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It is shown that the known experimental results on the properties of the “high-temperature”
oscillations of the magnetoresistance of bismuth—in particular, the angular dependence of the
oscillation periods on the direction of the magnetic field—can be described by the

Polyanovski theory with the use of the condition that the cyclotron frequencies are equal or
multiples. © 2003 American Institute of Physic§DOI: 10.1063/1.1614238

The goal of this communication is to explain the unusualanalysis of a completely different object—a layered conduc-
“high-temperature” oscillationgHTOs) of the magnetoresis- tor in which, as in bismuth, there are two types of extremal
tance of bismuth on the basis of the Polyanov#kéory’=  sections that govern oscillations of the magnetoconductance.
which, with some additional assumptions, can provide an Bismuth is a semimetal, with a weak overlap of the va-
adequate description of the experimental results. lence and conduction bands, as a result of which electron and

The observation of new quantum oscillations of the mag-hole valleys form. Taking the spectrum of a semimetal in a
netoresistance of bismuth, with a period in the inverse magmagnetic field as
netic field, AH ™, which is 2—3 times shorter than that of

2
the Shubnikov—de Haas oscillations and with an order-of- Ee— n+£ 5Ot Pz
magnitude smaller amplitude but a slower temperature decay " 2 2m®
was reported by Bogod and Krasovitski 1973# Since then
the new oscillations have been studied in detail in crystals oftnd
Bi and the alloys Bj_,Sh, and also in crystals with donor 1 h2
(Te) and acceptofSn) impurities®* Experiments have been EN=E,—|n+ |0 &ﬁ
done to study the manifestation of the oscillations in the 2 2m

16 ;
thermopower'® and the behavior under pressure and(Eov is the overlap energy of the band$olyanovski:—3

i ;17,18 ; i~ fi -21 . P P
uniaxial deformatiotf** and in strong magnetic fieldS: obtained for the conductivity in a magnetic field two terms
Based on the data of these experiments it was concluded th&éscribing interband transitions2€ and o™ which deter-

the period of the HTOs is not determined directly by theine the Shubnikov—de Haas oscillatidhé for the elec-
Fermi energy of the electrori& or holesE! but is somehow tron and hole valleys, and a teraf" describing the inter-
related to the value of the band overlag,. The latter con-  pang transitions. The last term contains the product of the
clusion served as a stimulus for the dubious asséﬁmt densities of states in different valleys. This product of two
the HTOs are “quantum oscillations of the probability of gscillatory characteristics gives rise not only to terms de-
quasielastic intervalley scattering of charge carriers Wit'bcribing the Shubnikov—de Haas oscillations in each of the
deep-lying energies,” specifically, with states at the k?Pt'“)mvalleys but also to a “cross” term with combination param-
of the electron band¢ and the top of the hole banBl;.  eters, arising as a result of the interference of the densities of
However, the deep-lying states are traditionally considered tgtates in the different valleys. This term in the conductivity
be completely filled. Although it was shown in a subsequentan serve as an explanation for the “high-temperature” os-

papef® that the deep-lying states in connection with “colli- illations of the magnetoresistance of bismuth. It has the
sional” broadening of the energy levels can contribute to thggrm??

conduction, the scope of that work did not encompass a treat-

ment of the detailed picture of the observed oscillation peri- 3 AQS+QN & (-1
ods in different crystallographic directions and their weak ¢ ~ g% Eov sz:l JkI
temperature decay.

Polyanovski'~® singled out from the magnetoconduc- [ [ZWszT( k 1 )
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tance the term involving intervalley transitions and describ- 7 e
ing the properties of the HTOs—a small periadd ~* and

weak temperature decay. Meanwhile, Polyanaiskheory

was not accepted by the authors of the experimental papers
(see the critique in Ref. }4since the physical cause of the
new oscillations remained unclear. Recently Kirichenko and 2 ( K Ef  Eo— Eﬁ)}

