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Electrical properties of highly disordered bismuth-based composites

F. Brochin, B. Lenoir, C. Bellouard, and H. Scherrer
Laboratoire de Physique des Mai@ux, UMR No. 7556, Ecole des Mines, 54042 Nancy Cedex, France
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A pronounced classical size effect in the transport properties was observed in bulk bismuth-silica nanocom-
posites as a result of the limitation of the carrier mean free path by the grain size. From field- and temperature-
dependent magnetotransport measurements, carrier mobility and density were explored in these highly disor-
dered systems. The results clearly show modifications in the band parameters from those of bulk single-
crystalline Bi.
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Semimetallic bismuth, with a rhombohedral structure, ex- The study was performed on one polycrystalline Bi
hibits many unique electrical transport properties. These desample and two Bi-Si©nanocomposite samples containing
rive from its highly anisotropic Fermi surface, low carrier 4 and 15 vol % of silica, respectively. The samples were
density(five orders of magnitude lower than in ordinary met- prepared by consolidating powders produced by the arc-
als), and very small electron effective mass along certairPlasma technique. The preparation method and the micro-
axes. Because of its large Fermi wavelength and long carriggtructure of the powder are described in detail elsewhéte.
mean free patki, andu,, the electron and hole mobilities, While the grain size for polycrystalline Bi is typically Am,
can both exceed f@m?V~1s7! at low temperaturés, bis-  the presence of silica inclusions in the nanocomposites inhib-
muth has been extensively investigated for quantum trandtS the grain growth during sintering. The result is a grain
port and both quantum and classical finite-size effects irfiz€ not exceeding 200 nm.  X-ray diffraction indicated no
low-dimensional systenfs?® preferential orientation of the grains. Magnetotransport mea-

The combination of these unusual electrical propertiegurements were carried out in ac at 40 Hz. A conventional
with low thermal conductivity resulting from a heavy mass four-probe technique was used for resistivity measurements,
to scatter phonons enables bismuth to exhibit one of th&/hereas a five-probe method was used for the Hall effect.
highest thermoelectric figures of merit of any pure compo-The samplegtypically 10x2x2 mn?) were connected to
nent. Theoretical works suggest that these thermoelectrigU Wires using low-temperature solder. The measurements
properties could be improved by a random dispersion of parvere done in a variable-temperature cryostat mounted in a
ticles of a few nanometerd superconducting coil which provided magnetic fields up to

The production of nanocomposite ultrafine powders by=7 T at temperatures spanning the range 4.2-300 K.
simultaneous evaporation, nucleation, and growth is an at- Figure 1 shows temperature-dependent electrical resistiv-
tractive way to incorporate nanoinclusions into a materialities for all three samples. Values averaged over the crystal
Quite recently, we have developed an arc-plasma processir@es for a Bi single crystél are also given for comparison
method for producing fine-grained polycrystalline bulk Bi

containing SiQ nanoinclus_ions of variable concentratiotf.  BiSINGLE CRYSTAL
It may ultimately be possible to reduce the thermal conduc- o POLYCRYSTALLINE Bi
tivity of such nanocomposite systems by a much greater de- 10* E a Bi-4 VOL.% SI0,
gree than the electrical conductivityeading to enhanced  F e Bi15VOL%SIO,
thermoelectric figures of merit. Although the electronic prop- g [
erties of the highly disordered semimetallic Bi can be : . @88&8
masked by prominent mixed conduction, the electron and z2 E LI ¢ 2 2 2
hole transport may nonetheless be conveniently explored us- 2 |
ing the quantitative mobility spectrum analysi@MSA) of % (OOoOG 0 o o o ©
magnetic-field-dependent Hall and resistivity data, whose ef- 3 1L o
fectiveness has already been highlighted in the case of Bi E £
thin films 12 z F

