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The conduction-band structure of single crystals_BSh,Se; (0<x=<0.52) was investigated in high mag-
netic fields by the Shubnikov—de HaéSdH) effect (up to 40 T) and cyclotron resonanc@p to 150 7.
Signals from two conduction bands were detected in both experiments. The anisotropy of the Fermi surface and
the effective masses for magnetic fieBlsc andBL c were determined for different It was found that the
cyclotron masses fdBlic in the upper and lower conduction bands do not depend on temperature or electron
concentration. The temperature dependence of the resistivity, the Hall effect, and the Seebeck coefficient have
been measured as functions of Sb concentratidrhe free-electron concentration was found to be suppressed
by the incorporation of Sb into Bbe; crystals.[S0163-1829)03623-1

[. INTRODUCTION According to Oleshko and Korolyshif,the principal mini-
mum of the conduction band in Be; is located at the cen-
Solid solutions based on narrow-gap layered semiconduder of the Brillouin zone(I' point), and therefore it can be
tor Bi,Se, (as well as SpTe;, Bi,Te;) with the tetradymite represented by one ellipsoid. This is in contrast tgTBj in
structure are important materials for applications as thermowhich the conduction band has two extrema with six-
electric devices:? Considerable attention has been devotecellipsoidal sets. _
to investigation of the energy spectrum of,8&.3"®Horak ~ There have been only few reports on the physical proper-
et al. investigated the influence of doping of Gdind No-  ties of the mixed crystals Bbe-Sh,Se;. Substitution of Bi
votny, Lostak, and Horak studied the effect of In dofing by Sb in Bi,Se; is p%ssmle only in the concentration range of
transport and optical properties. Recently, systematic studi¢d=16-2 mol % SB? In the present paper, we study the
have been made on mixed crystals based gS&i(Refs. 9 energy-band structure of Bi, S Sey mixed crystals by the
and 10 and ShSe, ' Kohler determined the conduction- SdH effect and cyclotron resonance. The SdH effect was

band parameters of Be from the Shubnikov—de Haas investigated in single crystals of £, Sh,Se; (0=x=<0.52)

Sq ffect f lect trati ina bet 4in the temperature range 1.4—4.2 K and in pulsed magnetic
( H)7e ect for egec [Ogn concentrations ranging between 4o ¢ up to 40 T. The temperature dependence of the resis-
x 10t and 4x 10°cm 3. It was experimentally shown that

) I _ _ . 9% tivity and the Hall effect in a lower field range were mea-
the Fermi surface im-Bi,Se; is approximately an ellipsoid  ¢,rad in a wide range of temperature, 4P<300K. The

of rotational symmetry around the; axis with a small  cyciotron resonance measurements were performed in the
amount in of trigonal warping. ThE(k) dispersion is para- same samples at very high magnetic fields up to 150 T. Ow-
bolic in the direction perpendicular to they axis for k. ing to the high field, clean cyclotron resonance spectra were
=0, but considerably nonparabolic in the parallel direcfion. observed in this class of crystals. From the analysis of the
The parameters of the nonparabdii¢k) relation caused by overall experimental data we obtained the effective masses
the k* term were obtained by a comparison with numericalof the conduction band.

calculations of the extremal cross sections of the Fermi sur-
face and the corresponding reciprocal SdH perfottigh
magnetic-field data for low quantum numbers in a pulsed
field B up to 35 T @Blics) revealed an influence of spin Bi,_,ShSe (0<x<0.52) single crystals were grown by
splitting which causes a shift of the resistivity extrema. Nothe Bridgman method. The starting polycrystalline sub-
spin splitting in the SdH resistivity extrema was observed aktances were synthesized from elements Bi, Sb, and Se with
high quantum numbefsCalculation of the band structure of 5 N purity in evacuated conical silica ampoules at 773 °C for
Bi,Te; was carried out by several authdfs!*The common 48 h. The growth of single crystals was carried out in the
crystal structure of BSe; and BiTe; is responsible for the same ampoule with a pulling rate of 1.3 mm/h. The compo-
similarity of their electron energy band structure. However,sition of samples was determined by an energy disperse
the differences in the lattice constant and the atomic potentiad-ray analyzer Kewex Delta 5 with a quantum detector. The
should result in some differences between the two crystalenergy spectra were recorded under the following conditions:

Il. EXPERIMENTAL PROCEDURE
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TABLE |. Resistivity p*2 and p3°°, mobility u*? and u3°° at T=4.2 K andT=300K, and Hall coeffi-
cientR, at 4.2, 77, and 300 K for Bi ,Sh Se; single-crystal samples.

