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Conductivities and Seebeck coefficients of boron carbides: Softening bipolaron hopping
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The electrical conductivities and Seebeck coefficients of boron carbides B121xC32x with 0.06&x&1.7 have
been measured from 8 K to ashigh as 1750 K. At high temperature, the temperature dependence of the
conductivities is Arrhenius and the activation energy,'0.16 eV, is independent of the carbon concentration.
The preexponential factors of the conductivity exhibit a nonmonotonic dependence onx, peaking nearx51.
These results are consistent with a previously proposed model based on holes forming singlet bipolarons on the
boron carbide B11C icosahedra. At low temperature, the boron carbide conductivities are non-Arrhenius with a
temperature dependence that is a strong function of the compositionx. This strong sensitivity to composition
indicates that percolation effects, arising from boron carbides having carbon atoms in inequivalent locations,
influence the conductivity at low temperature. Withx holes per unit cell, boron carbides have very large
Seebeck coefficients that depend only weakly onx. The magnitudes and temperature dependences of the
Seebeck coefficients are consistent with large contributions from carrier-induced softening of local vibrations.
Softening effects can be exceptionally large when singlet bipolarons are stabilized among degenerate electronic
energy levels by their softening of symmetry-breaking vibrations: ‘‘softening bipolarons.’’ The boron carbide
transport properties are generally consistent with those expected of softening bipolarons. Finally, two high-
temperature effects are observed in the boron carbide conductivities. The conductivities of samples having high
carrier densities,x'1, are suppressed above 700 K. This suppression can arise when the rapid hopping of
nearby carriers disrupts the energy coincidence required for a carrier’s hop. At even higher temperatures, a
sharp increase in the boron carbide conductivities (s}T4) suggests a radiation-induced excitation of mobile
charge carriers.

DOI: 10.1103/PhysRevB.64.054302 PACS number~s!: 71.38.2K, 72.20.Pa, 72.80.Ng
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I. INTRODUCTION

Icosahedral borides are distinctively bonded solids w
structures based on 12-atom icosahedral clusters.1 Boron car-
bides B121xC32x are icosahedral borides that exist as a sin
phase when 0.06&x&1.7. As shown in Fig. 1, the boro
carbide icosahedra are centered at the vertices of rhomb
dral unit cells, and three-atom intericosahedral chains
along the extended body diagonals of the cells. A sim
chemical picture suggests that boron carbides would be
sulating atx50.1 In particular, each@CBC# chain donates its
nonbonding electron,→@CBC#1, to complete the filling of
the internal bonding orbitals of a (B11C) icosahedron,
→~B11C!2. Consistent with this chemical picture, calcul
tions of the boron carbide electronic structure find a fill
valence band at this idealized composition.2

In realizable boron carbides,x*0.06, the replacement o
C atoms with B atoms removes bonding electrons to prod
a significant density,'1021/cm3, of holelike charge carriers
Measurements of low, thermally activated electrical cond
tivities and Hall mobilities in boron carbides indicate loca
ized carriers that move by polaronic hopping.3

However, the large paramagnetic susceptibility expec
of a high density of nearly localized spins is not found. Ma
netic susceptibility and electron spin resonance meas
ments of powder, ceramic, and single-crystal boron carb
always detect about 1019spins/cm3, two orders of magnitude
less than the carrier densities.4,5 In addition, recent low-
temperature measurements of the boron carbide See
coefficients6 do not manifest the magnetic-field dependen
0163-1829/2001/64~5!/054302~8!/$20.00 64 0543
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associated with orienting localized spins.
Taken together, these experiments indicate that cha

carriers in boron carbides pair and move by polaronic h
ping. That is, carriers form singlet bipolarons.

The pairing of holes on B11C icosahedra may be viewe
as a disproportionation: 2~B11C!0→~B11C!21~B11C!1. Af-
ter contributing 12 electrons toward forming two-cent
bonds with each of its 12 neighbors, the~B11C!2 icosahedron
has 26(533111411212) second-shell electrons avai
able for its internal bonding. These 26 electrons fill an ico
hedron’s 13 internal bonding orbitals.1 By contrast, a
~B11C!1 icosahedron lacks two electrons from its filled-sh
~B11C!2 state. A~B11C!1 icosahedron thus represents a bip
laronic hole.