In this Brief Report, we present a magnetotransport inves- i
tigation of bismuth-based nanocomposites. It will be seen o1 LA bl bonn b b b
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from the extracted electron and hole densities and mobilities
that an extrinsic behavior is clearly evidenced in these highly
disordered materials at low temperatures. Employing the de- FIG. 1. Temperature-dependent electrical resistivities of the
duced band parameters, the thermoelectric power is calcyolycrystalline Bi and Bi-Si@ samples. The solid curve represents

lated and compared to experimental restfits. the averaged value for a Bi single crys(Ref. 13.
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FIG. 2. Temperature dependence of the resistivity for the poly- 10 100

crystalline Bi at three magnetic fields. TEMPERATURE (K)
(solid curve. The electrical resistivities for the Bi polycrys-  FIG. 3. ExperimentalQMSA procedurgresults for the electron
talline samples are quite consta@t2 uQm), and higher and hole densities as a function of temperature for the polycrystal-
than the average value for the single crystal at all temperdine Bi and Bi—4 vol % SiQ and Bi-15 vol % SiQ nanocompos-
tures. The resistivities of the nanocomposites increase witfies. The line represents the carrier density for a Bi single crystal
decreasing temperature until 30 K, below which they arddata extrapolated between 15 and 80fiom Refs. 1 and 18.

nearly constant. Note that a negative temperature coefficient

of resistivity (TCR) is usually observed for Bi thin films and densities and mobilities from the experimental variations of
Bi nanowires>® while the TCR is positive for bulk single- the resistivities and Hall coefficients with magnetic field. Re-
crystal Bil® For both polycrystalline and single-crystal Bi, sulting electron and hole concentrations as a function of tem-
the temperature dependence of the resistivity represents perature are given in Fig. 3 for the polycrystalline Bi and two
competition between the strong increase in the intrinsic carnanocomposite samples. For comparison, the curve also
rier density withT and the strong decrease in the carriershows the typical dependence from the literature for undoped
mobility. The mobility dominates in the single crystal, result- single-crystal bulk Bi with overlapping conduction and va-
ing in a positive TCR. In the polycrystal at low temperature,lence bands and=p."*® Note, however, that extrinsic be-
however, the mean free path, which can reach the millimetehavior (n>p) is observed in the present polycrystalline
scale in perfect materiaf, becomes limited by the grain samples at low temperatures. The samples have a-tygte
boundaries. Hence, either a positive or a negative TCR isarrier concentration of about (2—8)L.0*" cm™3, although a
possible, depending on the grain size. Since there is morgmaller hole concentration is also present atTalin the
grain-boundary scattering in the materials with the smallessample with 15% Si@nanoinclusions. With increasing tem-
grain size(200 nm in the nanocomposjteahe effect is more perature, then/p ratio decreases and approaches unity to
pronounced. The influence of the silica volume fraction onwithin experimental uncertainty at 300 K. The 300 K densi-
the resistivity is to shift the curve to higher values, as pretiesn~p~2x10cm 2 in the polycrystalline materials are
dicted by theory’ close to the bulk Bi results of Michenaud and 1¥5i.

The application of a magnetic field increases the sample Previous studies of Bi thin films have found battype?
resistivity, as illustrated in Fig. 2 for the case of the poly- and p-type'? net carrier concentrations to be present at low
crystalline Bi. Note also that the temperature dependence démperatures. This extrinsic behavior has been attributed to
the resistivity acquires a distinct maximum at higher fields,the presence of defect states at the free surface of the thin
which is related to the large positive magnetoresistance infilms or at the interface with the substrate. In the case of our
duced by mixed conduction and anisotropy. The temperaturpolycrystalline bulk materials, the extrinsic carriers could re-
of the magnetoresistance peak is determined by a trade-off sult either from surface states induced by the grain bound-
the maximum mobility-field productyB) at lower tempera- aries (point or line defects, dangling bonds, etor from
tures with greater mixed conduction at higher temperaturesxtrinsic defectge.g., segregation, impuritiedt is perhaps
(see below. For the case of polycrystalline Bi with an ap- surprising that the measured net doping levels were actually
plied magnetic field of 7 T, the magnetoresistance is abouslightly lower in the two nanocomposite samples, which
250% at room temperature and increases to about 1600% have smaller grains. In fadboth nandp are suppressed in
80 K. Reducing the grain size from 1 to Ouan decreases the low-temperature limitin one case no holes are detect-
the magnetoresistance as a result of a shorter carrier meable. The effect appears to exceed the experimental uncer-
free path(lower mobility). tainty, although at this point one cannot strictly rule out its