Sb content p4.2 paoo Rﬂ"z RZ|7 Raoo M4'2 Msoo

N X (mQcm  (MQcm) (cm¥C) (EmJC) (em’C) (m3Vs)  (mVs)

1 0 0.15 0.39 0.17 0.16 0.18 0.11 0.046
2 0.02 0.14 0.30 0.15 0.11 0.16 0.107 0.053
3 0.06 0.17 0.36 0.24 0.16 0.17 0.14 0.047
4 0.2 0.18 0.39 0.30 0.15 0.18 0.167 0.046
5 0.29 0.25 0.70 0.50 0.21 0.26 0.20 0.037
6 0.45 0.26 0.79 0.60 0.30 0.35 0.23 0.044
7 0.52 0.27 0.80 0.74 0.44 0.50 0.31 0.064

accelerating voltage of the primary beam is 20 kV; the enby phonons and impurities, while at lower temperatures the
ergy scale is divided into 1000 channél® eV per channgl  dominant scattering is by neutral impurities. The absolute
the detector sensitivity is 140 eV; the detector is placed at amalue of the resistivity increases afcreases except sample
angle of 30° with respect to the sample surface. The singl&l2 with x=0.02. The Hall effect was investigated for three
crystals were cleaved with cleaved surfaces perpendicular wifferent temperatures: 300, 77, and 4.2 K. The dependence
the c5 axis (perpendicular to the layerand then cut by a of the Hall coefficient on antimony contexis shown in Fig.
spark erosion machine to a size 8.0.7x5 mnt. The resis- 2. It evidently shows that the Hall coefficieR, for mag-
tivity and the Hall effect were measured by a conventionahetic fieldsBllc; is a decreasing function afin the region of
four-probe method with a dc current along the axis in  small values ofx, and then for larger values of it starts
magnetic fields upa 8 T applied along the; axis, using a increasing. Almost the samedependence was observed for
superconducting solenoid. the Hall mobility atT=4.2 K, as shown in Fig. 3.

The Shubnikov—de Haas effect was measured with a cur- The Seebeck coefficientx has been measured in
rentJ applied along the, axis for two orientations of mag- Bi,_,Sh.Se; for the VTlic, at room temperature as a func-
netic field: Bllcy axis andB1 c; axis 1 J. For investigating tion of x. The experimental results are summarized in Table
the SdH effect in higher fields, we used a pulse magnell. As it is seen in the table, the value of decreases with
which can produce a long pulse figlet20 ms duratiohup  increasingx at low concentrations of Sb and then starts in-
to 40 T. A standard four-contact method was employed tareasing. Thex dependence ofx which is similar to the
measure the transverse magnetoresistance. dependence oRy(x) can be explained by the change of

Cyclotron resonance was measured in high magnetielectron concentration.
fields up to 150 T produced by the single turn caoil
techniquet” A fast capacitor bank of 10 k@40 kV) was
employed to supply short large pulsed currents of order of 2
MA to a small single turn coil. A very high field is directly In all the samples, we observed a positive magnetoresis-
produced by the large current. Although the coil explodegance reaching about 10% at 40 T. Figure 4 shows the oscil-
violently by a large electromagnetic force, high fields arelatory part of the magnetoresistance in some samples of
generated before the coil destruction owing to a very shorBi,_,ShSe; for B parallel to thec; axis as a function of the
pulse duration(about 7 us). One of the advantages of this inverse magnetic field. The monotonous part of the magne-
technique is that samples and cryostats are not destroyed faresistance was subtracted to extract the oscillatory part.
spite of the destruction of the coil, so we can repeat thélhe Fourier transform of the oscillation is shown in Fig. 5. In
experiments on the same sample many times. A @®er
was employed as the radiation source of the cyclotron reso- T —————r