Free-energy considerations7 and structural and vibrationa
measurements8 all suggest that boron atoms primarily re
place carbon atoms within chains, CBC→CBB→BBB, asx
increases, 0→1.0→1.7. Since CBB chains are isoelectron
to @CBC#1 chains, they do not donate electrons to icosa
dra. Thus, substituting CBB for@CBC#1 chains leaves the
highest-energy bonding orbitals of some icosahedra unfil
As a result, the concentration of bipolarons,n(B11C)1 , in-

creases asx increases from 0 toward 1. Atx51, with all
chains ideally being CBB, the fraction of B11C sites occupied
by a bipolaron,c5n(B11C)1 /nB11C

, equals1
2. Because each

chain-end B atom of BB1B chains is bonded to atoms of th
three adjacent icosahedra, the chain’s central atoms
viewed as interstitial B1 ions. Electrons are donated to icos
hedra from these B1 ions. As a consequence, the density
©2001 The American Physical Society02-1
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~B11C!1 icosahedra decreases asx increases beyond unity
All told, the progressive replacement of carbon atoms
boron atoms, CBC→CBB→BBB, causes the density of bi
polarons,n(B11C)1 , to peak atx51.

The boron carbide singlet bipolarons are attributed
holes in the uppermost internal bonding states of icosahe
The highest-lying internal bonding states of an ideal ico
hedron are a set of fourfold degenerate levels.9 Emin10

showed that carriers that occupy degenerate orbitals ca
induced to pair as singlets by their softening of loc
symmetry-breaking deformations. Here the primary con
bution to the stabilization of the self-trapped pair comes fr
their reduction of the vibrational free energy, rather th
from their inducing large atomic displacements. Pairs sta
lized by their reductions of local vibrational frequencies a
termed ‘‘softening bipolarons.’’ Softening bipolarons may
identified10 by ~1! their modest hopping activation energie
~2! the absence of the usual polaronic absorption, and, m
dramatically,~3! by distinctive contributions to the Seebec
coefficient that are independent of the carrier density.

Boron carbides offer an excellent model system to stu
bipolaronic-hopping conduction and to search for dist
guishing features of softening bipolaron transport. In parti
lar, the boron carbide carrier densities, controlled simply
varying the B to C ratio, are sufficiently large,'1021/cm3,
that they overwhelm intrinsic defect levels. Furthermore, c
riers hop between well-defined sites, B11C icosahedra, ar-
ranged on a slightly distorted cubic lattice. Finally, the e
ceptional stability of boron carbides permits transp
measurements over an unusually wide range of temperat
from below 10 K to above 1700 K.

Unfortunately, a detailed picture of electrical conducti
in boron carbides has been obscured by significant incon
tencies in prior transport measurements, often made on c
mercial samples.3,11–22 Sources of irreproducibility in thes
measurements include the presence of free-carbon inclus
within some samples and uncertainties of or inhomogene

FIG. 1. Twelve-atom icosahedra are centered at the vertice
the boron carbide rhombohedral unit cell. Three-atom intericosa
dral chains lie along the long cell diagonal.
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in the sample carbon concentrations. In this paper, we re
measurements of the conductivity and Seebeck coeffici
of homogeneous, well-characterized boron carbide sam
having compositions spanning the single-phase region. Th
measurements are consistent with a model of small bipola
hopping among B11C icosahedra. In particular, we find thes
transport properties to agree with those expected
softening-stabilized singlet pairs, softening bipolarons. In
dition, our very-high-temperature conductivity measu
ments reveal two features for which we offer explanation

II. EXPERIMENTAL DETAILS

Boron carbide samples were prepared from mixtures
graphite powder~Ultra-Carbon Corporation, 99.9999% pu
rity! with either crystalline boron powder~Eagle-Picher In-
dustries, whose major impurities are several hundred ppm
and Si! or amorphous boron powder~Callery Chemical
Company, whose major impurities are about 0.1% C and!.
Amorphous boron was heated to;2200 K under high
vacuum prior to its use in order to remove volatile oxyg
and carbon impurities, as described previously.23 Electrical
properties did not depend on the source of boron.

