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Low-temperature electrical-transport properties of single-crystal bismuth films under pressure
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We report an investigation of the low-temperature electrical transport properties of bismuth films under
applied hydrostatic pressure. Films with their trigonal axis perpendicular to the film plane and thicknesses of
30, 50, and 500 nm were grown by molecular-beam epitaxy on,Baibstrates. At 500 nm thickness the
behavior resembles that of bulk Bi. From the observed Shubnikov—de Haas oscillations we find a pressure-
induced decrease in extremal Fermi cross section. For the 30-nm film, we obtain the low-temperature carrier
densities for electrons and holes together with the corresponding mobilities from magnetoconductance data at
pressures up to 20 kbar. We find that pressure strongly reduces the surface-induced excess hole concentration,
clearly revealing a finite electron concentration at high pressures. We discuss our results within the context of
a possible semimetal-semiconductor transition in thin Bi films.

[. INTRODUCTION quantum confinement. Only recently have molecular-beam
epitaxy (MBE) techniques been developed for the growth of
When the typical dimensions of an electronic conductorBi films.'®
are reduced to a scale comparable to the Fermi wavelength of AS the film thickness is reduced, a new problem arises,
the charge carriers, the resulting carrier confinement leads {§St observed by Komnik and co-worket$.Due to band
a quantum behavior not present in the corresponding bul ending and the increasing importance of surface states, the

. : : effective carrier density rises significantly as the film thick-
system: Changes in the electronic transport behavior due 19 ess decreases. Komn%k and coqworﬁérf'ﬂythe total carrier

‘iggg;“”i‘nct%?:”:ef&?ge‘t';e"i gizsn?l:‘t’ﬁ%l%gﬁ“get%tg”z)v'v“ t&ensity in their films ton=no+n,/d, whered is the film
Vs : 3 ) , thickness andhy and n, are the bulk and surface carrier

carrier concentration gives rise to a Fermi wavelength clos@ensities, respectively. They foungy=2.5x 10" cm™3,
to 40 nm, significantly larger than in metals. Together with aclose to the bulk carrier density in Bi from other
small effective mass and a long mean-free path, this hagxperimentd®® andn,=2.75x 10"2 cm~2. For d near 30
made Bi a material of choice in the search for manifestationgim these extra carriers dominate the transport properties, and
of quantum transport behavidr® One particular conse- any band gap which may open in the density of states away
guence of quantum confinement in Bi concerns the existencieom the surface is impossible to observe through conductiv-
of a semimetal-semiconduct@8MSQ transition. This tran- ity measurements.
sition was postulated by Sandomirdkiand Lutskii and Clearly the surface states are an obstacle to measuring the
Kulik,” and has remained a controversial issue despite man$MSC transition as a function of thickness alone. Here we
experimenta™ "% and theoreticd*! 12 efforts. Most re- describe a different approach, using hydrostatic pressure to
cently, Hoffmanet al1* claim to have identified experimen- drive Bi films near the SMSC transition. In bulk Bi pressure
tally the SMSC transition in epitaxial thin Bi films. is knowrf® to reduce the band overlap. Extrapolation of the

In order to test for the SMSC transition, work to date hasavailable data indicates a vanishing of the carrier density
concentrated on varying the film thickness. In Bi, the transi-and, thus, the possibility of observing a SMSC transition
tion should occur when the energy shift due to confinemenaround 20-25 kbar. Combining externally applied pressure
becomes large enough to raise the lowest electron subbandwth size confinement, we prepare single-crystalline Bi films
an energy higher than that of the uppermost holewith thicknesses just above the predicted zero-pressure criti-
subband:1%-13Since this is expected to occur in the thick- cal values and use pressure to further tune the energy bands.
ness range 20—30 nm, a major obstacle has been fabricatifig the best of our knowledge, this is the first investigation of
thin films of sufficiently high quality. In particular, island the effect of pressure on the electrical transport properties of
growth or grain boundaries could mask the appearance dhin Bi films.
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We find that hydrostatic pressure can compensate for the
thin-film carrier density increase. We extract the pressure de-
pendence of the carrier concentration from fits to magneto-
conductance data. Low-field magnetoconductance measure-
ments are sensitive primarily to the high mobility carriers,
while low mobility carriers give rise to a nonvanishing, re- = =
sidual conductance in the high-field limit. Shubnikov—de > L) T
Haas oscillations supply additional information on the Fermi 2 -
surface and verify the quality of our films. s VY

