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The complete set of the 12 independent galvanomagnetic coefficients was measured in weak magnetic fields
in undoped Bjg¢eShy o4 alloys within the temperature range 77—300 K. The analysis of these coefficients
together with the two components of thermopower was fulfilled by the least-squares method using Hall and
magnetoresistance factors. These factors were calculated based on a model taking into account the peculiarities
of the band structure and the scattering of electrons and holes by acoustic phonons, as well as interband
(recombinatioh scattering. The temperature dependence of carrier mobilities and densities was estimated and
compared with that of pure bismuth. The mobilities Ofholes are lower than those of electrons, and the
difference in the alloy is more pronounced than in pure bismuth. The deviation from unity of the Hall and
magnetoresistance factors bfelectrons is greater than in bismuth. This result is confirmed through direct
analysis of the experimental data on the galvanomagnetic coefficj&it$63-18208)04518-4

[. INTRODUCTION performed by Demouget al,'® showed that the difference
from unity was greater in this alloy than in pure bismuth. It

Great emphasis has been put over the last 30 yedand  turned out that the difference of Hall and magnetoresistance
more recently’;® on the study of the transport properties of factors from unity changed qualitatively the expressions of
Bi;_Sh, single crystals. Semiconducting alloys (0s0¥  some galvanomagnetic coefficients.
=<0.22) were reported as presenting the besgpe thermo- Unfortunately, it is impossible to determine these two fac-
electric performances around liquid nitrogen temperatdre, tors as fitted parameters by the least-squares procedure with
whereas semimetallic alloys €0x<<0.07) have been found sufficient accuracy. They must be calculated using a model
to be very attractive materials in thermomagneticof electron scattering. The results of these calculations can be
applications’ compared to experimental results using simplified formulas

Numerous studies performed on bismuth singlefor some magnetoresistance coefficiefit#&nother conclu-
crystal§~*? showed that the analysis of the 12 measured insjon of the work by Demouget al® was that the hole con-
dependent galvanomagnetic coefficients in a weak magnetigihytion to the galvanomagnetic coefficients was lower in
field is a powerful method for the determination of carrier ;o alloy than in pure bismuth. Consequently, the accuracy of

mobilities a_nd c_;lensities._ The least-squares procedure h%s hole mobility estimation from galvanomagnetic coeffi-
been used in this an_al_y5|s. However, the full set of the gal.'cients is low. Including two components of the thermopower
vanomagnetic coefficients has not been measured

Bi,_,Sh, alloys at anyx until now Thto the set of the analyzed transport coefficients was sug-
1-x . i i _
The BiygeShy o4 alloy is interesting since the inversion of gested |ré2t_he study pf pure bismuth by the least-squares
the two minima at thé. point of the Brillouin zone at zero procedure” in order to improve the accuracy of both electron

temperature leads to a transition to a gapless state; i.e., t d h_oIe mobilities. It is even more necessary in the study of
direct energy gap becomes equal to zero. At higher temperd1€ Bb.osSb 04 alloy. _

tures, this energy gap increagss in pure bismuth* and In the prese_nt work_, _the f_uII set of the _12_ mdepend(_ant
the arrangement of energy bands remains qualitatively sim@alvanomagnetic coefficients in low magnetic fields was first
lar to that of bismuth. experimentally determined in BjsSh, o4 alloys at tempera-

It has been shown, as a result of the calculation of galvatures ranging from 77 to 300 K. The analysis of these coef-
nomagnetic coefficients in bismuth?1°that the Hall and ficients together with the two components of thermopower
magnetoresistance factors of electrons governed by the ewas then conducted by the least-squares procedure using
ergy dependence of the relaxation time differed significantiyHall and magnetoresistance factors calculated from a model
from unity at temperatures above 100 K, because of théaking into account the strong nonparabolicity of the conduc-
strong nonparabolicity of the conduction band. These deviation band and a complex carrier-scattering mechanism. The
tions of the factors from 1 lead to a significant change in theemperature dependence of carrier mobilities and densities
values of the carrier mobilities and densities. The analysis oivas estimated and compared with that of pure bismuth. Ad-
five galvanomagnetic coefficients in theyBiSh, o4 alloy,  ditionally, we present a direct proof that the Hall and mag-
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Bismuth ' Antimony TABLE I. Experimental values oty andK(T,x=0.04) vs tem-
EA ‘L perature according to MendezRef. 13 data.
A ‘T;é PE T E,
3 . La // ik (K) (meV) K(T,x=0.04)
f L, ; /%// i 78 1 112
: ’////{/%;///////%?// B, 100 2 1.16
4 77 g x
b otm 0‘0~17 14218 2 iig
. D ~Ls 1 180 8 134
- pvs o 220 12 1.52
300 23 2.20