Samples were prepared by hot pressing these mixture
15–30 min at 2423 K in graphite dies lined with high-puri
BN. Details of the hot-pressing procedure are giv
elsewhere.20 The densities of all samples produced by th
procedure exceeded 95% of the theoretical values de
mined by x-ray diffraction. Analysis of x-ray diffraction, op
tical and scanning electron microscopy, Raman spectrosc
electron probe microanalysis, and analytical chemistry d
confirmed that samples were single phase with homogene
compositions near their as-mixed value. Sample comp
tions x in B121xC32x are hereafter reported as this bat
value. The absence of carbon’s characteristic Raman p
near 1375 and 1580 cm21 in any sample confirms the ab
sence of major inclusions of either crystalline or amorpho
carbon.

Conductivities were measured by standard four-po
techniques from below 10 to 1750 K, using several appa
tus. The conductivities of small samples cut from hot-pres
cylinders were the same as those measured on the w
cylinders. Seebeck coefficients were measured between
and 900 K, also using several different apparatus. Each S
beck coefficient was calculated from the slope of over 1
individual emf vsDT measurements and corrected for t
reference leads of Cu or Pt. High-temperature measurem
were made under slowly flowing gettered Ar to inhib
sample oxidation.

III. RESULTS AND DISCUSSION

A. Low-temperature conductivity: Disorder and percolation

The dc conductivities of boron carbides whose compo
tions span the single-phase region 0.06&x&1.7 are plotted
in Fig. 2 as functions of the inverse temperature from 8
300 K. Two features of the boron carbide low-temperatu
conductivities are noteworthy. First, these conductivities
have non-Arrhenius temperature dependences that are

of
e-
2-2
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CONDUCTIVITIES AND SEEBECK COEFFICIENTS OF . . . PHYSICAL REVIEW B 64 054302
sensitive to the sample carbon concentrations. Second
highest conductivities and weakest temperature depende
occur in samples withx near 1.

Non-Arrhenius conduction is a general consequence
the progressive freezing out of multiphonon contributions
phonon-assisted jump rates with decreasing temperatu24

The temperature dependence of low-temperature hop
conduction can also be affected by the freezing out of high
energy conduction paths among energetically disorde
sites.24,25 Evidence of such percolative conduction amo
disordered sites is found in the strong sensitivity of the te
perature dependence of the boron carbide low-tempera
conductivities to composition. In particular, the distributio
of the boron carbide carbon atoms among inequivalent lo
tions gives rise to composition-dependent disorder.

Boron carbides with compositions nearx51 have both
the highest conductivities and the weakest temperature
pendences in Fig. 2. Near this composition, bipolaronic ho
move among B11C icosahedra having nearly uniform su
roundings of neutral, CBB, chains. Non-Arrhenius condu
tion under these comparatively uniform circumstances is
tributed primarily to the freezing out of multiphono
processes.

Bipolaronic holes,~B11C!1, will be repelled from icosa-
hedral sites near positively charged intericosahedral cha
As x decreases from 1 toward 0.06, neutral, CBB, chains
progressively replaced by positively charged,@CBC#1,
chains. Similarly, CBB chains are replaced by positive
charged,@BB1B#, chains asx increases from 1 toward 1.7

FIG. 2. Conductivities of boron carbides below 300 K are pl
ted against reciprocal temperature for carbon concentrations s
ning the single-phase region. Conductivities are closely cluste
within the composition range 0.54,x,1.32. Open symbols denot
samples with 0.06<x<1.0; solid symbols denote samples wi
1.0<x<1.7.
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Energetically favorable icosahedral sites near to neutral C
chains thus become increasingly disconnected and sma
number as the carbon concentration moves fromx51 to-
ward either of its extremes,x'0.06 andx'1.7. Concomi-
tantly, the boron carbide conductivities garner an additio
temperature dependence arising from percolation among
ergetically inequivalent icosahedral sites. This percolative
fect is washed out when the thermal energykBT exceeds the
characteristic disorder energy. The data of Fig. 2 show
dispersion in the temperature dependence of the boron
bide conductivities being washed out above about 150
The characteristic disorder energy is thus small:'0.01 eV.

