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Measurements on the low-temperature variation of the thermopower and thermal and electrical conductivities

of pure bismuth and bismuth doped with an equal amount of tin and tellurium are compared. The counter-

doped sample behaves as a compensated semimetal combining pronounced impurity scattering together with a
Fermi-level characteristic of intrinsic material. If a rigid-band model and the validity of Matthiessen s rule are

assumed, the resistivity variation with temperature indicates that the combined effect of the tin and tellurium

addition is that of neutral impurity scatterers. The diffusion thermopower is not inconsistent with this

observation. The low-temperature phonon-drag hump is negative contrary to pure bismuth which exhibits a
positive hump. The lattice thermal conductivity around the maximum is considerably reduced as compared to

pure bismuth and the diA'erence persists at higher temperatures.

I. INTRODUCTION

The 81IQultaneous pl esence of electl ons Rnd

holes in bismuth at all temperatures due to over-
lapping bands' stimulated studies on doped ma, -
terial. It mas thought that investigating the prop-
erties Gf a single-carrier system mould help in-
terpreting the effects obsex ved in the intrinsic
material. In fact, it mas I'ealized early that, owing
to its pax'ticular semimetallic stx'ucture, the addi-
tion of sIQR11 RIQounts of tin ol' telluI'luIQ to bismuth
mould drasticRBy change its electrical properties. 2

However, three decades mere necessary to see
these exploratory works confirmed quantitatively,
with particulax' emphasis put on the effect of doping
on the electronic structure of bismuth. '4 Also,
the effect on the thermoelectric properties of tin
and tellurium separately introduced into bismuth
has been systematically investigated. ' However,
doping with either donox'8 ol Rcceptol 8 has lIQpol-
tant dx"RwbRcks, soIQe Gf them being speclflc to
seIQimetals. In OFdex' to get Fid of electx'ons ox'

holes at 0 K, one needs a tin (acceptor) or teiiur-
ium (donor), contents of 4X10" and ax10" cm ',
respectively, ' which is rather heavy doping. e A

change in. relaxation times fox' the doped material
with respect to the pure one mill. result not only
from increa. sed impurity scattering, but also from
a quantitative change in pure electron-phonon
acoustic scattering. Since the main effect of doping
is to alter the Fermi level, there will be a change
in the Fermi wave vector for chaxge carriex's &~,
thus a corresponding change in the maximuIQ wave
number of intex'acting phonons q,„=2k+ leading
to Rn interaction with phonons of mave number'8 dif-
fexent from those which scatter the charge caxriers
in the intrinsic material.

Furthermore, if a nonparabolic model is assumed
fol elect1ons, their effective xQRsses ln R given

dlx'ection will VRI'y with eneI'gy accol ding to

re* = m,*(1+2Z/E~),

where ~,* is the effective mass at the bottom of the
band, m* is the effective mass at the energy F.,
and E~ is the direct energy gap between the bottom
of the conduction band and the top of the lower-lying
light-hole band. Hence, doping would alteI' the
IQobllltles Rt the Fex'ml level becRu8e they depelld
on the effective mass.

Fox these reasons, it mas thought that it would
be lntex'estlng lf one could perform transport IQeR-
surements on a compensated sample, i.e., a saIQ-
pie countexdoped in such a may that the Fermi level
remains unaltered with respect to the intrinsic
material. It was only recently that bismuth single
crystals mith various and mell-defined amounts of
tin and tellurium acting simultaneously were suc-
cessfully grown at the Philips Research Labora. —

tories (Eindhoven) by a, method described else-
mhex'e. Noothoven vRn Goo' deteFIQlned the cRx'-

rier concentFRtlon Rnd IQobllltles of these doped
samples by means of the saturation, value of the
galvanomagnetic coefficients at lom temperatures.
Among the crystals investigated mas one with an
almost equal donor and acceptor concentration,
Bl 102, ln Ref. 4. The FeI'IQl level of this sRIQple
isexpectedtobe tie sa e as n nt nslc ater-
ial. Here we report measurements on the tem-
perature dependence of some transport properties
of this material, and compare them to those Ob-
tained with pure bismuth in the same crystallo-
gx"aphic orientation.