The paper is organized as follows. In Sec. Il we describe 1
the sample fabrication and pressure cell characteristics. Our
magnetoconductance measurements are presented in Secs.
[lI-V. In the concluding Sec. VI, we discuss our results
within the context of a possible semimetal-semiconductor
transition.
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FIG. 1. Temperature dependence of the electrical resistance,
R(T), for the 500-nm-thick Bi film at pressures of 0 kb@tia-
monds, 1 kbar (triangles, 5 kbar(squarey and 12 kbar(circles.

The inset compares the zero-pressure normalized resistance

Thin single-crystalline Bi films, with trigonal axis perpen- AR/R(250 K), whereAR=R(T)—R(250), for the 500-, 50-, and
dicular to the film plane, were grown by MBE on BaF 30-nm-thick films.
single-crystal substrates cleaved along th&l) plane. The
cleaving produced substrate surfaces that were atomicallpagnet. All pressure changes were made at room tempera-
flat on a microscopic scale, but had approximately parallefure. After each new setting the cell was top loaded into the
steps of severgkm height spaced a few mm apatPriorto  cryostat and cooled again.
growth, the substrates were heated to 500 °C and 450 °C for
several_minutes in the introduction and the growth chamber, IIl. TEMPERATURE DEPENDENCE OF RESISTANCE
respectively, of the MBE system and then cooled to
110 °C. At this temperature, Bi films were grown at a rate of Figure 1 shows the temperature dependence of the elec-
450 nm/h, as calibrated by weight measurements of thérical resistanceR(T), of the 500-nm-thick Bi film at several
samples before and after growth. Reflection high-energyressures. At low applied pressure, the resistance decreases
electron diffraction(RHEED) was used to examine the sur- with decreasing temperature and the sample exhibits metallic
face of the deposited layers. The RHEED patterns exhibitetbehavior with a residual resistance raf{300 K)/R(4.2 K),
two-dimensional(2D) character(lines), with only a small close to 2. The small jump near 25 K in the zero-pressure
additional 3D componenfspotsg, indicating a very smooth data was observed only during the first cooldoviR{(T)
surface. Both RHEED and x-ray diffraction indicate that thetraces for subsequent cooldowns were always reproducible
films are single crystalline. Details of the growth procedureand smooth. The jump iR(T) is most likely the result of
as well as an analysis of the resulting Bi films with scanningdfilm rupture along terrace edges on the substrate, where the
electron microscopy and atomic force microscopy, are defilm had to bridge an abrupt height difference of several
scribed elsewher¥:%2 wm2tIn order to minimize these jumps, samples with large

We describe transport measurements on films with thickterraces were selected and all electrical connections were
nesses of 30, 50, and 500 nm. The 30-nm- and 50-nm-thicknade on the same terrace.
samples were capped situ with a 50-nm-thick amorphous As pressure was applied, the temperature coefficient of
Si overlayer in order to prevent oxidation. These thinnemesistancéTCR), dR/dT, changed from positive to negative.
samples are close to the critical thickness for the SMSC tranAt low temperaturesR(T) flattened off towards a residual
sition. The 500-nm-thick sample provides a comparison withresistance, indicative of a metallic ground state. With in-
the available data on the pressure dependence of transportdreasing pressure, the residual resistance increased rapidly
bulk crystals. and the temperature onset of the plateau decreased.