. e . X 05— | k=g —| —~F—
Kozlov?* obtained a result similar to Polyanovekiin an Qs Q
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Here Q°® and Q" are the cyclotron frequencies of the elec-
trons and holesA(x) = x/sinh) ~xexp(—x) for x>1. o8k .
Taking into consideration that T o loe A
u? 06 ;.' &5 . ..f
27wEg 3 cS 2’7TE2 3 cs E _ge_gh ‘9* ' ':}'o o:.% e ?JX
AQ° " heH' Q" heH' o TR R Loar ’ o
o Aad ° . . ~
we obtain PolyanovsKs result: 02f %0 Leo 2 oo I ﬁ'.
h > k+| 1 1 1 1 1 1 1 1 11 1 1 ] 1 1 1 1 1
en 3 R(QF+QN) 3 (-1) 80 60 40 20 0 20 4060 80 80 60 40 20 020 40 60 80
g —ga'cl E en \/ﬂ HIIC, HIlC3 HIIC, HIlC, HIC, HliC,
ov =
2 + FIG. 1. Angular dependence of the periodsH ! of the “high-
27 kBT sin cS temperature” oscillations in bismuth, obtained in measurements of the diag-
hO~ heH onal and off-diagonal components of the magnetoresistance té@sedata
of Ref. 7; A—mean period; Xx—period obtained from the angular shift of
2772kBT cS the extremd and from thermopower measureme(—Ref. 16.
co . 2
Q™ heH @
Equation(2) contains the combination areas The most important result of the experimental study of
- h HTOs is the dependence of the oscillation peridd$™* on
ST =kS=*IS (3 . : L :
the orientation of the magnetic field with respect to the crys-
and the combination inverse cyclotron frequencies tallographic directions>!®(Fig. 1). Let us discuss these find-
1 K1 ings.
=+ (4) As was noted in Refs. 1-3, the HTOs are due to inter-
QF oc ol

valley transitions of electrons which occur at resonant values

According to Eq.(2) there are two series of oscillations, of the magnetic field, fields at which Landau levels in the.

with periods different valleys are simultaneously found near the Fermi

energy. However, the frequency with which such events oc-

_ 2whe cur as the magnetic field is varied is determined exclusively

S 5) by the frequency with which Landau levels pass through the
Fermi energy in the band with the higher cyclotron fre-
quency(lower cyclotron mass and so this does not give rise
p( 2772kBT> to a new periodAH ~* of the magnetoresistance oscillations.

exp —

AHT?!
the temperature decay of which is governed by the factor

BT (6)  The new period is due to the appearance of a combination of
cyclotron processes in the two valleys. Polyanoiskiheory,

We are mainly interested in the oscillations determinedof a formal mathematical construction, does not allow one to
by the combination are&", for which the periodAH ?is  understand the physical nature of the simultaneous oscilla-
smaller than for the Shubnikov—de Haas oscillations and théory terms. As we have said, the crossing terms appear as a
temperature decay determined by the combination frequenagsult of the interference of the oscillatory dependences of
Q™ is slower than for the Shubnikov—de Haas oscillationsthe densities of states in the different valleys. The reason
These oscillations can explain the HTOs. The second type afhy the amplitudes of these oscillations are not smaide-
oscillations—Ilong-period, with faster temperature decaytectablg is apparently of a quantum nature, like that which
have not been detected in experiment. was pointed out by Adams and Holst&irn an analysis of