B. Shubnikov—de Haas effect

nance at wavelengths of 9-1Am.® We employed a 08 , x x=0.521

HgCdTe detector to detect the rapid change of the infrared o7}  BLSbSe, 2 .

o . o x=029

radiation. 06k X ]

: @ ]

__os5f o x=02 |

ll. EXPERIMENTAL RESULTS 5 04l y ]

a vl o K& g x=0 ]
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A. Resistivity, thermopower, and Hall effect s 0.3 - X % x &(AAAKAKAA .d"./’x=0.02 :

The Hall coefficientR, electrical resistivity, and mobil- 02} oa 0 oo ogoom utﬂ.”.:.o' .

ity of samples at different temperatures are summarized in o1l * o eece see ]

Table I. The temperature dependence of the resistivity for

Bi,_,Sh.Se with differentx is shown in Fig. 1. When tem- oo . L

perature is lowered, the resistivify also decreases with a 10 100

T(K
power lawp~T™, with m~1. For T<100K the resistivity ®

saturates. From such type of dependencies, we conclude that FIG. 1. Temperature dependence of resistivity foy BSb Sey
at T>100K the carrier scattering is predominantly governedsamples with different Sb content in semilogarithmic scale.
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FIG. 2. Dependence of the Hall coefficient on antimony contentK FIG. 3. Mobility of samples Bi_,ShSey as function ofk at 4.2

x in Bi,_,Sh Se; samples for 300, 77, and 4.2 K.

all the samplegexcept sample N7 BiSh, s,Se; with the of A=10.6um at different temperatures. The transmission at
lower amplitude was found as marked by arrows in Fig. 5Were ;hlfted vertically for clarity. The traces shown in Fig. 8
Although there are two frequencies nearby, beats are impefxhibit two peaks at low temperatures. The peaks are rela-
ceptible in the data of Fig. 4. The reason for the absence dfvely broad because of the low mobility of carries. The low-
beating is due to the very small amplitude of the secondi€ld peak(peak 1 has a larger intensity than the high-field
frequencyF,. The values of the main frequen&y and the peak (peak 3. As the temperature is increased, peak 2 di-

second frequency, decrease ax increases. The depen- minishes rapidly and becomes almost indiscernible at 180 K.
dence ofF; on x is shown in Table II. In the trace fax As shown in Fig. 9, the same two peaks were observed in all

=0.52, the second frequency was indiscernible, most propne samples. . .
ably due to the low amplitude of the oscillation. The anisot- 11€ magnetic-field positions of the two peaks were in-
ropy factor 7=Sg, ¢/Sgc of the Fermi surface and its de- creased as the photon energy was increased. In Fig. 8 experi-
pendence on electron concentration were also determined Byental traces are shown far=10.6.m and\ =9.25um at

high magnetic field measurements. Figure 6 shows the oscif?Vo close temperatures 40 and 32 K. The minimum at higher

latory part of the transverse magnetoresistance in a sample B¢lds disappeared when temperature increased. All the traces
Bi, 4:Shy .S for two different orientations of magnetic &€ reproducible for magnetic-field sweeps up and down as

fields, Blics axis andB.L c; axis. It was found that the an- shown by arrows in Fig. 8. The slight difference in transmis-

isotropy strongly depends on carrier concentration which iSO flor udp and cg]own Isweeps isl duhe todtsmperaturef;ise 0;
proportional toFi’2 as shown in Fig. 7. The high magnetic- samples during the pulse, namely the eddy current effect o

field measurements made it possible to observe the spin spIi&Ije rapld_fleld change in highly cqnductmg samples. Th's.
ting of the Landau levels foB1 c; as seen in Fig. 6, on was confirmed by measurements in a long pulse magnetic

which discussion will be made in Sec. IV. field (~20 ms durationup to 40 T. Thus we can identify
both of the two peaks as the cyclotron resonance. The peak
position of the absorption spectra®t 32 K provides effec-
C. Cyclotron resonance tive massesn* =0.075n, and m* =0.105n,. It should be
Figure 8 shows the magnetic-field dependence of the innoted that these effective masses showed almost no depen-
frared transmission for BieShy 5,56 at a laser wavelength dence on temperature or electron concentration.