Pressure was applied hydrostatically by a piston-clamp The form of the resistance trace’(T), is complicated
cell made of BeCu and WE The cylindrical pressure cham- for several reasons. In bulk Bi three identical, anisotropic
ber had an inner diameter gfin and a height of in and  electron pockets and one hole pocket contribute to the over-
contained a squeezable Teflon bucket that enclosed both tladl conductivity. In thin films, an additional factor is the pos-
sample and a ¥ 1x1.5-mn? high-purity Pb manometéf.  sibility of significant parallel conduction through carriers re-
Copper wires were attached to the sample and the manomsiding along the interfaces. Finally, the carrier concentration
eter for resistance measurements, and were fed out of trend the mobility, both of which affect the resistance, have
pressure chamber through a small, epoxy-sealed access hatgposite temperature dependences: as the temperature is
Silicone oil was used as the pressure medium. For all magewered, the carrier concentration decreases while the mobil-
netotransport measurements on the sample, we employéty increases. These opposing influences can produce minima
standard four-terminal or van der Pahwurrent and voltage or maxima inR(T). The P=1 kbar curve of Fig. 1, for
lead configurations and a Linear Research LR-400 ac resi@xample, has a minimum near 180 K. Even in high purity,
tance bridge. The pressure cell was mounted inside a togsulk Bi crystal pressure changes the magnitude and tempera-
loading 3He cryostat equipped with an 8-T superconductingture dependence of both the carrier concentration and the

Il. EXPERIMENTAL PROCEDURE
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FIG. 2. Temperature dependence of the resistance for the 30- L A i
nm-thick Bi film up to 20 kbar. 10F (b) 5 28
A 5 { {
mobility, leading to a sign change in the TCR near 13 Kar. 8F ! 1 " 24
Our data show the TCR sign change at a lower pressure, i /n H
approximately 2 kbar. A likely explanation is that sample m 6 i ‘.. 7! N
imperfections in the film reduce the mobility and decrease its g - ! ! P(kbar)
temperature dependence, which increases the influence of the © 4}! H RN 4
carrier concentration. : .:-‘
|

The inset to Fig. 1 shows the zero-pressure temperature
dependence of the 30-, 50-, and 500-nm films. Both the non-
monotonic character of these curves with film thickness and
the negative TCR of the thinner films agree with previous
measurements on Bi filnfs Like the pressure measure-
ments described above, these results can be attributed to the
competing effects on resistance of carrier concentration and
mobility.* The negative TCR does not imply that a band gap g 3. (@ Normalized magnetoresistancer =[R(B)
has opened up, either in the thin films or under pressure. r(8=0)]/R(B=0), as a function of applied magnetic fieH,
Indeed, the observed flattening off &(T) at the lowest B is parallel to the film plane andi=1.7 K. (b) Derivative of the
temperatures and its weak, nonexponential decrease at high@rmalized magnetoresistanai,/dB, versus 1B, for the data in
temperaturegsee also Fig. Rare incompatible with acti- (a) (the line types correspond to the same hydrostatic predsures
vated transport in the presence of a gap. Shubnikov—de Haas oscillations are clearly visible. The normalized

The R(T) curves give an indication of sample quality. In magnetoresistance for the 1-kl{dashegitrace has been multiplied
earlier work, individual films on the order of 500 nm thick by 0.6 for this plot. The inset shows the decrease of the oscillation
did not have strictly positivelR/d T, but rather a minimum  period,F, with increasing hydrostatic pressufe,
in R(T) near 150 K! The temperature of the minimum was
found to decrease as the film quality improved. This suggest®ne indication of carrier density comes from Shubnikov—de
that our 500-nm film, in which the minimum has been drivenHaas(SdH) oscillations of the magnetoresistané¥,B,T).
to zero temperature, is of significantly higher quality thanSdH oscillations show a characteristic periéd,when plot-
those of Ref. 4. ted against inverse magnetic fieldB1/F is proportional to

In Fig. 2 we showR(T) under pressure for the 30-nm the external cross section through the Ferm surface perpen-
sample. The residual resistance increases with pressure, aglitular to the direction of the applied magnetic field. The
does for the 500-nm film. However, the TCR, which changessize of the Fermi surface in turn is related to the density of

steadily with pressure in the thicker film, is essentially con-carriers in the relevant hole or electron pockets. In the fol-
stant here. Once again, this supports the idea that pressuesving, the subscripts. or | denoteB perpendicular or par-
and small size both reduce the temperature dependence glel to the film plane, respectively.