II. EXPERIMENTAI.

The coIQpensRted 8Rxnple wRs gx'Gmn Rt the
Philips Research Laboratories. ' The sample axis
was orien'ted tn the bisectrtx direction (p axis)
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and Noothoven van Qoor suggests from his mea-
surements that the total dopant density N~+N~
lies between 1.8&10" and 3.2&10" cm ', and that
the tin concentration N„exceeds that of the tel-
lurium N~ by an amount N„—N~ =1.45 &10"cm '.
In the following we shall make ours the generally
accepted assumption, i.e., that each tellurium
atom is ionized and adds one electron to the Fermi
sea, and each tin atom adds one hole. Further,
we shall assume N„=N~. A sample of pure bis-
muth with its axis in the bisectrix direction and a
residual-resistance ratio of 200 was also studied
in parallel for comparison.

The samples were mounted in a vertical variable
temperature liquid-helium cryostat. The tem-
perature sensors were Au(Fe)-vs-P-Cbromel
thermocouples and the voltage leads consisted
of thin P-Chromel wires. Emf's were measured
by means of a Leeds and Northrup K-5 potentiom-
eter and a sensitive null detector. The system had
a resolution better than 10 ' V. Above the liquid-
helium bath the temperature was regulated by
means of a Harwell temperature controller. Since
the resistivity was measured by a dc method,
special care was taken to correct for the Peltier
effect, ' which may be important because of the
relatively high figure of merit of the material in
the higher-temperature range.

III. RESULTS

%'e have examined the electrical resistivity,
thermoelectric power, and thermal conductivity
as a function of temperature for the compensated
sample, and compared them with measurements
we performed on pure bismuth in the same tem-
perature range.

The open circles in Fig. 1 give the electrical
resistivity measured from 2 to 300 K on the com-
pensated sample. In the lowest-temperature range
we find an almost constant resistivity of 108&10
0 cm. ' Then the resistivity increases with tem-
perature, reaches a maximum, decreases until
it reaches a flat minimum, and then increases
again with further increase in temperature. The
dashed curve represents the electrical resistivity
of pure bismuth (residual-resistivity ratio of
=200), which, at this scale, may be considered
to be the ideal one.

In Fig. 2, the open circles represent the mea-
sured thermoelectric power from 2 to 300 K on
the compensated sample, while the dashed line is
the corresponding curve for pure Bi. Contrarily
to the case of pure bismuth, the thermoelectric
power of the compensated sample is negative in the
lowest-temperature range. It shows a hump around
4 K, decreases slightly in magnitude, and then
increases again to reach another hump around 120K.
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FIG. 1. Temperature dependence of the electrical re-
sistivity of compensated bismuth compared to that of
pure bismuth. The dashed curve represents the experi-
mental data for pure bismuth. The open circles are the
experimental points measured on the compensated
sample, while the two solid lines are the computed
curves with two assumptions concerning the carrier
density at 0K (-3 X10 ' cm ). The upper plain line is
computed with K=3.28 x 10'7 cm 3 (Ref. 4) and the lower
one with 2.75&& 10 ~ cm

Note too that the magnitude of its thermopower
is larger than that of pure bismuth in the entire
temperature range.

The thermal conductivity of both samples are
also compared in Fig. 3. For pure bismuth the
dielectric maximum is sharper and is situated at
a lower temperature. Also, in the entire tempera-
ture range investigated (2-100 K), the compen-
sated sample shows a lower thermal conductivity.

IV. DISCUSSION

In the discussion of our results we shall assume
a rigid-band model, i.e. , that the band structure
of compensated bismuth is not affected by doping
(same as for pure bismuth), and is independent
of temperature. From the recent work of Vecchi
and Dresselhaus, ' we know that this last assump-
tion is not realistic, however we do not yet have
quantitative data about the variation of the effective
masses of pure bismuth with temperature.