TABLE Il. The main frequency of Shubnikov—de Haas oscillati®is=[ A(1/B)] %, Fermi energ\Er,
SdH effect electron concentratiomgyy, Hall concentration HR, at T=300K, thermopowera at T
=300K, and anisotropyy=Sg, ¢ /Sg;c of the Fermi surface for BiL,ShSe single-crystal samplegex-
trapolated values of; labeled by*).

[A(1/B)]? Er Nsan 1/eRy a

N X M (meV) (10*° cm™3) (10*° cm™3) 7 (uVIK)
1 0 168.3 161.8 2.242 3.67 1.8 57
2 0.02 167.8 161.4 2.238 4.13 1.8 54

3 0.06 138.5 132 1.84 2.58 .6 46

4 0.2 115.1 110 1.0 2.01 143 73

5 0.29 94.2 90 0.67 1.24 1.28 87
6 0.45 85.7 82 0.56 1.03 1.24 98

7 0.52 70.1 67 0.31 0.84 1.13 108
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FIG. 4. Oscillatory part of Shubnikov—de Haas oscillations for ] ) o
different Bi,_,Sh.Se; samples as a function of B/at T=4.2 K. FIG. 6. Oscillatory part of Shubnikov—de Haas oscillations of
Each curve is shifted vertically for clarity. Bi; 4eShy 5,56 sample afl =4.2 K for two orientations of magnetic

field B: Blic; andB.Lcj.

_Figure 9 shows cyclotron resonance traces forg; gq crystals prepared from the melt of stoichiometric
Bi,ShSe with differentx. A remarkable feature is that composition always show a superstoichiometric bismuth

the resonant fie_lds do not depend xyrand, hence on elec- gntentt® Hence the Bi, ;Se; crystals hasi-type electrical
tron concentration. conductivity, which is explained by the presence of posi-
tively charged vacancies in the selenium sublattice. The ex-

IV. DISCUSSION cess Bi in these crystals also gives rise to a formation of
_ antisite defects replacing Se atoms by Bi in their lattice sites
A. Concentration of free electrons and having one negative charge. In the low Sb concentration

The results of the measurements of the resistivitig. 1 ~ fange, the increase of Sb content suppresses the concentra-
and Table ), the Hall coefficientRy, (Fig. 2 and Table )i  tion of antisite defects and thus the free-electron concentra-
and the Seebeck coefficieat(Table 1)) revealed a presence tion increases. The decrease of the electron concentration in
of minimum around a Sb concentratiom=0.02 in the region with higher Sb content is probably associated with
Bi,_,ShSe. Ry (Blics), p in the basal plane andy the decrease of the concentration of vacancies. The_refore we
(VTLc,) first decrease asis increased from zero, and then SUPPose that the observed change of the concentration of free
at larger values ofx their magnitudes increase. In other €lectrons with increasing in Bi,_,ShSe; single crystals is
words, the substitution of Bi in BSe; by Sb in the region of expla_med by the_suppressmn_ qf the concentration of Se va-
small concentrations of Sb results in increase of the concerfkancies and elimination of antisite defects. It should be noted
tration of free electrons, while at higher Sb concentration that within the accuracy of a few percent, the electron con-
the value ofn decreases. A similar effect has been reportedentration can be controlled reproducibly by varying the Sb
in Ref. 8 on Bj_,In,Se;, where the substitution of Bi by In content in samples made from different ingots.
increases the concentration of free electrons for low In con-
tent x but decreases it for larger content with increasing
The concentration of free carriers in,Big; and Bh_,Sh Se The high magnetic-field measurements made it possible to
crystals is determined by lattice point defects. The undopegdbserve the spin splitting of the Landau levels R c; as