the mobility. For this extremely thin film, the mobility is  For both field directions, the 500-nm-thick sample shows
nearly temperature independent even at zero pressure, SRiH oscillations superimposed on a large background mag-
pressure has little effect on the TCR. netoresistance. We plot in Fig(&3 the normalized magne-
toresistance =[R(B,T) —R(0,T)]/R(0,T) in parallel field

at T=1.7 K. The data were averaged over both current and
field directions. To show the oscillations more clearly, we
The carrier types, densities, and mobilities as a functiorplot in Fig. 3b) the derivative of the magnetoresistance,
of thickness and pressure can be obtained from an analysis df/dB, against inverse magnetic field. These oscillations are
the magnetic-field dependence of the electrical transporthe cleanest reported to date in any Bi film with submicrome-

IV. SHUBNIKOV —de HAAS OSCILLATIONS
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ter thicknes3%®a further indication of high sample quality. 1.10
The oscillation period=|=2.8 T at low pressure. In bulk Bi,
Fi=1.2 T for electrons in the smaller orbit perpendicular to 1.05
the bisectrix axis, ané|=20 T for holes. We assume that <
our measured value corresponds to electron pockets with ex- ‘751_00
tremal cross sections enhanced compared to bulk Bi. Much G
of this enhancement is likely due to an increase in band “:°_o.95
overlap near the film interfaces; as we explain below, we find =
an increase in the peridd, for perpendicular field as well.
A smaller factor is that the bulk period, measured on well-
aligned single-crystal samples, corresponds to the smallest
possible orbit detected with a field in the sample plane. We
did not align the in-plane crystal axes on assembling the
pressure cell. In-plane misorientation can enldgéy up to o
15%. Out-of-plane misalignment is about 10% or less and FIG. 4. Magnetoconductivity ,, squaresand Hall conduc-
contributes only an additional 2% enlargement. tivity (o, _(:lrcles) for _the_ 30-nm-th|ck.B| film atP=20 kbar and

At first glance strain, induced either by pressure or by theT:1'5 K with magnetic field perpendlcglar to the fllm.plane. The
growth process, is a plausible source of band bending and t,‘t@es through the data correspond to S{multaneous, five-parameter
resulting increase in band overlap. However, measurementss ©f 9xx and ayy t0 Egs.(1). The resuiting parameter values are
of the SdH frequency before applying any pressure shov?lver.] in Table I. The error pars are represen_tatl\_/e of the variation of
similar enhancement over the bulk value, so pressure_he fitting parameters within the error margins in Table I.
induced strain is not causing the enhancement. Furthermore,

comparable thickness films have similar SdH frequencieg,ence of the film surfaces on the band structure is greater
when grown on either Si or Bi,Sh, layers."**Since these ¢4 yhe thinner film. Assuming, as for the 500-nm film, that

materials have different lattice constants, the enhancemeq{g carrier pockets grow proportionately in all directions, we
source is not simply dependent on the growth procedure. estimate a carrier densitn or p~ng(3%?)=14x 10"
For comparison to bulk carrier concentrations, we Usg. -3 0

F, rather tharF. F, increases from 6.4 Tin bulk Bito9 T
in our 500-nm sample, a factor of 1.4. With the assumption
that the carrier ellipsoids change proportionately the same
amount in all directions, the corresponding carrier density is
n~ny (1.49=4.2x10" cm™3. (We useny=2.75x<10" Although the SdH oscillations are difficult to observe in
cm~3 from Ref. 18) However, since the bulk Fermi surface the thinner films, the carrier densities can be extracted in-
cross sections for electrons and holes are almost identical istead from magnetoconductivity data. This method also gives
perpendicular field, identification of the carrier type respon-the carrier mobilities, and distinguishes between the carrier
sible for the oscillations is impossible. densities of holes and electrons. The magnetoconductivity,
We measure the pressure dependencé& ofather than  ¢,,, and the Hall conductivityp,,, were measured with
F, because the SdH oscillations have larger amplitude irmagnetic field perpendicular to the film plane. Figure 4
parallel field. As shown in the inset to Fig(k8, hydrostatic  shows representative magnetoconductance data for the 30-
pressure of 12 kbar decreases the cross section of the Fermm-thick film, taken at 20 kbar and 1.5 K. We note that
surface by about 20% in the 500-nm film. The cross sectionr,, does not approach zero in the high-field limit but rather
in bulk Bi also decreases under pressure, by about 40% fagxtrapolates to a finite valifé.