When two types of independent carriers of equal
ches +e -+h -+ of moblllties p. and ~ and par-

tial thermopowers n, and o.~ are acting simul-
taneously, they combine to yield for the total elec-
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FIG. 2. Temperature dependence of the thermoelectric
power of the compensated sample compared to that of
pure bismuth. The dashed curve represents the experi-
mental data for pure bismuth. The open circles are the
experimental points measured on the compensated sam-
ple, while the two solid lines are the computed curves,
the upper one corresponding to pure bismuth and the
lower one to the compensated sample.

trical conductivity

u=Nq(»». +» ),
as if both types of carriers behave as conductors
in parallel, and for the total thermopower,

~ = (»»., u +~, ~)/(u+~),

acting as sources in parallel. Here q is the elec-
tronic charge, and the subscripts e and h refer to
electrons and holes, respectively.

Qn the other hand, when a set of carriers, say,
the electrons, of density N, experiences a scatter-
ing by two distinct mechanisms characterized by mo-
bilities p.„and p. &

and partial thermopowers o,„and e„
respectively, the electrical conductivity is expressed

&r, =Nq(l/p, +)/»», ) ',
as if both resistive mechanisms add. This is the
well-known Matthiessen's rule.

In a similar way one may express the resulting
thermopower

~~/t»r +»»'»/&»

&/u, +&/w»
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FIG. 3. Measured temperature dependence of the
thermal conductivity of the compensated sample (solid
line, open circles) compared to that of pure bismuth
(dashed line).

0 =Nq —+—
obtained by adding the resistive mechanisms for
each type of carriers first, then by adding the
contributions of electrons and holes to the total
electrical conductivity. By applying the same rule
to the partial thermopowers, one finds a total
thermoelectric power of

»»»er/V r +»»»e»/P»»»»» r/»'r +»»»»/~»
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In our experimental data being measured in the
trigonal plane of bismuth, i.e. , the plane that con-

This is known as the Gorter-Nordheim rule.
In the case of compensated material we deal with

two types of carriers, electrons and holes, in
almost equal density. Let us first assume that
each type is scattered by two mechanisms of in-
dices & and i. The corresponding mobilities of
electrons and holes, respectively, are p, „, p, , and
&„, t/, , and the partial thermopowers n,„, n„and
e„„, n„,. The total electrical conductivity is then
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tains the binary and bisectrix axis, p, and v will be
the arithmetical average electron and hole mobili-
ties, respectively, between binary and bisectrix
mob ilitie s.

&x = o„=Nq (i},„+v„) . (8)

This means that with N =2.75&&10" cm ' (Ref. 11)
(Fig. 1), in order to fit the experimental result
g„+v„=21&10'cm'V ' sec ' at low temperature.
Moreover, Noothoven Van Goor4 finds a mobility
ratio p„/v„=15.6 from resistivity and Hall effect
measurements. If we hold the same ratio, we ob-
tain p, „=19.7X10' and v„=1.27x10' em'V 'sec '.
If we assume, as a first step, that g„and v„are
temperature insensitive, since we know the g, and

v, temperature dependence, "we may, by means of
relation (6}, compute the total resistivity variation
with temperature p(T). We find that the computed
p(T) fits the experimental data well (Fig. 1). From
this we may reasonably infer that the underlying
assumption is justified, and that in counter-doped
compensated bismuth, the tin and tellurium atoms
act as some kind of neutral impurity scatterers.

B. Thermoelectric power

We shall be concerned mainly with the
higher temperature range of the thermopower
results, and disregard the phonon drag com-
ponent. In order to compute the diffusion term
of the thermopower of pure and compensated bis-
muth, we shall add to the assumption of a rigid-
band model that of parabolic electron and hole
bands. ""The variation of the Fermi energy with
temperature may be computed from the known
density of states and the experimentally deter-
mined temperature variation of the carrier den-
sity." The value of the Fermi energies at 0 K,
which are specified with respect to the energy ex-
trema in the hole and electron carrier pockets,
will be taken for holes 12 meV, and for electrons
16 meV. The partial thermopowers will be ex-

A. Electrical resistivity

The experimental data will be interpreted by
means of E(l. (6) over the entire temperature range
from 2 to 300 K. The carrier density N will be
assumed to equal at each temperature that of pure
bismuth. ' The index i will refer to the scattering
by acoustical phonons and p, , v„n„, and o.„;
will be assumed equal to those characteristic of
pure bismuth throughout the temperature range,
while the index & will refer to the scattering due
to the added impurities.