B. Spin splitting

T T T v T T T T T T T
T T T T M T
120F m = . 181
| Bi,,SbSe, x=0
100 | /“ 4
x=0.52 " \ 16
~ 8of ! 4 .
g ;o
g 6of ( ] = 14t
& L '
< 4} F .
12
20F
0 B 1 " 10 1 n 1 n 1 n 1 n i n 1 "
0 50 100 150 200 250 60 80 100 120 140 160 180
FM F(T
FIG. 5. Fourier transform of the SdH oscillations #Bmarallel FIG. 7. The ration=Sg, ¢ /Sg|c Of extremal cross sections of

c; axis for three samples Bi,ShSe; with different x. Arrows Fermi surface for two different orientation of magnetic fi@aver
mark the second frequenéy,. the main frequency of SdH oscillatiofs, .
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FIG. 8. Transmission traces for BjsShys;5& sample versus  FIG. 9. Transmission traces for Bi,ShSe; samples with dif-
magnetic field at different temperatures. Arrows show magnetiGerentx versus magnetic field at different temperatures. Wavelength
field sweep up and down. of radiation was 10.6um except for the top trace where it was 9.25

pm. Arrows show magnetic-field sweep up and down. The thick
seen in Fig. 6. The experimental results indicated that tharrows indicate the two peak positioffseak one and peak tyod
ratio y of the spin splitting to the orbital splitting was0.46. s the thickness of samples.
Sincey=gm*/2my, the value ofg factor for electrons in the
lower conduction band can be determined, if the effectivdipsoidal Fermi surface on electron concentration, we can
mass is known for a magnetic fieBlL c;. In this orienta- calculate the electron concentratiogy, of the lower con-
tion, the present data revealed that the energy spectrum dasiction band for differenk by a simple relation
well as the anisotropy of the Fermi surface is strongly non-
parabolic and the effective mass depends on the carrier con- ngg=2V/h3={2X 4%Sg,c3(Sgics) ¥3/{3(m) 3.
centration. In the two-band model, the absolute valuey of (2)
=gm*/2m, is unity just as the free-electron case. For most ) . )
bulk semiconductors and semimetals, it was found that thd e values ofisqy are listed in Table Il for various samples.
value of y is smaller than or equal to one due to thep The electron concentration derived from the SdH effect data

interaction with other energy bands, as is the present case &t 1€ss than the value of dR, listed in Table II. It may be

Bi,_,ShSe. explained if we suppose that the upper conduction band is
For B parallel to thec; axis we did not observe spin filled by electrons.
splitting for high quantum numbers. That is becaysés According to the cyclotron resonance data, there are at

nearly unity for this magnetic field direction, since tHék) least two groups of carriers with differ'en.t effective masses.
relation is almost parabolic. At low quantum numbers, only aTN€ larger cyclotron massig,=0.105m is in a good agree-
small shift in the resistivity extrema is obsenf&@his is in ~ ment with the effective mass valugg,=0.12+0.01m, ob-
contrast to the case & perpendicular to the; axis, where tained from the temperature dependence of the SdH oscilla-
the E(k) relation is nonparabolic and very complicated, andtion and is ascribed to the electrons in the lower conduction

thus one can expect thatis different from unity. band. The smaller cyclotron mass* =0.075n, is assigned
to the electrons in the higher lying second upper conduction
band.