ted
©0.90

V. MAGNETOCONDUCTIVITY
AND HALL MEASUREMENTS

the same 12 kbd. In addition to the change iff|, the The conductivities were fit to the expressions
amplitude of the SdH oscillations decreases sharply with in-

creasing pressure. The amplitude depends exponentially on _ Neuy Peuy

the Fermi energy, the cyclotron frequency, and the single- UXX_1+M§BZ 1+ u’B? +C

particle relaxation rat#® any of which may change with P )
pressure. From our measurementsFgfwe know that the

productE-m* increases, wherEg is the Fermi energy and ne,uﬁB pe,u;‘;B

m* the effective mass. This can account for the pressure Oxy 1+M%Bz + 1+M,§BZ'

dependence of the amplitude shown in Figh)3except for
the sharp change between 1 and 5 kbar. A small deformatioHeren andp are the electron and hole concentrationg,is
during the early stages of sample compression, which coulthe effective electron mobility,, is the hole mobility, ana
increase the scattering rate, is probably responsible for this a constant. The first two terms in each equation are stan-
initial large decrease in amplitude. dard expressions derived from the conductivity tensor in the
We find that the SdH oscillation amplitude is strongly presence of a magnetic field. The constant third terro,ip
reduced in the thin-film samples, so that a reliable value foreflects the high-field, residual conductivity we observe in
the oscillation period can be obtained only for the 50-nmour data. The solid lines of Fig. 4 are least-squares fits. Equa-
film and in the absence of applied pressure. We findions (1) certainly do not provide the most general descrip-
F,=19.6 T at 50 nm, an enhancement by a factor of 3 ovetion, neglecting, e.g., the anisotropy in the electron mobilities
bulk, as opposed to 1.4 for the 500-nm film. As expected, thdound in bulk Bi. On the other hand, Egél) contain the



53 LOW-TEMPERATURE ELECTRICAL-TRANSPORT PROPERTEE . . 1613

TABLE I. Transport parameters for the 30-nm-thick film at hydrostatic pressures up to 20 kbar, obtained
from fits to Egs.(1). The data were taken at 1.5 K. See the text for an explanation of the error margins.

Pressure p Hp n Mn c
(kbap (104%cm?) (10* cm?/V s) (10*cm?®) (10* cm?/V s) (10°/Q m)
0 19+3 0.33:0.05 5+5 0.4t04 1.46-0.10
2+1 7.5+2.4 0.35£0.05 2.2£t2.0 0.370.15 1.38:0.17
4.5+0.5 3.6:0.6 0.38£0.03 1.6-1.5 0.39£0.10 1.09:0.06
9.0£0.5 2.9+0.4 0.27£0.03 2.2£0.3 0.25£0.04 0.83:0.03
20+2 3.8t1.2 0.24-0.04 2.5:1.2 0.23£0.03 0.83:0.04

least number of fitting parameters necessary to provide face state sheet densipg~6x 102 cm~?2 from the magne-
consistently good fit to all our thin-film data. The parametertoconductivity measurements of the 30-nm film and the SdH
values obtained for the 30-nm film are listed in Table I. Weresults on the thicker films. By comparison, Hoffmanal.

find that when the electronic anisotrdflyand a field- and Komnik and co-workers report surface densities of
dependent surface carrier den$itgre taken into account in 8x 102 cm~—2 and 2.5< 102 cm™2, respectively. Since the
more complex fitting formulas, the resulting values for thesypstrate or capping layers should play an important role in
carrier densities and mobilities do not change significantlythe existence and mobility of surface states, it is surprising
The error margins cited in Table | include the range of valuegat similar carrier densities and a predominance of holes are
obtained f_rom different f|t.t|ng models. For the 9- and 20-kbarggen in all these experiments.