SM : semimetal
SC : semiconductor

FIG. 1. Schematic representation of the energy bands near theftactive masses at the edge of the bands, lartde wave
Fermi level for Bi_,Sh, alloys as a function ok at T=0 K. For vector ’

simplicity, theL-, T-, andH-point bands are drawn one on top of The deviation of theT-hole band from parabolicity is
the others. much less than that of the band and can be described
?atisfactorily by the following equation:

netoresistance factors of electrons deviate from unity in ou
analysis of the experimental data.
hZ

(ki +k)
Il. THEORY E=om,

MlT

k3

I\/|3T

: @

A. Band model and initial parameters . . . .
where the subscripts 1, 2, and 3 refer to the binary, bisectrix,

Bi;_«Sh alloys form substitutional solid solutions over gnq trigonal directions, respectively. The enefys mea-
the whole range of concentration As x increases, the band g red from the top of the valence band, avid;=M,r

structure of these alloys continuously transforms from thegy 57 are the effective masses.
band structure of bismuth to the band structure of antimony “goih the large nonparabolicity of the energy dispersion
(Fig. 1). The semimetallic properties of Bi,Sh, in the in-  |aw for the conduction band and the strong dependence of
terval 0<x=<0.07 are connected with a slight overlap of the ihe gap and electron effective masses on temper&tdfe,
three electron bands extrema at th@oints of the Brillouin pressuré?2 and compositiot? appear in Bi-rich BiSb al-
zone V\mga hole band extremum at the point. At |oys as consequences of the narrow gap at.tipmint.
x=0.04;"""the electron and hole bands at theoint cross The simple two-band model was applied for the descrip-
in energy, leading to the appearance of a gapless state. Tgn of the nonparabolicity in the study of the galvanomag-
magnitude of the overlap betweénand T bands decreases netic effects in bismutt*2*°and in the B 9eShy o4 alloy.*6
with increasingx, and for 0.0%x<0.22, alloys are semi- This approach is adequate for the twband 3 directions,
conductors with a small direct or indirect gap. Ber0.22,  put not for the 2 direction since the mass componeny:,
theL extrema overlap with a new hole band located athe s much larger than the two other components,, and
point. . o . mg/ . Nevertheless, we applied the two-band model as the
The electron Fermi surfaces in Bi-rich BiSb alloys corre-simplest approximation for all three directions, assuming that
spond to three quasiellipsoids strongly elongated along direghe error may be small in the final results of the calculations.
tion tilted by an angled out of the binary-bisectrix plane  The temperature and composition dependences of the en-
[6=6° in Bi (Ref. 19]. The same structure occurs for the grgy gap and the cyclotron effective masses of electrons for
“light” L-hole band, which is separated from the eIectronBikXS@ alloys (x<0.2) have been studied by Mendéz
band by a narrow energy g&, and which is coupled to the sing the magneto-optical method. The experimental results
conduction band by thle- p interaction, resulting in a highly \ere close to the approximation where the effect of tempera-
nonparabolic dispersion relation. ture T and compositiorx on the gapAE,(T) and AEy(x),