B. High-temperature conductivity: Adiabatic bipolaron
hopping

The temperature dependence of the boron carbide con
tivities goes smoothly from non-Arrhenius at low temper
tures, Fig. 2, to Arrhenius as the temperature rises ab
about 400 K. Figure 3 shows the conductivities of six rep
sentative boron carbide samples versus 1000/T between 400
and 1750 K. Data from measurements on many~'15! addi-
tional samples are similar, but are not plotted in Fig. 3 in
interest of clarity. Figure 3 indicates nearly Arrhenius te
perature dependences from 400 K to between 700 and 1
K, depending on the sample composition. At still higher te
peratures, the temperature dependences of the conductiv
change dramatically. This very-high-temperature regime
discussed in Sec. III C.

The temperature dependence of~bi!polaron hopping be-
comes Arrhenius when the temperature rises above tha

-
n-
d FIG. 3. Conductivities of representative boron carbides are p
ted against reciprocal temperature between 400 and 1750 K
0.06<x<1.7 ~open symbols! and forx51.65 ~solid symbol!.
2-3
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T. L. ASELAGE, D. EMIN, AND S. S. McCREADY PHYSICAL REVIEW B64 054302
the highest-energy phonons with which carriers intera
Then the atomic vibrations involved in phonon-assisted h
ping may be treated classically.26,27 In this semiclassica
limit, the conductivity due to bipolaron hopping is express
as

sT5
Nc~12c!q2a2n

kB
expS 2EA

kBT D P~T!, ~1!

whereN5nB11C
is the concentration of icosahedral sites b

tween which hops occur,c5n~B11C!1 /nB11C
is the fraction of

these sites occupied by a bipolaron,q52ueu is the electronic
charge of a bipolaronic hole,a is the length of an averag
hop, andv is the frequency characterizing the vibrations
which carriers are coupled. With percolation effects neg
gible, the activation energyEA is the minimum energy re
quired to bring the electronic energies of a carrier at
initial and final sites of a hop into coincidence with on
another. The last factor in Eq.~1!, P(T), represents the prob
ability that a carrier will jump from its initial to final site
when such a momentary coincidence of electronic ene
levels occurs. Typically, electronic motion is sufficient
rapid so that carriers readily follow atomic motions. Th
P(T)'1 and the hopping is termed adiabatic.

In the Arrhenius regime, the activation energies of t
boron carbide conductivities, about 0.16 eV, are nearly in
pendent of carbon concentration. This insensitivity to co
position is consistent with carriers hopping among sim
sites, B11C icosahedra, over the entire single-phase reg
Activation energies of 0.16 eV, while typical of smal
polaron hopping, are much smaller than expected for mov
conventional small bipolarons, in which pairing is attribut
to an especially strong electron-lattice interaction. Howev
a small activation energy for joint hopping of singlet pairs
a distinguishing characteristic of softening bipolarons.10

Figure 3 shows that the boron carbide conductivities p
near x51, in agreement with the model described in t
Introduction. The magnitudes of the preexponential fact
are also consistent with this model. For example, Eq.~1!
gives a prefactor of 23105 K V21 cm21 whenc50.03, and
assuminga2v'0.1 cm2/sec andP(T)'1. The experimenta
prefactor of the corresponding sample,x50.06 (x52c), is
1.83105 K V21 cm21. Furthermore, the tenfold increase
the prefactor expected upon increasingc from 0.03 to 0.5,
assuming all other factors are constant, is evident in Fig.
the sample compositionx increases from 0.06 to 1.

C. Very-high-temperature conductivity: Hopping suppression
and photo excitation

At sufficiently high temperatures, the temperature dep
dences of the boron carbide hopping conductivities dimin
Fig. 3. This saturation is observed reproducibly at the low
temperature, about 700 K, in samples having the highest
rier densities,x close to 1. By contrast, samples withu1
2xu*0.6 have nearly Arrhenius conductivities to 1000 K
higher.