data the fits covered a field range up to 8 T, at lower pres- ;o of the fitting parameters are unaffected by the appli-

sur%?,e rlr:rlggett):iglr(lgr?ctjar::itsetgicoenlgnlsj%rtlzi rllgTihe SAH OScation of pressure. The constancy of the electron and hole
cillations in the 500- and 50-nm films, as well as the residualmObIIItIes suggests that many more defects are present origi-

high-field magnetoconductivityparametrized by the con- hally in theﬁ?zo-nm f"”.‘ than are |ntroducgd during sample
stantc in Eq. (1)], point to a significant parallel conduction compression” As mentioned earlier, a relatively large defect

channel caused by additional, lower mobility carriers. Thisdens't_y for the thin films is con5|stenfc as weI_I with their
situation is known, for example, from GaAs semiconductin negative TCR. The electron concentration also is unchanged
structures where it is attributed to interface stdfe@In our Py hydrostatic pressure up =20 kbar, although a change
films, the substrate/film interface is a likely source. Prior tocomparable to the reduction under pressure seen in SdH
Samp|e growth' during the Outgassing of the substrate, W@easurements on the 500-nm film would fall within the error
detected a small fluorine signal in the mass spectrometer. argins of Table I. Hoffmaet al* found a vanishing of the
some fluorine left the Bafsubstrate surface, a small amount low-temperature, minority electron concentration in thin ep-
of Ba might have remained, which could account for extraitaxial Bi films as the thickness is reduced below 40 nm. By
conduction in parallel with the Bi film. For théd=30 nm and  contrast, our low-temperature 30-nm data indicate a finite
50 nm films, we find very similar values for the prodwat  electron density, and furthermore, we do not observe any
at zero applied pressure, namely, 0.44 and @48, respec- drastic reduction in electron concentration with hydrostatic
tively. In Bi/Bi,_,Sb, heterostructures grown on the same pressure up to 20 kbar.
substrate materiald also stayed approximately constant for ~ The hole concentration, on the other hand, is strongly af-
films of different thicknes$? These observations support the fected by the applied pressure. This is easily seen from the
picture of a parallel conduction channel through surfaceHall conductivity at various pressures, shown in Fig. 5 for
states along the substrate/film interface. magnetic fields up to 1 T. From Egdl), the slope

As seen in Table | at zero pressure the carrier concentrao,,/dB is proportional in the low-field limit to the differ-
tion of holes is much higher than that of electrons. Theencepu,—nu,. Since the electron density and the mobili-
50-nm film also has excess holes, with the electron concerties for both carrier types show little pressure dependence,
tration close to that in bulk Bi and the hole concentrationthe slopes of the data in Fig. 5 directly reflect the drop in
consistent with the enhanced valpe=14x 10" cm~2 de-  hole concentration with pressure. At 20 kbarhas dropped
rived from SdH oscillations. This imbalance could occur if by a factor of 5 to (3.8 1.2)x 10*"/cm?, a value close to the
many electrons are pinned in surface states and do not cobulk concentration at zero pressure. This demonstrates that
tribute to the conductivity. The observatips>n agrees with  hydrostatic pressure acts as an effective means to remove the
the recent work of Hoffmaret al!* on epitaxial Bi films surface-induced excess hole concentration.
grown on CdTe. By contrast, the earlier papers by Komnik The precise mechanism for the carrier decrease is un-
and co-worker® describing Bi grown on mica claim=p. known. It is likely that pressure affects the band bending at
However, Komnik and co-workers generally used films a fewfilm interfaces. An alternative explanation is that pressure
hundreds of nm thick and do mention an excess of holes anhtroduces new imperfections which trap carries in local
low temperatures in their thinnest films. Our hole- wells. We note, however, that such imperfections, if indeed
concentration values are comparable to those of earlier obntroduced, would appear to affect the surface-induced carri-
servations. Following Komnik and co-workers, we takeers without much altering the rest of the film properties. This
p=po+pP,/d, with po=2.75<10'" cm~3, and find a sur- is supported by our ability to observe SdH oscillations even
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aspects attest to the high film quality achievable with the
growth process used.