The simplest dispersion relation for the bands is the respectively, were considered as independent from each
two-band model of Lax and Mavroid83Expressed in coor- gther. Taking into account theE,=0 at T=0K for the

dinates fixed to the ellipsoid axes, referred to a5%13'),  Bj;4.Sh),, alloy, we may apply the known magnitude
the energy dispersion law has the form AE4(T) in pure Bi(Ref. 14 as being the full gaf(T) for
the alloy. The results are reported in Table I.
, m., O o \1? The magneto-optical experime?’ﬁgave also information
E\ 7 about the light binary cyclotron effective mass of electrons,
E|1+ —|=—k- 0 My 0 -k, (1) .
Eq/ 2mg m., . This mass depends on the components, andms,

0 0 my, at the bottom of the conduction band as

whereE is the electron energy measured from the bottom of
the conduction bandn, the free electron massy;, the Mo (Mg Mg ) Y2 ®)
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In the two-band modein;,, andmg,, must be proportional pose of comparing these experimental values with the calcu-
to the energy gap. According to experimental restitthe  lations of the galvanomagnetic effects, it is easier to convert
ratiom, /Eg increases slightly with a rise ifi andx, giving  them into conductivities.

a correcting coefficienk(T,x) to the relation of proportion- Components of the conductivity tensor can be expressed
ality of mg_ versuskg. By interpolating Mendez’s data, we in terms of electron and hole mobilities, carrier concentra-
obtained the coefficier{ (T,x) as a function of temperature tion, tilt angle, and factors arising from the energy depen-
for x=0.04(Table ). These were used for the determinationdence of the relaxation timg i.e., the Hall and magnetore-

of the initial effective massesy,, necessary for continuing sistance factoré andM defined by the following equations:
our calculations, by applying the following formula:

(7%)
(T = K(Toom (77,0 20X 4) A
i’L 1 1 i’L 1 Eg(77,0)|
with  Ey(77,0=15.2meV,  my, (77,0)=0.001 53, vz ) @
M, (77,0)=0.25, andms. (77,0)=0.002 81 as determined (¥

in bismuth!214

Using the two-band model, we have to assume that thavhere the angular brackets denote the relevant energy aver-
large effective massn,,, depends on parametexsand T aging. Equations for partial conductivities lofelectrons and
like the two small components);,, andms, . Accepting T holes are given in Ref. 16.
the more real constant value,,, for the bottom of the con- Usually, carrier mobilities and densities af electrons
duction band, we should obtain a quite unreally large effec2ndT holes in bismuth are obtained by a least-squares fit of
tive massm,,, at energies near the chemical potential. Thethe measured resistivity components to their expression, as-
application of an unreally small effective mass,, propor- ~ Suming both Hall and magnet%esigance factqrs pf electrons
tional to very narrow gajE, at the bottom leads on the and holes to be close to unity® This assumption is, how-
contrary to a reasonable value near the chemical potentigfVe". Not valid for electrons in bismdit'and Bi-rich Bi-Sb
Given that the final results depend weakly on the large comalloys'® in the temperature range 100-300 K, where there is
ponent of the effective mass, a correct order of magnitude of© Strong statistical degeneracy. _ _
this component is sufficient to achieve satisfactory calcula- The introduction of Hall and magnetoresistance coeffi-
tions. cients in the usual least-squares method increases signifi-

The T-hole effective masses have been previously calcu¢@ntly the number of adjustable parametéveo per type of
lated versus temperature in pure bismtkit.was shown that ~ carriep, so that the accuracy ok and M is questionable.
these values are weakly temperature dependent. Since no ifowever, if we make some plausible assumptions concern-
formation is available on alloys, we used data for Bi obtainednd the relaxation time- of charge carriers, we can calculate
at low temperaturé® M,;=0.0638 andM3;=0.702. We not only theA andM factors, but also all the transport co-

parameters. This approach gave excellent agreement between

theoretical and experimental results in bismtftit will be
extended to the alloy in the present work.