The Appendix describes a correlation mechanism thro
which the rapid hopping of some carriers interferes with
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jumps of others. As a result of this interference, hopp
conductivities tend to saturate when both the tempera
and carrier density are high. Equation~A8! expresses the
condition that the carrier density and temperature are su
ciently high to induce a saturation of the hopping conduct
ity. Equation~A8! is satisfied by boron carbides of the hig
est carrier densitiesc'0.5 only when the temperature i
sufficiently high,T*700 K. In further agreement with ou
observations, progressively higher temperatures are requ
to satisfy Eq.~A8! as c is reduced from 0.5. Thus this co
lective interference effect provides a plausible explanation
the high-temperature saturation of the boron carb
conductivities.28

At even higher temperatures, above 1400 K, the cond
tivities of all boron carbides increase sharply. Fitting th
sharp rise as an activated process yields an activation en
of about 0.6 eV. However, optical measurements of bo
carbides do not detect any absorption indicative of interb
transitions below 2 eV.20 Thus the 0.6 eV activation energ
cannot be attributed to thermal generation of the hig
mobility carriers that would be required to significantly e
hance the conductivity. Figure 4 demonstrates that betw
1400 and 1750 K the conductivities obey a power laws
}T4. This parallel between the conductivity and intensity
blackbody radiation suggests that high-mobility charge c
riers are generated by photoexcitation at these very high t
peratures. Such photoinduced conductivity would beco
apparent when enough high-mobility carriers are genera
to predominate over the hopping conduction.

FIG. 4. The logarithm of conductivities of several representat
boron carbides are plotted against the logarithm of the tempera
for T .1400 K. The very-high-temperature conductivities of bor
carbides approximate a power law dependence ofs5AT 4.
2-4
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D. Seebeck coefficient: Softening-bipolaron enhancements

The Seebeck coefficients of representative boron carb
with 0.06&x&1.5 measured between 10 and 900 K are p
ted in Fig. 5. Measurements of many additional samples
tween 300 and 900 K agree with those shown in Fig. 5.

Above about 600 K, the Seebeck coefficients of our bo
carbides become nearly independent of temperature.
composition dependence of these high-temperature~773 K!
Seebeck coefficients is depicted in Fig. 6. Distinctively, t
Seebeck coefficients have a minimum nearx51.

To explain this minimum, we first recall that the Seebe
coefficient is the entropy transported with a charge car
divided by the carrier’s charge,q.30 At sufficiently high tem-
peratures the ratio of the carrier density to the density
potential hopping sites,c, becomes temperature independe
Then the contribution to the Seebeck coefficient associa
with the carrier-induced change of the entropy of mixi
becomes31

amix5
kB

q
lnS 12c

c D . ~2!

FIG. 5. The Seebeck coefficients of boron carbides with rep
sentative carbon concentrations are plotted against temperatur
tween 10 and 900 K. All data for an individual sample are rep
sented by a single symbol in the upper and lower panels. In
middle panel, different symbols represent data obtained with dif
ent apparatus. The middle panel also illustrates a fit~solid line! of
the data to contributions from carrier-induced softening~Ref. 21!.
In this fit, bipolarons interact with phonon bands of energy 0.01
~short dashed line! and 0.06 eV~dot-dashed line!. Two contribu-
tions to the net Seebeck coefficient, described by Eqs.~3! and ~4!,
result from the bipolaron interactions with each phonon band.
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To determine howamix varies withx requires knowing howc
depends onx. We adopt the idealized model presented in t
Introduction: c5x/2 for 0.06,x,1 and c5(22x)/2 for
1,x,1.7. As noted in Sec. III B, these relations betweenc
andx are consistent with the magnitudes of our conductiv
preexponential factors. A plot ofamix againstx is presented
in Fig. 6, where it can be compared with the hig
temperature Seebeck coefficients that have been meas
for our boron carbides. It is evident that our calculation
amix approximates only thecomposition dependenceof the
Seebeck coefficients of our boron carbides~within the uncer-
tainties in the measured values of the Seebeck coefficient
x!. In particular, the smallest Seebeck coefficient occurs
the composition for which the carrier concentration is la
est, x51. A large, carrier-density-insensitive contributio
must be added toamix to reproduce themagnitudesof the
boron carbide high-temperature Seebeck coefficients.

Previous work suggests that this large contribution res
from carrier-induced softening of the vibrations of surroun
ing atoms.32,33 In particular, the contribution from carrier
induced softening is the sum of two terms. One term ri
with increasing temperature to a peak and then falls tow
zero. The second term rises with increasing temperature
constantC. As shown in the center panel of Fig. 5, forx
51 where amix50, the observed Seebeck coefficient r
sembles the sum of these two contributions.21 Furthermore,
the remaining representative data of Fig. 5 illustrate that
Seebeck coefficients ofall boron carbides have similarly dis
tinctive temperature dependences.