1 Our results verify earlier repofts'** of a term propor-
tional to 14 in the carrier concentration of Bi thin films,
presumably resulting from a surface contribution. From mag-
- netoconductivity measurements we obtain direct evidence
that this extra contribution to the carrier concentration is al-
most exclusively due to holes. This clearly violates the as-
sumptionn=p that has often been retained for the descrip-
tion of the zero-pressure, thin-film limit, as previously
1 pointed out by Hoffmaret al1*

00 02 04 06 08 10 Excess carriers in thin films have for years prevented di-
B(T) rect identification of a thickness-dependent SMSC transition
by masking the change in transport properties expected when
a band gap appears. Elimination of the minority electrons

bottom) zero applied pressure, 2, 4.5, 9, and 20 kbar. On the scal\éVOUId be a sign of a band gap, but the dominance of surface-

of this figure the 20-kbar data are barely distinguishable from thénduced holes |n_B| thln_fllms at ZET0 pressure does not allow
9-kbar data and are plotted as open circles. accurate extraction of information about the electrons. We

circumvent this difficulty by using hydrostatic pressure,
which sharply reduces the excess hole concentration. In par-

under pressure for our thickest film, and the lack of changdicular, for a 30-nm film we find that the hole density ap-
in carrier mobility under pressure for the 30-nm film. proaches bulk values at a pressure as low as 9 kbar.

The decrease in hole concentration under pressure allows The application of pressure, therefore, makes it possible
us to comment on the results of Hoffmanall* Their main  to investigate the SMSC transition directly through magne-
argument for a SMSC transition is the temperature deperiotransport measurements. Our results provide evidence that
dence of the intrinsic carrier concentrationp)¥? They at 30 nm film thickness and up to 20 kbar the low-
mention as supporting evidence a suppressiom ¢b less temperature electron density remains finite, indicating that
than (1-2x 107 cm~2 at temperatures below 100 K and the sample has not undergone any SMSC transition. Mea-
thicknesses less than 40 nm. However, when one carrier typurements on thicker films and bulk samples show that
is far more common than another, magnetoconductivity fitslecreases with pressure. Assuming a similar pressure depen-
are insensitive to the exact value of the minority carrier condence in the thin film places an upper limit on the critical
centration. This applies to our zero-pressure data, wherfim thickness at which the SMSC transition occurs in Bi.
p>n, as well as to the thin films of the work of Hoffman The most recent estimate, by Hoffmat al,** puts this
et al. As we add pressure and reduegour sensitivity ton  thickness at 28—30 nm. In view of our data, the SMSC tran-
increases dramatically. At our higher pressures we unamiiion, if it indeed exists, would have to occur significantly
biguously findn~2x 10 cm~3. below 30 nm.

We believe the low-temperature electron densits fi- Our results indicate several directions for further experi-

nite .at ZETo pressure as well. No carrier concgntrqﬂon haﬁ1ents. Transport studies under pressure may identify a band
previously been seen to increase with pressure in either buléap induced by quantum size effects if thinner, high-quality
or thin-film Bi. In addition to the sharp reduction pfin our '

. . . ; . . films can be fabricated. In addition, since size effects are
30-nm film, we find a slight reduction af with pressure in

500 flm. M ¢ bulk Bi sh q thought to reduce the band overlap, a semimetallic thin film
our -nm Tim. Measurements on bulk BI show a ecreas?nay eventually become semiconducting under pressure. This

n band_ og/errln?p Léndtzeglzg_rrehssure \.N'th a cqrresp;mdmg dehas been predicted but never directly observed in bulk Bi.
crease In botm andp. us an increase in With pres-  \ye s believe that pressure studies on MBE-grown, thin

sure in the 30-nm film would be exactly opposite to the,;c th films ; o :
) . . . . ) provide a promising approach towards the in-
behavior observed in bulk Bi and in our thicker film. We alsovestigation of quantum size effects.

note that there is no significant changeninvith pressure at
our higher pressures. By contrast to Ref. 14, our data thus
suggest that the 30-nm Bi film has no band gap at zero pres-
sure.

FIG. 5. Low-field Hall conductivity,o,, for the 30-nm-thick
film. The traces were taken a@t=1.5 K and correspond t@op to
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