The phenomenological theory of low-field galvanomag- In a semimetal or an intrinsic semiconductor, the ther-
netic effects assumes Ohm’s law to hold for the resistivitymopowere;; in thei direction is given by
tensorp(B) or its reciprocal, the conductivity tenso{B) in
the presence of a magnetic fieid ( j )

B. Galvanomagnetic and thermopower tensors

a’iiZE ke

S 8
E=p(B)J or J=0(B)E, (5) T\ 2ol

whereE is the electric field and the current density. The where «; are the partial thermopower of charge carrigrs
theory assumes tha({B) may be expanded in a power series which are isotropic in most cases awd, are the partial
of B, if B is low enough. Retaining only terms to the secondconductivities which may be anisotropic. In the set of axes
order, each component of the tensor may be written as fol1,2,3, the tensor of the thermopower of BiSh alloys is
lows: diagonal and has only two independent componewnis
= Uy and a33.
pij (B) = pij + Rijk B+ Ajjii BiB - (6) Theoretical expressions of the conductivity tensor compo-

. nents and of the partial thermopower are given
Of course, the same development applies also for the congseywherds:16

ductivity tensora(B).
The number of independent coefficients appearing in Eq.

(6) is limited to 12 for Bj_,Sh, alloys belonging to the point C. Scattering model and calculation procedure

group R3m: two resistivitiesp;; and p3, two Hall coeffi- As earliert1?1®we assume that there are two kinds of

cients Ry,3 and Ry3;, and eight magnetoresistance coeffi- carrier scattering in bismuth-rich alloys, as in pure bismuth.

cientsAqq, Azz, A1a, Asr, Ao, Agz, Agg, andAy,. Both scattering mechanisms are assumed to be elastic. The
By determining voltages for a given set dfindB, these reciprocal relaxation time fok-electron scattering is given

12 coefficients can be measured experimentally. For the puby!*
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koT 3/2 m:i—L 3/
-1 _
T (e) CN(l meV) my, |°
e m;T 3/2
1+2— ﬁﬁj (ecr—e)?, (9
g

wheremy, andmj; are the density of states effective masses
for one ellipsoid in thel and T bands, and;, &4, ande| ¢
the electron energy, the energy gap, and the energy overla
respectively, in units okyT.

The first type of scattering in E@9) is proportional to the

1/2 magnetoresistance factbt, and the partial thermopowers of
the three types of carrierk: electrons,T holes, and_ holes.
The reduced chemical potential was calculated from the con-
dition of electrical neutrality, namely,

&
1+ —

X +X

N=P+p, (10

hereN, P, andp are the densities df electrons,T holes,
hdL holes, respectively.

density of states of the conductianband and to the intra- IIl. EXPERIMENT
band constanCy . This contribution includes the scattering
of electrons by acoustical phonons, with the addition of the A. Samples

nonpolar scattering by optical phonons and of intervalley A homogeneous ingot of BiShy o, Was prepared by the
transitions within the conduction band. Moreover, scatteringraveling heater method. To be brief, this technique con-
by the short-range potential of antimony atoms is possible ifists in moving a liquidus composition through material of
Bi;_,Shy alloys, with an energy dependence of the partialthe corresponding solidus composition by lowering an am-
relaxation time like that for acoustical scattering. For scatterpoule into a furnace. High-purity99.999% bismuth and
ing by acoustical phonons, the parameZgris multiplied by antimony were used as starting materials. Care was exercised
a factor which depends weakly on the temperaf&®. (9)].  during growth to eliminate constitutional supercooling ef-
This dependence can chan@ecrease or decrease with tem- fects by using a slow growth rai@® mm/day with a tem-
perature due to the other above-mentioned mechanisms operature gradient estimated at 35 °C/cm. The grown ingot
scattering. was 15 cm in length and 15 mm in diameter. After about 2
The second contribution in E49) concerns recombina- cm, the grown ingot was composed almost entirely of one
tion scattering, i.e., electron transitions to the valefice single grain.
band. The corresponding reciprocal relaxation time is pro- The compositional homogeneity was checked by the elec-
portional to the density of states of tfieband and to the tron beam microprobe technique. There was about a 10%
recombination constanCg. A dimensionless parameter variation in the mean antimony content along the length of