Let us further assume that at the lowest tem-
peratures (2-4 K), o has reached its residual
value o„hence 1/p. , «1/p, „and

pressed by the classical formula involving the
Fermi-Dirac integrals F, (q»}, where q» =E»/ksZ
is the reduced Fermi energy

~k (r 2}(~(„(q }
q (&+1}F„(ri»)

(9)

Here, r is the scattering parameter characterizing
the relaxation time energy dependence 7 =&DE"
for scattering by acoustical phonons & =0 and by
neutral impurities ~ =-,'.

Let us first fit the experimental results
for pure Bi, applying (9) for electrons and
holes, with r =0, then combining them by means
of (3) with p, = p, , and v = v, , the intrinsic mobilities.
Surprisingly enough the resulting computed curve
is in qualitative agreement with the experimental
one at high temperature (Fig. 2).

To be consistent with the resistivity results we
now introduce for the compensated sample, the
hypothesis of neutral impurity scattering r =1/2
in (9), and the temperature independent impurity
scattering mobilities p.„=19.7&&10 and v„=1.27
x 10' cm' V ' sec ' that we used for the computation
of o. By means of E(l. (7), we obtain the computed
solid curve on Fig. 2. This at least accounts for
the increase in absolute value of the thermopower
of the compensated sample compared to that of
pure bismuth, since the higher the value of the
scattering parameter, the higher the partial ther-
mopowers. It also accounts for the position of the
bump around 100 K.

C. Thermal conductivity

In the temperature range investigated, the ther-
mal conductivity of bismuth is never of the elec-
tronic type exclusively. Between 2 and 20 K, the
phonon contribution exceeds by far that of elec-
trons and holes, which could be neglected. Thus
the difference in thermal conductivity we observe
around the dielectric maximum should be attributed
to the reduction of the mean free path of the pho-
nons due to impurity scattering in compensated
bismuth. It is worth noting, however, that a quan-
titative comparison could not be done, since in
this temperature range, and even above 40 K, the
lattice thermal conductivity is known to be size
dependent. '4 At higher temperatures the elec-
tronic thermal conductivity increases and should
be affected by impurity scattering in the compen-
sated sample, as it is the case for the electrical
conductivity. This would probably explain the dif-
ference between the two curves at the higher tem-
peratures.

It is interesting to note that from Figs. 1 and 2,
and a reasonable extrapolation of the data of Fig.
3, the temperature variation of the thermoelectric
figure of merit (n'o/x) can be estimated. Although
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still too low to be of interest for practical appli-
cations, it is worth noting that above j.50 K this
parameter is twice as large in the compensated
material than it is in the intrinsic one.

V. CONCLUSIONS

We have initially studied compensated bismuth
in order to investigate the effects of doping under
simplified conditions, i.e. , to test the effect of
impurities on the scattering parameter of electrons
and holes with Fermi energies and wave vectors
of interacting acoustical phonons identical to those
in the intrinsic material. However, starting from
the experimental observations of the electrical
resistivity, it was apparent that this would not
be the case. It was found that the study of the
compensated material complicated rather than
simplified the situation.

In fact, if the simplifying assumptions of a rigid-
band model and fulfillment of Mattheissen's rule
are valid, the present results are consistent with

the fact that the addition of tin and tellurium in
almost equal density introduces a temperature
independent scattering mechanism for electrons
and holes. Such a mechanism is characteristic
of neutral impurity scattering, and would thus
suggest that tin and tellurium behave in the bismuth
matrix as a kind of neutral complex, at least as
far as it is viewed from the long wavelength Fermi
electrons and holes which are scattered. This
may be a challenging problem for metallurgists to
e luc idate.
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