The results obtained explain well the whole complex ofthe Shubnikov—de Haas oscillations in the single-band case,
experimental observations. For example, adding a donor imhaving to do with the influence of electric field on the colli-
purity (Te) to bismuth increases the electron concentratiorsion integral.
and decreases the hole concentration. Additionfy,in- It is important to note that for the intervalley conversion
creases andEE decreases, but the period of the HTOs re-transitions, the density of states has featui@saxima in
mains unchangetf, since the sum of the are&8) remains  both the initial and final states. In addition, expressprfor
practically unchanged. An analogous result is obtained whethe “high-temperature” oscillations, unlike the case of the
an acceptor impurity(Sn) is added to bismuth. When the Shubnikov—de Haas oscillatioR%,does not contain the
isovalent impurity antimony is added to bismuth, both enervalue of the chemical potential, and the enerdigsand EE
giesEf and EE decrease, and accordingly both ar&snd  are related through a constant, nonoscillatory quantity—the
S" decrease, leading to an increase in the oscillation periodverlap energyE,,. For this reason the amplitude of the
AH™! (Ref. 12. Similarly, one can explain the results of a oscillations is not very sensitive to temperature smearing of
study*® on the influence of uniaxial deformation on the peri- the Fermi boundary, i.e., the temperature decay of the oscil-
ods of the HTOs and also the fact that the ultraquantum limitation amplitude is weak’
at high magnetic field is reached simultaneously for both the  Experimental observations show that the amplitude of
Shubnikov—de Haas and “high-temperature” oscillatidhs. the HTOs in bismuth increases with temperature in the range
(Note that this would not be the case if the HTOs were re-1.5-10 K, passes through a maximyat 10 K), and then
lated to some energy other than the Fermi energy, as in thialls off slowly>!* The authors justifiably surmised that
model of Ref. 22 high-frequency thermal phonons excited at the higher tem-
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FIG. 2. Angular dependence of the cyclotron mass in bismuth, constructed from the data of Refs. 28—-30.

peratures play a role in the formation of the HTOs. This rolewhere K=1,2,3... are integers. This assumption was also
may reduce to the circumstance that the turning on omade in Refs. 1 and 2.
electron—phonon scattering leads to the appearance of free To check stated assumptions we calculated the possible
electron states below the Fermi energy, which are needed f@sscillation periods according to E¢p) with the use of rela-
isoenergetic intervalley transitions. tion (7). Figure 1 illustrates the experimental data for the
The possibility of electron intervalley conversion transi- periodsAH ~* of the HTOs in bismuth upon variation of the
tions is obvious when the cyclotron frequencies on the exmagnetic field direction. The angular dependence of the pe-
tremal orbits in the different valleys are equal, since in thatjods AH~! for the bisector plane&C;C, was taken from
case the electron states remain coherent. That was the cgsefs. 7 and 16 and for the binary pla@gC, from Refs. 7
considered in the paper by Kirichenko and KozftbHow-  and 9. It is seen that the values of the HTO peridds™*
ever, in bismuth it is only when the magnetic field direction have a considerably larger scatter than for the Shubnikov—de
is along the trigonal axi€; that the cyclotron frequencies of aas oscillationdsee Ref. T in particular, the pattern for
electrons and holes are approximately eqfiiaé cyclotron  he pisector plan€,C, does not have mirror symmetry. In
effective masses are equal to 0.0680for electrons and et 9 ghservations of the HTOs were made as the angle of
0.0639n, for holes. When the field deviates from th€s  (qtaion of the magnetic field in the binary plagaC, was
axis, and especially for a field direction along the bise€tpr varied with a step of 1—2°, and it was found that in many

?nd bma(;yﬁzl axes, the CYZIOU%T egf_?rCtIVetml\z;llsses ﬁfleletﬁ'cases two close periods were observed, and in some direc-
rons and holes are considerably ditierent. Meanwnile, g, ,s oscillations were not detected.

HTOs in bismuth are observed for arbitrary directions of the

magnetic field. . .
I . ing to formulas(5) and(3) with the use of(7) are extremely
We note that the possibility of electron intervalley con- sensitive to the initial data for the cyclotron masses and

version transitions remains present for multiples of the %Yihe cross-sectional aregsn bismuth. and for this reason we

clotron frequencies as well. Indeed, if the cyclotron frequen—give in Figs. 2 and 3 the angular dependencesibfand S

cies for the two valleys are multiples of each other, then, . :
. adopted in the calculations. The angular dependences for the
with a frequency equal to the lower of the two cyclotron

frequencies, the coherence of the electron states is period?éiiiii;egf g?é‘gs_tgg frtf;d d:;ofﬁl?ﬁetoa:zzsdaﬁsf Z{g?;:on
cally recovered, i.e., the conditions for a resonant transitior) UCLES, Were g

of an electron from an orbit in one valley to an orbit in ized according to StUdiéJS_MOf.the 'Shubnikov—de Haas and
another valley are restored de Haas—van Alfven effects in bismuth. The valuesrdf

We choose the harmonids and | in formula (2) such andsS for the principal directions of the magnetic fie(kdon-g
that their ratio corresponds to a multiple of the cyclotront€C1. C2, andCs axes correspond to the numbers given
frequencies, i.e., we let in the review by Edelmar?