The large temperature-independent contribution to
high-temperature Seebeck coefficient from carrier-indu
softening indicates a large value of the constantC. This con-
stant is proportional to the average of the product of
number of softened modes and their fractional softening.32,33

C5
kB

q K NvibS 2Dn

n D L . ~3!

-
be-
-
e

r-

FIG. 6. The Seebeck coefficients of boron carbides at 773 K
plotted againstx. The solid line is a plot of the high-temperatur
limit of the entropy-of-mixing contribution to the Seebeck coef
cient, Eq.~2!.
2-5
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SincekB /q5kB /(2ueu)543mV/K for bipolarons, the brack-
eted factor must be about 4 to fully account for the mag
tudes of the boron carbide high-temperature Seebeck co
cients.

Carrier-induced softening of atomic vibrations can
driven by several mechanisms. As a result of vibrational
harmonicity, carrier-induced atomic displacements associ
with polaron formation can soften the vibrational modes
which a carrier is coupled.34 Carrier-induced vibrational soft
ening is also a general consequence of carriers adjustin
changes in the positions of surrounding atoms.35 This elec-
tronic relaxation effect can be greatly enhanced when cha
carriers occupyingg-fold degenerate orbitals pair to form
singlet bipolarons.10 In this case,Nvib'11g(g21)/2. Since
the orbitals of the boron carbide icosahedra from which ho
pair are fourfold degenerate,g54,9Nvib can be especially
large, Nvib'7. Thus the large softening contribution to th
boron carbide Seebeck coefficients appears to arise from
high degeneracy of the orbitals involved in bipolaron form
tion. A bipolaron associated with degenerate orbitals
which effects of carrier-induced softening are prominen
termed asoftening bipolaron.10

Prior Seebeck measurements do not manifest the sys
atic dependence on carbon concentration we report in
6.3,11–13,15–17,19We control the boron carbide carbon conce
tration well enough to produce a regular~rational! depen-
dence of the Seebeck coefficient on carbon concentratio

The temperature dependences we show in Fig. 5 o
differ from those reported in prior works.3,11,15,17,19We at-
tribute these differences to carbon inclusions. These in
sions result from~1! unreacted carbon,~2! oxidation of bo-
ron carbides’ boron, and~3! high-temperature reaction o
boron carbides’ boron with most metal contacts. In additi
carbon inclusions tend to form whenx is near to or smaller
than the carbon-rich limit of the single-phase region:x
&0.06. With carbon inclusions the Seebeck coefficients~a!
are relatively small~10–120mV/K ! at 300 K and~b! in-
crease monotonically with increasing temperature. In p
ticular, because of their high metal-like conductivity, carb
inclusions tend to short conduction through boron carbid
Such shorting increases the net conductivity and decre
the net Seebeck coefficient. These shorting effects bec
increasingly marked as the temperature is reduced cau
the conductivities of carbon inclusions and boron carbide
be increasingly disparate.18,19

IV. CONCLUSIONS

We have studied the conductivities and Seebeck co
cients of boron carbides B121xC32x over their full single-
phase regime 0.06&x&1.7. Sample preparation and chara
terization are good enough to yield the dependences of t
transport coefficients onx. Measurements were performe
over wide temperature ranges: 8–1750 K for the cond
tivity and 8–900 K for the Seebeck coefficients. The distin
tive composition and temperature dependences of the tr
port coefficients permit identification of the electron
transport mechanisms of boron carbides.

The conductivities and Seebeck coefficients of boron c
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bides manifest the distinguishing characteristics ofsoftening
bipolarons, singlet pairs stabilized by their reductions of a
oms’ vibrational frequencies. Most conspicuously, the u
usual temperature dependence of the largex-independent
contribution to the Seebeck coefficient is consistent with
carriers being softening bipolarons.