=CRg/Cy was used instead @@y. the ingot, which is quite remarkable. The radial inhomoge-
Since the lightL-hole band and thé-electron band are neity is less than 3% of the mean composittbn.
mirrorlike bands, the same expression as @yis also valid Samples used for various measuremefisble Il) were

for L holes without any new scattering parameters. Thecut along the desired crystallographic directions in homoge-
model of theT-hole relaxation process is also similar to thatneous single-crystalline portions of the ingot, which had
described abovE: It involves a constanCp that is analo-  been oriented by the x-ray back reflection Laue method from
gous toCy and represents the intensity of hole scattering by(111) primary cleavage planes. The four samples used had
accoustic phonons. The recombinational scattering of holeparallelepipedic shape and their approximate dimensions are
is governed by the same paramefyy (or x) as forL elec- reported in Table Il. It was found preferable to measure the
trons. Ri23 coefficient separately on a thin sample, because this
Although the density of states of ligtt holes is lower coefficient is nearly one order of magnitude smaller than
than that of T holes, we included their contribution in the R,3;. The edges of samples 1, 2, and 4 were parallel to the
program of calculation. Generally, this contribution was ne-main crystallographic axis, while sample 3 had its axis in the
glected in all studies performed on Bit? (1,2 plane inclined at an angle of 15° with respect to the 1
The three scattering paramet&@g, Cp, andx were ad-  direction.
justed at each fixed temperature by a least-squares procedure.One end of samples 1, 2, and 4 was soldered with Wood
The overlap of the conductioh band with the valenc&  alloy on a copper plate electrically insulated from a vertical
band,E,t, was another adjustable parameter. We also sesryostat which has been described in detail elsewtfere.
lected the tilt angled between the principal axis of the elec- The essential feature of this cryostat is that it was designed to
tron ellipsoid and bisextric axis. However, this angle turnedensure strict isothermal conditions on the sample. The main
out to be relatively insensitive to temperature and was foungbroblem with the BjgeShy 4 alloy is that the two compo-
close to 7°. nents of the thermopower are relatively higlsy~
The adjustable parameters of the model were obtained by 100« V/K and a4~ —65 uV/K in the investigated tem-
a least-squares fit of experimental coefficients to their theoperature range leading to an additional contribution to the
retical expressions calculated by numerical integration. As irDhmic voltage, due to the Peltier effect, when a direct cur-
Ref. 12, but in contrast with Refs. 6-11, we used simultatent flows across the sample. This voltage may still be en-
neously 12 galvanomagnetic coefficients and 2 thermopoweranced by the application of a magnetic field if the tempera-
components. ture gradient remains due to thermomagnetic effects. In order
Using the initial and adjustable band and scattering pato reduce this gradient, the cold end of the sample was
rameters, we calculated the electron reduced chemical poteheated with a small electrical resistor.
tial £*, the carrier densities, the components of mobilities i The two components of the thermopower were measured
the principal axes of the ellipsoids, the Hall factar the by the conventional method with samples 1 and 2.
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TABLE Il. Summary of experimental conditiongpproximate sample dimensions, direction of current,
magnetic field, and measured gmfed to obtain the magnetoresistivity coefficients. 1, 2, and 3 are related
to the binary, bisectrix, and trigonal axes, respectively.

Dimension(mm)? Direction of

Sample Measured
number a b | J B E coefficient
1 2.3 24 125 3 3 P33

1 [1] (2] (3] 3 1 3 As1

1 3 3 3 Asz

1 3 2 1 Ros1

2 2 1.4 14 1 1 o1

2 [2] (3] (1] 1 1 1 An

2 1 2 1 Asr

2 1 3 1 Az

2 1 2.3 plane 1 Ay

3 2.3 15 14.4 1.2 plane J.3 plane 3 Ay

3 (3] [1.2] plane [1.2] plane 1.2 plane J.3 plane 3 Ay

4 3.3 0.42 14.7 1 3 2 Ri23

[2] (3] [1]
&The direction 1, 2, or 3 is indicated in brackets.
B. Experimental procedure Hall effect measurements require in principle only two

