unit
volume..  The relative shift of the conduction and the valence bands as shown in
Fig. 25, however, is expected with the increase of the concentration of antimony and
arsenic. The former inference has been examined in terms of the H2 depedence of
the magnetoresistance in Bi-Sb®) and Bi-As™ alloys, and the latter fact has been
elucidated from the appearance of semiconducting range in Bi-Sh system (,5),

Since the Bi-As and Bi-Sb alloy specimens under study contain only a
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Bi~8b alloy

Fig. 25. The schematic diagram of the relative variation of the clectronic band
structure from Bi to Bi-Sb alloy, propesed by Tanuma.*)

small amount of arsenic or antimony, it is expected that the relative move-
ment of the electronic band is very slight; hence thé periods of the Shubnikov-
de Haas oscillations are nearly equal to or slightly larger than that of pure bismuth.
The present results shown in Fig. 21 are fairly explained in terms’of the above
consideration and may be concluded that the energy overlapping at the” Fermi
level"decreases with the increase of the concentration of antimony or arsenic in
bismuth. :

From the result for the specimen Bi-Sb: B containing 1.79 at. % of antimony,
we can deduce an interesting conclusion. That is to say, by comparing the
periods due to electron and hole in the alloy specimen with those of pure
bismuth, we obtain a scaling factor of 1.82 for electron and that of 2.04 for hole.
Under the assumption of the parabolic electron band and the parabolic hole band,
we have

fB_i—Sb (Er)p: {= 2.04 ;- for hole (Hj/z).

Py~ (Ersis | 1.82  for electron {H{/z).

so we can obtain (EF hote) Bi-55=0.0058 eV as (Er jo1.)5;=0.012 eV and (Er o)
Bi-55=0.0098 eV as (Ef ,;,.)5,=0.018 eV.

In general the parabolic ellipsoidal model is well known to a good approxima-
tion for the overlapping valence band, so that we obtain the hole concentration in
the above mentioned alloy as N,=1.15% 10%/cm®  From the condition of 3n,=N,,
we have #,=0.38X10"/cm3, which is the number of electron in the said alloy
specimen. Then, we have (Er ..)5-55 = 0.0015 eV from eq. (10} for the
parabolic ellipsoidal model using the effective mass obtained by Galt et al ¢®);
while we have (Er,:)pi-53=0.014 eV from eq. (12} for the non‘parabolic non-
eliipsoidal mdoel of eq. (11) with the effective mass obtained by Kao et al. 8 In
another way, however, we can estimate {EF o1e)pi-53=0.018 eV for the non-
Parabolic non-ellipsoidal model by use of the next relationship;

(13)

*) 8. Tanuma: Doctoral Thesis, Tohoku University, 1961. In Japanese.
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’ (Erpi 2
PB ~Sb (EF)BfLI 'i_ N E"_ '_
P‘- - . (Eh) . 172 = 1.82 (14)
bi (Er)pi-ss (1 " __F];f_z._-30>

in which we used the valuecs of (E7)p;=0.025 V., E,=0.015 ¢V and that of the
effective mass obtained by Kac et al.®) In the final event, we obtain as the
value of the Fermi energy of electron in the specimen Bi-Sh: B either 0.0098 ¢V or
0.0015 eV for the parabolic ellipsoidal model, and obtain either 0.016 eV or 0.014 eV
for the non-parabolic non-ellipsoidal model. This calculation would lead us to prefer
exclusively the Cohen’s model as the electron band of bismuth.

A dilute alloying of transition metals, ie. that of manganese offers us some
interesting problems. The monotonic part of the transverse magnetoresistance in
bismuth alloys containing a few tens 9, of manganese continues to increase to a
high magnetic field®*). This result tells us that one of the most essential condition
for semimetals, L.e. N, ~ N, is also [ulfilled in Bi-Mn alloys, that is to say, manganese
atom acts as neither an acceptor nor a doner in bismuth. Accordingly, the
periods of the oscillation of Shubnikov-de Haas effect in Bi-Mn alloys are much
the same as in pure bismuth, as shown in Fig. 23.  Another property of manganese
as an impurity lies in the fact that manganese atom gives no localized moment
in bismuth®. This is the most different nature of the dilute Bi-Mn alloys from
other kinds of alloys containing a small amount of manganese, say, Cu-Mn, Zn-
Mn and others.

Summary

We have studied the electronic band strueture of bismuth and its zalloys
by means of the de Haas-van Alphen effect, the magneto-acoustic effect, and the
Shubnikov-de Haas effect. Our results for pure bismuth was in good agreement with
the results by many other investigators.

The results for dilute bismuth alloys could be illustrated in terms ol the
relative shift of the Fermi level with respect to the conduction and valence bands
of bismuth. Especially, the result of the specimen Bi-Sb: B highly-doped with
1.79 at. 9 antimony led us to prefer the Colen’s model for the conduction band
of bismuth.

Manganese atom acts as a neutral Impurity in bismuth, which donates neither
electron nor hole to the band of bismuth, Furthermore, it could be concluded that
manganese shows no localized moment in bismuth.
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