) If the periodsAH ! are calculated according to EdS)

E: Q° _ m- and (3) for the values of the harmonids=1=1, then good

I me agreement with experiment is obtained only fbHICs

The results of calculations of the period$! ~* accord-
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FIG. 3. Angular dependence of the areas of sections through the hole and electron ellipsoids in bismuth, constructed according to the data ®4.Refs. 31—
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slightly different values, as has been noted repeatedly by the
authors of experimental papefsee Refs. 9 and 13, elc.
Thus formulas(2)—(5), which were obtained by Poly-
. . . . anovski for explaining the “high-temperature” oscillations
X DN . of the magnetoresistance in bismuth, give a completely suc-
7 4\ A . s cessful description of the properties of those oscillations and,
02p” N AN in particular, describe the angular dependences of the oscil-
lation periodsAH ~* with respect to the magnetic field direc-
30780030 0 20 4060 80— B0 6040 26 0 26 39 80 80 tion. In our view it remains necessary to solidify the physical
HilC, HIICs HIC,  HIC,  HIC,  HiIG, grounds for the nature of the combination areas and to ex-
FIG. 4. Angular dependence of the calculated values of the pefdtis! plain the temperature dependence of the OSC'"at'On_ ampli-
of the “high-temperature” oscillations in bismuth. For the trigonal plane tude at lower temperatures<(l0 K). The above consider-
C,C;, as in Fig. 1, a 30° sector is given; the rest of the pattern is mirrorations are only of a preliminary character.
symmetric. We are grateful to V. B. Krasovitski Yu. A.
Kolesnichenko, V. G. Peschangkand A. A. Slutskin for a
. e o helpful d.iscqssion of the_ problem, and to |. V. Kozlov for
(AH™*=0.63x10"> O€ ). For the directionHIC, the communicating valuable information.
calculated value oAH ! (0.253x10 ° Oe !) is almost
one and a half times larger than the experimentally observed
value (0.1& 107 ° Oe™1). For the directiorHIC, the differ- ~ E-mail: komnik@ilt kharkiv.ua
ence reaches a factor of 2.5: the calculation gives 0.44——
x10"° Oe ! while the experimental value is approximately
0.18<10 ° Oe 1. Accordingly, the angular dependences of V. M. Polyanovski, JETP Lett.46, 132 (1987.
AH ™1 for the bisector C;C,) and especially for the binary zV- M. Polyanovski, Ukr. Fiz. Zh.(Russ. Ed. 33, 1575(1988.
(C5C.) planes difer appreciavly rom the picture observed ;% Pobnovte Ui i 2huse d st isoiionn
experimentally. Consequently, this version of Polyandiski  Rryssian. )
theory does not give numerical agreement with experiment.®Yu. A. Bogod, Vit. B. Krasovitski, and V. G. Gerasimechko, ZhkE&p.

A completely different result is obtained when condition G\TKEOFA- Féz-%'d 1322(519;4) [So}t’- Iffhys. ;5T29'£57(?974’%-k o Tverd
. . - u. A. Bogod, VIt. B. Krasovitskii, an . . Gerasimechko, Fiz. lvera.
(7) is used. Figure 4 shows the results of calculations of the Tela (Leningrad 17, 1799 (1975 [Sov. Phys. Solid Statd7, 1172

periodsAH‘1 with the use of that condition. (1975].
The calculations were done for values up Ke=10, "Yu. A. Bogod, V. G. Gerasimechko, and Vit. B. Krasovitskii, Fiz. Nizk.
since beyond that the error of the calculations grows, emp-L 1472(1975 [Sov. J. Low Temp. Phydl, 707 (1975].
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