The composition dependences of the preexponential
tors of the high-temperature~.400 K! Arrhenius conductivi-
ties and the Seebeck coefficients agree with a simple che
cal model for the carrier density. The model describes h
the carrier density depends on the boron carbide carbon
centration. Charge carriers are paired holes that hop betw
the boron carbide B11C icosahedra. Holes are produced wh
three-atom intericosahedral chains@~CBC!1, CBB, or
~BBB!1# fail to donate the electrons that are required to
icosahedral electronic states.

The chemical stability of boron carbides permits condu
tivity measurements over an exceptionally wide temperat
range, 8–1750 K. At low temperatures percolative effe
associated with hopping among energetically inequival
icosahedra are most prominent. This percolation regime
characterized by the temperature dependence of the con
tivity changing strongly with the carbon content. This depe
dence weakens with rising temperature. By 400 K the c
ductivity displays an Arrhenius behavior with a
x-independent activation energy. This behavior persists in
boron carbides to at least 700 K.

Two features manifest themselves at very high tempe
tures. Above 700 K, the rise of the conductivities of bor
carbides with especially high carrier densities begins to s
rate. This feature is consistent with the carrier hops imped
one another when their density and hopping rates are b
large enough. In these circumstances, hopping carriers
duce changes in the internal electric field that are sufficien
intense and frequent to significantly disrupt the transito
energy coincidences that are required for other carriers
jump. Finally, above 1400 K the conductivities of all boro
carbides rise sharply (}T4) with increasing temperature. W
attribute this effect to photoconduction induced by the ma
rials’ own blackbody radiation.
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APPENDIX

In this appendix we describe a mechanism which incre
ingly suppresses polarons’ hopping as their density and
temperature are raised. We consider high enough temp
tures for atoms’ vibratory motion to be treated as classic
kBT.\v, the characteristic phonon energy. In this regim
the atom positions may be expressed as explicit function
time. The energies of electronic states, themselves depen
on the positions of surrounding atoms, are also time dep
2-6
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dent. A hop can occur when atoms, amidst their vibratio
pass through a configuration for which the electronic ene
of a state occupied by a carrier becomes coincident with
of an unoccupied state.27

A coincidence event presents a carrier with a time w
dow Dtc during which it can move from one site to anothe
The duration of this window is governed by the uncertain
principle DEcDtc'\, whereDEc is the shift of the relative
electronic energies of the initial and final states that occ
duringDtc .36 The characteristic values of the duration of t
coincidence and the energy difference are27

Dtc'
1

v
A \v

AEbkBT
~A1!

and

DEc'A\vAEbkBT, ~A2!

whereEb is the small-polaron binding energy.
Time-dependent perturbations that produce large chan

of the electronic energy difference,DE.DEc , during a co-
incidence event,Dt,Dtc , destroy its coherence and su
press the associated jump. In particular, hops of other car
affect the difference between the energies at initial and fi
sites. The hop of a carrier at a distance ofr from the carrier
of interest alters the energy difference between initial a
final sites by

DE'
q2a

«0r 2 , ~A3!

whereq is the charge of the hopping carrier,«0 is the static
dielectric constant, anda is the typical jump distance~mean
B

ge

IP

li,

05430
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separation between sites!. Hops that produce large enoug
energy differences to suppress a jump must be sufficie
close to the sites involved in the hop:

r ,A~q2a/«0!

DEc
. ~A4!

The number of such hops is

N' f F ~q2/«0a!

DEc
G3/2

, ~A5!

wheref is the fraction of sites occupied by a carrier.
The probability that the hop of a carrier will be sup

pressed by jumps of nearby carriers is

Ps'NS Dtc

t D , ~A6!

wheret is the mean waiting time between hops of a carri
When, as in boron carbides, the electronic transfer energ
sufficiently large, electronic carriers adiabatically adjust
atomic motion:27

t'
2p

v
eEb/2kBT. ~A7!

Combing Eqs.~A1! and~A5!–~A7!, we find that suppression
of adiabatic hopping occurs when

Ps' f F ~q2/«0a!

~\v!1/6~EbkBT!5/12G3/2

e2Eb/2kBT'1. ~A8!

Thus adiabatic hopping will be suppressed when the te
perature and carrier density are sufficiently high. For bo
carbides~q52ueu, a50.5 nm, «058, \v50.1 eV, andEb
50.3 eV!, Ps>1 whenT.700 K andf '1/2.
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