. Th . .
C. The energy spectrum As both effective masses do not depend on carrier con-

From the frequency of the SdH oscillatioF;  centration it is possible to use simple parabolic dispersion
=1/A(1/B), the extremal cross sectidhof the Fermi sur- relation to calculate the Fermi energy from the
face in the momentum space perpendicular to the direction abhubnikov—de Haas effect data:

B may be evaluated by a relation
Spics= TP} E=2mM*E, (©)]
S=ehF,=ehA(1/B). (1)
wherep, ¢ is the Fermi momentum in the direction perpen-

According to experimental and theoretical dicular to the magnetic field. From the experimentally deter-
investigations %14 there are two conduction bands in minedSg,c; andm*, Ex was calculated for the lower con-
Bi,Se;. However, almost nothing is known about the upperduction band, and listed in Table II.
conduction band. The lower conduction band is located at Using the Hall-effect data, we plot in Fig. 10 the depen-
the I" point of the Brillouin zone and is represented by andence of the second frequenEy as a function of ¥Ry .
ellipsoid elongated in the; direction with a volumeV. Extrapolation shows that the filling of the second band be-
From the known dependence of the anisotropyf the el-  gins at around HR,~7x 10¥cm 3.
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160 f—r—r——— mg=(3n/16)%%(1/2)Y*h?/E.. (5)
140 | Second frequency i
Bi. Sb Se For the lower conduction band, our experimental data give
120 b WO i my=0.123n,. For the upper conduction band the density-
of-state mass should be of the order of @1 The energy
100 F J splitting of the lower and higher bands is aboAtE
P I =40meV. For a sample witk=0.02 the value ¥R, ap-
o~ sol i pears to be a factor 1.85 larger than the SdH density accord-
I ing to Table II. In the cyclotron resonance experiments, we
so b ] observed two groups of carriers with different masses. Thus
I we may ascribe this deviation in electron concentration to the
wl i electrons in the upper conduction band. The larger mass
| measured by cyclotron resonance*(=0.105n,) corre-
20 g . o sponds to the lower conduction band and the light effective
10 100 mass (* =0.075n,) to the upper conduction band. We ob-
1/eR, (10" cm® ) served a single SdH frequency fBr. c; and it is not pos-

sible to calculate the electron concentration in the upper
FIG. 10. Dependence of the second frequency of SdH oscillaband. Some fraction of electrons might be created also by a
tion on 1R, in semilogarithmic scale. The straight line is approxi- contribution of the impurity band with low mobility carriers.

mation to zero value. At the moment we cannot exclude fully the possibility of
impurity band.
Settingk=0 at the center of the Fermi surface, k) Thus we can consistently explain the SdH effect and cy-
relation up to the order dt* is represented as clotron resonance data by existence of two conduction bands.

The open question still remains concerning why the intensity
@ of the second frequencli, in SdH oscillation is less than
Fi.
Herek, is in the trigonal axis ¢; axis in the k spacek;
= (kZ+kJ)*2is in the perpendicular direction tg,, ky is in
the binary axis €, axis), andk, is perpendicular tk, and V. CONCLUSION
K,. In the formula(4), the termkﬁ is omitted, because ac-

cording to the experimental data the cyclotron massiar, crystals for magnetic fiel® parallel to thec; axis. Cyclotron

2 2
does not depend on the energy. The téBikky(ky—3k,)  yasonance data revealed two groups of carriers with different
accounts for the trigonal warping of the Fermi surface. Fromyttective masses which do not depend on the carrier concen-
the cyclotron resonance C{altza Bit%,;?e value ofAcan be a0 or temperature foBlics. This gives an evidence of
determined a#=0.36< 10" ** meV cnt. Assuming thatthe e parabolic energy spectrum for this orientation of mag-
nonparabolicity is negligible for sample BjgSky 5.5& with  petic field and concentration range of electrons. On the other
the lowest electron concentration, the valuda$ calculated [ 5nd the SdH data of the anisotropy of the Fermi surface
from the value ofA and the SdH frequency fdBlic; and  reyealed a strong nonparabolic energy spectrunBfoc, as

. _ —12 i i .
BLcs: B=0.28<10 ** meV cnt. For samples with higher e anisotropy factor strongly depends on the electron con-
electron concentration, the value & is obtained asB  entration.

=0.11X10 2 meV cnt under the same assumptions. The

coefficientsC, D, andG depend on the Fermi enerdsg or

electron concentration. To determine these coefficients, we ACKNOWLEDGMENT
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E(k)=AK! + Bk + CKok? + Dk;+ Gkky(kZ —3Kk3).
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