To further our understanding of the electronic propertiesbeing a measurement artifact. If genuine, the finding implies
of these highly disordered materials, we have used tha slightly smaller overlap of the electron and hole energy
QMSA techniqué®*® which accounts for the anisotropy of bands in the nanocomposite samples. Although the grains are
the carrier mobilities/ to determine the electron and hole too large(0.2 um) for quantum size effects to significantly
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FIG. 4. ExperimentalQMSA procedurgelectron and hole mo- FIG. 5. Comparison between the experimer(Ref. 10 and

bilities as a function of temperature for the polycrystalline Bi, and calculated values of the TEP for polycrystalline Bi and Bi—4 vol %
the Bi—4 vol % SiQ and Bi—15 vol % Si@ nanocomposites. Also  SiO, and Bi—15 vol % SiQ nanocomposites.
shown are reported mobilities for Bi single crystéRefs. 1 and

18). bined contribution of intravalley and electron-hole interband
) ) acoustic phonon scatteritffyvas derived from the tempera-
reduce the overlap, strain may be playing a role. ture variation of the mobilities. Whereas the QMSA hole

Figure 4 illustrates experimental mobilities for electrons ,qpilities were used at low temperatures, at highevhere
(un) and holes ) in the three samples. For comparison, he magnetotransport data were insensitive the hole mo-
the graph also mcludlegs data from the literaturedqrandu,  pility was assumed to be a factor of 2.7 lower than the elec-
in Bi single crystals:*® The mobilities for poth carriers are ron mobility in agreement with literature valufsThe re-
suppressed at low temperature due to grain-boundary scattefyiing theoretical TEP’s are compared to the measurements
ing, as expected, whereas at high temperatures the electrgi rig 5. Although theory overestimates the experimental
mobility approaches the single-crystal value. The apparenfyjyes somewhat, the qualitative agreement is quite reason-
observation of hight hole mobilities somewhat below the apje The remaining discrepancy could be ascribed to analy-
single-crystal values may be artificial, since there is reduced;s yncertainties and the difficulty of separating the intraval-
sensitivity to the lower-mobility carrier properties in that re- ley and interband acoustic phonon mechanisms with
gime whereu,B<1. However, the finding of a higher mo- gitferent energy dependences of the momentum relaxation
bility ratio w,/u, even at lowT is probably a real conse- {ime.
quence of the dominance by boundary scatte(fagher than In summary, we have clearly observed finite-size effects
phonon scatteringn the present disordered material System.qn the transport properties of polycrystalline Bi with differ-
_ The thermoelectric powdfTEP) was calculated, account- ent grain sizes. Field- and temperature-dependent magne-
ing for the full anisotropic and nonparabolic band structureygransport have been analyzed by mixed-conduction tech-
The band overlap was adjusted downward by 15-20 meVatracted. It was shown that grain-boundary scattering af-
from its bulk value of 38 meV in order to fit the QMSA fects the band parameters and causes characteristic devia-
carrier densities. Boundary roughness scattering was agpns from the bulk single-crystal behavior.
sumed to limit the low-temperature mobilielectron and
hole scattering times of 0.12 and 1.2 ps were calculated for We thank LakeShore Cryotronics, Inc. for use of the
the polycrystalline Bj, and at higher temperatures the com- quantitative mobility spectrum analysis algorithm.
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