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Semiconducting Region of Bismuth I ' 1
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Abstfactw'

Measurements ofvthe_electrical resistance have been'méde“on'
bismuth I between 15 and 35 kilcbars at temperatu;es vetween 77.#0
and;l2QO K. Above about 1500 K; the temperature coefficient of
*°sistancelis}bpsitive as in a metal. Below 150° X, the coefficient
becomes negétive as is chafacteriétic of semiconductors. Using the
expénéntial resistance formula, the energy-gaj on the basis that
bismuth is a semiconductor is found to be 0.006 ev at lS.kbars with

: ! .
a steady rise 1o 0.018 ev at 35 kbars. At higher pressures, bismutth_
transforms into a metallic modification with the normal temperature
dependence of the resistance. The energy gap iﬁ bismuth I is not

visible at room temperature hecause thermal excitation populates

the conduction band and yields metallic behavior.
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Bismuth I,‘the form found under normel conditions, has long beeé
considered a semi-metal. The resistivity is 123.2 x 10—6 ohm-cm (l);

very high for a metal. Fronm & study of bismuth-tin alloys, Jones (2)

A

suggested that all five of bismuth's valence electrons lie in a single

enexrgy zonef(valence band). A slight overlap into a highef.zone
(conduction band) gives the metallic conduction found-in pure bismuth,

Since thié hypothesis, a large number of experiments (the deHaas-van®

Alphen’ effect, cyclotron resonance, galvenometric effects, and the

, " =
. . - L -
low number of conduction electrons, somewhere between 10 ~ and 10 2

‘per atom. However, bismuth at one atm@sphére shows the positive
temperature coefficient of resistance characteristic of a metal (4).
Bisﬁuth also shows no erystallographic transitiqn upon cooling o
4.2° x (5). A

Some alloy work by Jain (6) has.suggested that bismuth miéht becons
a semiconductér uﬁon a reduction of volume. Jain finds that the ten-
pefature coefficient of resistance becomes negative for bismuth élloys

"\\., ' :

.containing more than 5 per cent aqtimonw,' Using the exponential —~
resistance formula, he f;nds a band gap which rises to 0.012 ev at
12 per cent antimony and then drops at higher concentrations, bec&ming
a metal again at L0 per cent antimony. Jain also finds from x-fay work
that the latiice parameters decreasé_upon continued addition of antimony.
Thereforé, the additioﬁ of a slight amognt of antimony To oismuth is
roughly equivalent to a reduction of volume 5y pressure. The assumptiop
is made that entimony, with the same:crystal structure and the same |
nﬁmber of valence electrons as bismuth, produces no effect iﬁ‘the alloy

other than reducing the lattice paramenters. By reducing the atomic _J

S

o,
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‘ volunes thro%gn alloying, therefore, Jain has preoduced a semaconauctor.?

3
kY

Beyond 12 per cent antimony, the approximation to volume reduction
1

by pressure breaks down. The’antimony now contrivutes its own propertigs

c
&
&

3

to the alloy. ©Since antimony is itself.a metal, the alloy must Linall

<

-r »‘*&";z"f

vecome a metalas the percentage of antimony is increzsed.
4

Tﬁe results from work on the direct compression of bismuth confirm:
that the gpplication of pressure apparently decreases the metallic ‘
properties. At room temperature, the resistivity‘increasés SQ pexr ceni)_
with preséure to 25.5 kbars, where the crystallographié transitiqn to ’

the metallic bismuth II occurs (7). Experiments on bismuth to 1.7

Xbars at 77.4° K (8) and to 5 kbars at 4.2° X (9) show the same increase

{
;

of'resistance with pressure observed at room tem@erature. Work on the
Hall effect atArooﬁ temperature (10) shows a decrease in carrier con-
centration by a factor of three‘as the éreésure is raised from one
atmosphere to the I-II transition.. Magnetic susceptibility work to

one kbar (1l) shows a decrease with pressure of the Fermi energy,

[ &

end congequéﬂ%;y of the overlap of velence and conduction bands. - This
decrease of the metallic propérties of bismuth ﬁas led to a prediction |
.by Xen end Lasarév that somevhere in the bismuth'l phase, there will be
semiéonducting behavior (12). It is not cleexr that Kan and Lasarev
‘actually found such semiconducting behavior. However, by coélingland
compressing bismuth, we have foﬁnd it to act like a semiconductor in

that there is a reversal in the temperéturg coefficient of resistance

at constant pressure.

The bismuta (13) was supposedly 99;999 rer cent puré, Spectral
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silicon. The magnesium may have come from the spectrometer arc.

VA
Lae

The bismuth was extruded into wire 0.003 inch in diameter.