The precise orientation of the sample placed in the Cry_contacts perpendicular to the current. In practice, the two
ostat was checked with the help of the variations of the magEONtacts cannot be exactly put in line on the sample and the
netoresistance with the magnetic field directihe resis- rgsultlng measured voltage includes a I_ong|tud|nal contribu-
tivity under zero magnetic field was obtained from anton- We used three contacts as shown in Fig).3The mea-
average of more than five independent measurements, eagH'€d voltages/; andV; under a magnetic field satisfy the
being carried out with two directions of the current. For eacH€lations
measurement, the voltage was read almost instantaneously.
Then, taking residual effects into account, the resistivity was
measured as a function of magnetic field, oriented in order to \H
determine the desired coefficient. The intensity of the mag- Vo=Vo+(a=1)V, (1D
netic field was varied, and linear variations of the magnetoreghere, referring to Fig. 3\/[‘ andvg' are the Hall voltages,

sistance withB> were observed up to around 50-400 G,y the longitudinal voltage, and a geometrical factor deter-
depending on the crystallographic direction and the temperanined by measurements without a magnetic field. The Hall
ture. An example of magnetoresistance is shown in Fig. 2 a\yoltage is then given by the average valué\/é'f andVE‘.

78 K, where the low-field limit is around 200 G. Typical  \ye performed measurements at seven temperatures be-
magnetoresistance values, less than 10% at 78 K and 1% gtcen 77 and 300 K.

300 K, were observed, requiring a resolution of 0/ in
emf measurements for a sample current of 0.4 A.

Vi=Vi+aV,

IV. RESULTS AND DISCUSSION

A. Experimental results

[3>
(=4

The temperature dependences of the low-field galvano-
magnetic coefficients in the BigShy o4 alloy are shown in
Fig. 3. The two zero-field isothermal resistivitipg, andps3
follow a linear law in the studied temperature range as in
pure bismuth’ [Fig. 3@)]. This metallic behavior is, how-
ever, purely fortuitous and is due to the combined effects of
the peculiar carrier-scattering mechanisms and of the tem-
perature dependence of both effective masses and carrier
e densities. This will be discussed later.

0 20 40 60 80 100 120 140 One order of magnitude separates the two Hall coeffi-
B 06 cients— R;,3 andRy3;, which both follow aT~ 12 law [Fig.

FIG. 2. Magnetoresistance in the binary direction of sample No3(b)]. The main termR,3, is slightly greater than for pure
2 (Table Il) as a function of magnetic fiel parallel to the trigonal bismuth®
axis for T=78 K. The low-field condition(solid line) is observed The variations versus temperature of all thg coeffi-
up to a value of 200 G. The slope at low fields gives. cients follow nearly a ~%° law above 120—140 K, but be-

—
w

i BTN A A A IR

W

T=78K A

Magnetoresistance (%)
—
1=
L o o o B B B
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FIG. 3. Low-field galvanomagnetic coefficients as a function of temperature in thg3Bj o4 alloy. (a) Isothermal resistivitiep,; and
pa3- (b) Hall coefficientsR,3; and — R;,3. The arrangement of Hall voltage contacts is drawn in the inset. The measured Wjtag¥,
is related to the Hall voltag¥'t' and the longitudinal voltag¥. (c) A;;, A3, Asq, andAgy coefficients.(d) Ap,, Ay, Ay, and —Ay,
coefficients.

low this temperature the variations seem to be wefkiggs.  the mobilities, the Hall and magnetoresistance factors, and

3(c) and 3d)]. The slope change appears at a temperaturéhe partial thermopowers &f electrons] holes, andr holes
near the Debye temperatuéy . In pure bismuth, similar (Table IV and Fig. 4.

observations were made by Michenaud and 1|%§10wever, The contribution of the light. holes to transport coeffi-
the breaking neasp =120 K was more abrupt with the pas- cients turned out to be very small in comparison with that of
sage from a < law (for T<6p) to aT ™=~ variation. L electrons and” holes. For example, the partial conductiv-

Some scarce results on magnetoresistance coefficienty of | holes is three orders of magnitude less than that of
were given in the literatufé>7 for two close B{_Sh com-  gjectrons at 77 K and one order at 300 K. Therefore, their
positionsx=0.03 andk=0.05 at a fixed temperature near 80 contribution can be neglected. The physical reason is their
K. The reported values are in good agreement with our réyery small density due to the low position of themaximum
sults, except for the large Hall factétys,, which presents i comparison to thd maximum of the valence band. On
higher values than those obtained in this study. _ the other hand, we found that the mobility of electrons along

The variations with temperature of the thermoelectrici,q major axis of the ellipsoidy,. , is two orders of magni-

power are reported elsewhefe. tude smaller thanu,, and w3 in the investigated tempera-

B. Calculated parameters of the model, mobilities, TABLE IIlI. Initial parameter values used in the calculation of
and concentrations the transport coefficients.

Following the procedure described above in Sec. Il C and Cy Co ELr
using the band parameters of Sec. Il A, the adjustable param- (K) (101Y/s) (101/s) X (meV)
eters of the model were calculated as a function of tempera
ture. The values are reported in Table IlI. 78 6.27 4.53 0.29 36

All initial parameters depend on the temperature like 100 5.26 6.00 0.28 43
those of pure bismutlf The overlapE, 1 in the alloy is less 120 4.72 8.48 0.26 51
than in Bi, in agreement with the known band modste 140 4.25 9.31 0.29 58
Fig. 1. However, it increases with temperature more 180 3.47 11.6 0.34 76
quickly. 220 2.78 15.0 0.42 98

With the set of initial parameter values, we calculated the 300 1.67 27.0 0.58 148

relative chemical potential of electrons, the carrier densities
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TABLE V. Calculated transport coefficients as a function of temperature in thesBi, o4 alloy: the
electron reduced chemical potentidl, the Hall and magnetoresistance factags, My, Ap, andMp, and
the partial thermopoweray and ap of L electrons and™ holes, respectively.

T ay ap
(K) & An My Ap Mp (uVIK) (uVIK)
78 4.2 1.19 1.62 1.04 1.12 —95 152
100 3.6 1.25 2.14 1.04 1.14 —95 142
120 3.3 1.45 2.99 1.05 1.15 —-92 130
140 3.0 1.54 3.55 1.04 1.13 —94 123
180 25 1.73 4.96 1.03 1.1 —-97 108
220 2.2 1.93 6.65 1.02 1.07 —102 94
300 1.4 2.47 121 1.01 1.04 —116 70

ture range and the mobility af holes along the trigonal axis, nounced in bismuth than in the alloy due to the larger over-
vz, one order of magnitude smaller thap. lap at low temperature. At 4.2 K, we took the value of
The temperature dependences of mobilities and of the ca2x 107> m~3, determined by Brandit al?2 for a close com-
rier density (N~ P) are shown in Fig. 4. We also included in position x=0.046).
the figure those obtained with bismuft?® It can be seen The electron factoré andM  rise with temperature and
that the main effect of alloying is to reduce the mobilityTof are much larger than unity, whereas the corresponding fac-
holes. Such a result confirms the observations made by Leers for T holes,Ap andMp, are close to unityTable IV).
noir et al* who investigated the anisotropy of the ther- The deviation from unity for electrons is more pronounced
mopower. The temperature behaviors of the carrier density ithan in bismuth? For example, af =300 K, Ay=1.68 and
the alloy and in Bi from 4.2 to 300 K are quite similar to one My=4.11 in Bi. It is due to the lower reduced chemical
another, the metallic behavior being, however, more propotential{* and to the larger nonparabolicity of electrons.
Deviation from unity of both factorg,y and My can be
confirmed directly through an analysis of the galvanomag-
™ netic coefficients. Taking into account that the two small
v mobilities u,» and v; as well as the tilt angle can be ne-
glected in bismuth, several useful simplified expressions can
be derived!?!%rom the set of galvanomagnetic coefficients,
including the approximate formuia

10°
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Since this expression holds in the alloy, we can compare the
T () theoretical calculated factakﬁ/MN to that derived from ex-
perimental magnetoresistance coefficients applying(Ez).