Bridgman anvils and the method of mounting the samples have been

; ? descriked elééwhere (15). The pressure measurement and calibration, 3 ”
“as well as'the resistance and temperature measurement; have_also
been described in & previous paper (16). |
The electrical resistance of bismuth was studied at pressures
tetween 15 and 35ikbars over tﬁe temperature range 77'.‘14-O to 1209 K. .
‘ !
One series.of runs. at three pressures was made by cooling the exposed
anvils to liquid nitrogen temperature. Méasuremenﬁs were taken upon
heating of éhe anvils as the liquid nitrogen evéporated; The technique
yields a témpéréture difference of as much as 20° between the top and
bottom anvils. Moreover, cooling runs cannot be taken since the
liguid nitrogen drops the sample temperature tdo abruptly for measurement.
To better egquilibrate the system, hea%y coopey blOCKStwereffiftédv
sungly aroﬁﬁd‘the anvils and the blocks backing up éach-anvii. All
cracks wefa plugged with Duxseal. Witk this méthod the liquid nitrogen
‘caﬁnot reach thé anvils but must first cool down the massive cooper
blocks. Both heating and cooling runs caa be made with this systen.
The temperature'differenceibetween the. top and vottom anvils is decreased
tc 2 to 6°. Two series of ruﬁs at various pressures were nmade Ey this
method. With either method, the temperature of the bismuth ic essumed
to be the mean between the top aﬁd botton anvil temperatures. )
Figure 1 sh@ws the resistivity of bismuth as a function of iempéra-

ture at a pressure of 15 kbars. From room temperature to 1550 K, the
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resistivity drops with decreasing temperature as is expected of
) ol . ¢ s . ..
metal. But.from 155  down to 77.% K, the resistivity rises with

decreasing temperature, as is characteristic of a semiconductor.  The
) b

u

measured resistance of bismuth has been converted to resistivity by

) ’ ¢ - 6 .”_‘_,_‘:;‘,
using the room temperature-one atmosphere value of 123.2 x 10 ~ - Yo

x
%
Y

T

ohm-cm (17) 2nd Bridgman's pressure-resistance date for bismuth
(18). The inversion of the temperature coefficient is found at all
pressures between 15 and 35 kbars in bismuth I.

In semiconductors, the resistance follows the formule,

R = AeEg/&T ’

where E< is the energy gep. The energy gaps(résulting from the_
application éf'the simple formula are shown in figure 2, where they-
are plotted as a function of piessure; The series of voints taken
with bare anvils are from heating runs only.' For the two sets of
copper block runs, heating and cocling values are averaged at each
pressure. 'ﬁ%e gap values taken by cobling are about 0.C03 ev higher
than thosé teken by heating.

The‘energy gap in figure 2 is 0.006 ev at 15 kbars and it rises
to 0.018 ev at 35 Xbars. .A linéar extrapolation of the energy gap
to one atmosphere yields a value of -0.004k ev. This negative velue,
if it were correct; would represént the overlep energy of the valence
and conduction bands. Oﬁher estimates of the one atmosphere overlap
energy are much larger, howe&er, ranging from -0.012 to -0.035 ev (19)
at low temperatures. The semiconductor Tormula from which the energ~ |

gaps are derived is accurate only if the gap is greater than kT.



.Sinée XT is 0.007 ev at 77.40 K and several gap velues are smal
the formula does not apply accurately, énd the gap valués must’be
Aconsideled goproximate. The smellness of the energy gap explains

why work around rooﬁ temperature fails to show the'seﬁiconducting
_properties ofab;smuth. At roow temperaturc, the gap is less than

kT and bismuth appears to be a metal. To observe this erergy gap; the:
temperature must be reduced to the point whéré the gap is of the order
or less than XT. A%t about 4l kbers and 77.4° X, bismuth I rearrenges

to tﬁe wetallic bismuth IIT phése. The resistance dropvs by a factor

of avout fifty at this trensition. |

Despite the large amount of work4oh bismuth, tﬁe band structure

is hot well knéwn, The metellic behavior of bismuth under normal
.conditibns indicate that the valence and conduction bands overlap.

But one deBzas-van ALlphen study (20) and several megneto-optical
experi;ents (21) have shown the presence of an energy gap at one
atmosphere of 0.015-0.06 ev. It has been suggested that ‘there ar
‘two valence;%ands (22): one which overlaps the conduction band and

one which does not. The former makes bismuth metallic at one atmosphere,
while the latter provides the energy gap scen in the magneto-optical
work. A second velence vand has been reporled in only a few experiments

(23), and there is opposition to its existence (24). An energy gep l
appears in the elecitrical resistance cnly 1T there is no overlap between
any valence band and ény conduction band. t is this gap which de;ines;
a semiconductor. The gap found by-magneto—opﬁical work must %e somc—.'ﬂ
thing different. Its discovery'is an indication that the tand structure

.0of bismuth is more complicated than the elementary parabolic two-tand model.

L
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it 1s interesting to note the wide ranéé of behavior shown by
the element.bismuth'upon compression to 30 kbars. In phase I, it
is poorly metallic to semicon&ucting, but not superconducting (25). «
Phases II and ITI, formed under pressure,.ére'both purely metallic,

with IIT and ppssibly II both being superconducting (26).

R AL

This work was supported in part by the auspices U.S. Atomic Energy

Commmission.
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' Figure Captions . ' ' )

Figure 1. Resistivity-temperature curve for bismuth at 15 kilobers

T

Pigure 2.

pressure.

‘Energy gap of bismuth as a function of pressure. Circles

¢

refer to runs without copper blocks; squares and triangles

" refer to runs with copper tlocks.
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