The theoretical and experimental curvesAﬁ/MN versus
T 4 Big, Sb,, temperature are represented in Fig. 5. We can see that the
(b) ° Bi ] two curves are close to each other.
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FIG. 4. Transport coefficients in the BjsSh, o4 alloy. (a) Tem-
pera_tl_Jre dependen_ces lofe_lectr(_)n(ul, and ug/) anqlT-I_one (v1) °~450 00 150 200 250 300 350
mobilities. Comparison with bismutkRef. 12 (solid lineg. (b) T (K)

Temperature dependence of the carrier density in the alloy and in
bismuth after Raviclet al. (Ref. 12. Points at 4.2 K were obtained FIG. 5. Comparison of the temperature dependence of the factor
by Brandtet al.(Ref. 22 in the Bi, ¢5.Shy ossalloy and by Bhargava AZ/M calculated and obtained directly from the two experimental

(Ref. 28 in Bi. magnetoresistance componeAts andA;, according to Eq(12).
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The considerable difference betweAp, andA;, and its  results showed that the scattering constants change in the
increase with temperature represent a direct experimentalloy in comparison with pure Bi. These constants are ex-
proof thatAy andM factors differ from unity in the expres- pressed through matrix elements of the interaction of elec-
sion for the galvanomagnetic coefficients. Another qualitatrons with phonons and, thus, are determined by electron
tive proof can be obtained through the calculation of thewave functions. In their turn, the wave functions at the
large magnetoresistance coefficién;. With the same ap- point of the Brillouin zone depend on energy distances be-
proximations as in Eq(12), the expression foA;; can be tween the edge of conduction band and other neighboring
obtained® as follows: bands at the same poittiesides the nearest band of light
holes determining the nonparaboligityrhe other bands in-
fluence, in particular, spin-orbit mixing. The possible effect
of these bands is not within the framework of the applied
two-band approximation. Dependences of the energy dis-
tances and the wave functions as a function of composxion
) are unfortunately unknown at present. The second reason for
If the factorsAy andMy are equal to 1, only the relatively ¢ jependence of scattering constantsds the scattering
small hole mobility», would contribute toAz;. Such a cal-  p, the short-range potential of Sb atoms in the alloy. This
culated vglue ofA3; would then _be several times lower than 1achanism of scattering gives the same energy dependence
the experimental one. If nonunit factors are used, the secong o|axation time as the electron-phonon scattering. The

item in Eq.(13) is greater than the first one, and the calcu-gcattering constants increase due to this effect just as a sign
lated Az, value is found to be close to the measured one. Ifyf the spin-orbit effect is not definite.
we try to increase the hole mobility in order to calculate the  The carrier mobilities and densities are found to be near
good coefficientg; without the second item, we would 0b- he yajues of pure bismuth, but the effect of alloying is more
tain a large difference between the two components of &y nortant for hole than for electron mobilities. Calculated
thermopower, in disagreement with experimental data.  y3jyes of the Hall and magnetoresistance factors of electrons
It should be noted that the proof that the factdigand  show a substantial deviation from unity in the temperature
My deviate substantially from unity is totally independent of ;3ge investigated. These values are greater than in pure bis-
any assumptions regarding the scattering mechanisms @fyth and they arise from the energy dependence of the re-
band nonparabolicity. The proof relies exclusively on experi-zxation time due to the large nonparabolicity of théands.
mental data and the existing qualitative argument regarding & The extension of the study to other antimony contents,
multiellipsoid structure of the conduction band in the ggpecially in the semiconducting range, which present a great
Bio.065H0.04 all0y. interest from the point of view of thermoelectricity, is the
next step for investigating the transport properties. Such in-
V. CONCLUSION vestigations should undoubtedly contribute to a best compre-
Qension of scattering mechanisms in these alloys.

-1
1+ ﬂ} . (13

My

1 Iu’l'
2
Az~ eN Myvi+(My—AR) >

The complete set of the 12 galvanomagnetic coefficient:
was measured for the BigSky g4 alloy in the 77—300 K tem-
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