PHYSICAL REVIEW B VOLUME 53, NUMBER 21 1 JUNE 1996-I

Spin susceptibility of boron carbides: Dissociation of singlet small bipolarons
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Using ESR, the spin susceptibilities of a crystal and ceramics of boron carbides have been measured between
4 and 1200 K. A thermally generated contribution to the spin susceptibility, which may be discerned emerging
above 100 K, becomes unmistakable above 300 K. @healues of these spins differ from those of the
temperature-independent background spins that dominate low-temperature ESR measurements. Thus, ESR
measurements at temperatures well above those of previous works unearth thermally generated spins in boron
carbides. We suggest that these thermally induced spins arise from thermal dissociation of boron carbides’
singlet small bipolarons. The energy with which a small bipolaron is bound with respect to dissociating into
two small polarons is estimated to be about 0.2 S80163-182806)07121-4

[. INTRODUCTION icosahedra reside at the vertices of a rhombohedral unit cell
with the three-atom chains lying along the longest diagonal

Boron carbides, B_,C,, are refractory solids that exist as of the rhombohedral cell.

a single phase with carbon concentrations between about 9 At the idealizedupper limit of the single-phase region, 20
and 19 at. 96. Within this single-phase regime, boron car- at. % carbon, boron carbides consist of icosahedra composed
bides’ structure can be represented as comprising 12-atogf 11 boron atoms and a solitary carbon atom,,B
icosahedra a.nd three'atom ChainS. As i”ustrated in F|g 1, th%osahedré_ Each three-atom chain is then Composed of a
boron atom that lies between two carbon atoms, a CBC
chain. Each carbon atom at an end of a chain is covalently
bonded to an atom of each of three adjacent icosahedra.

In actuality, there are two reasons why boron carbides
always form with less than 20 at. % carbon. First, as a result
of carbon atoms being distributed among different sites the
entropies of boron carbides increase and their free energies
decrease as their carbon concentration is reduced from its
idealized upper limit, 20 at. % Second, carbon atoms tend
to form a second phase, graphite, rather than being incorpo-
rated within boron carbides since the free energy of graphite
is much lower than that of boron carbidk$n fact, boron
carbides can form with as little as 9 at. % carbon because
boron carbides’ free energy is much lower than that of
B-rhombohedral boron, the form of elemental boron that is
stable at the temperature of boron carbides’ syntieEimse
“nonideal” boron carbides form as boron atoms replace car-
bon at some of their sites in the idealized structure.

Boron carbides are therefore disordered for two reasons.
First, boron replaces carbon at only some of the geometri-

FIG. 1. Boron carbides’ structure consists of 12-atom icosahecally equivalent “carbon sites.” Second, carbon atoms lo-
dral units at the corners of a rhombohedron with a three-atom chaigated within different B,C icosahedra do not generally oc-
lying along the longest diagonal of the rhombohedral cell. cupy geometrically equivalent sites.
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While idealized boron carbide is an insulator, replacementarbon® Furthermore, replacement of some chains of boron
of a significant fraction of carbon atoms with boron atomscarbides of near 19 at. % carbon with phosphorus-containing
introduces large densities of holes10?* cm™3, into boron ~ complexes that are believed to donate several electrons led to
carbides. Measurements of the electronic transport of borote expected reduction of the density of hole-type cartiers.
carbides as functions of carbon concentration and tempera- One means of further testing this model is to search for
ture always reveab-type thermally assisted conduction. the thermal dissociatiorj of s_,in_glet bipolarons. Each o_f the
The activation energy of the conductivities from 400 to 8ooPolarons produced by dissociating a bipolaron has a spin that

K are nearly independent of carbon concentration and aboould contribute to the system’s magnetic susceptibility. In-
017 eV. Furthermore. Hall mobilities are low<1 d€ed, ESR has proved able to observe the spins of small-

cr/V sec, and thermally activated, indicating the hopping ofPClaronic carriers!
small-polaronic carriers. Here we report the results of ESR measurements on boron

However, measurements of the magnetic susceptibilitfarb'des with carbon concentrations between 10 and 19

; ._rat. %. The experiments have been carried out from 4 up to
and ESR of boron carbides below room temperature yiel . ) 2 14 !
spin densities~10"° cm 3, that are orders of magnitude 200 K. In agreement with prior works->~**we find that

below the densities of holes introduced as the carbon cor{-he low-temperature ESR signal is dominated by a low den-

centration is lowered below 20 at. %.These observations S (~10' cm ) of localized spins that are presumably
felated to defects. However, as measurements are extended

imply that most holes produced in boron carbides are paired”". ; )

as singlets. That is, the carriers form small bipolarons. B 0 T%gz%r terpgedratur_es t?agéht_ose IOf prior S.ttlﬂ]d'eZZf? I@ngte

contrast, in common hopping-type semiconductors, wheré ~ cm ensity of additional spins with a differegt
value becomes apparent. We ascribe these spins to localized

carriers do not pair to form bipolarons, the densities of lo- | duced by breaki inalet binol
calized spins at least equal the densities of hopping-type cgpo'arons produced by breaking up singlet bipolarons.

riers.
A model was introduced to describe how the density of Il. EXPERIMENTAL
singlet-bipolaron holes evolves with boron carbides’ carbon _
concentratior:® This model recognizes that boron icosahe- Boron carbide samples were prepared by two methods. A
dra B;, have no net electronic spin and possess a strongingle crystal of boron carbide with a composition near the
bielectron affinity, 2+B,,—B2, . Furthermore, this bielec- carbon-rich homogenity limitabove 19 at. %was precipi-
tron affinity is greatly enhanced when a boron nucléis5)  tated from a metallllc copper solvent by_ slowing cooling from
is replaced by a carbon nucle@@=6), B2,—(B,;C)~ be- 2000 to 1300 K Five other samples with carbon concentra-
cause of the carbon nucleus’ additional positive charge. ~ tions between=19 and 9 at. %10, 13.3, 16, 18.2, and 19.2
The model envisions the idealized boron carbide in-  Were prepared by uniaxial reactive hot pressi2¢50 K) of
sulato to comprise CBC chains that each donate an electroRigh purity powders of boron and carbon. .
to B,,C icosahedratCBC)*(B,,C) . As the carbon concen-  Powders for ESR measurements were produced by grind-
tration is reduced from its idealized upper limit, chains thating the hot-pressed samples and inserting them in a suprasil
donate electrons to icosahedra, CBC chains, are replaced fyoe. The tubes were then sealed with a small helium admix-
chains that do not donate electrons to icosahedra, CB@re to facilitate heat transfer. -
chains. For each CBC that is replaced by a CBB chain, one ESR measurements were performed at 9.4 GHz with dif-
electron is removed from a(By,C)~ icosahedra: ferent gas-flow cryostats being used for the two different
(B11C)"—(B1,0)°. However, since holes in boron carbides temperature rangeg—-300 K and(300-1200 K. The sus-
are not associated with unpaired spins, the holes presumabfgptibilities were determined by integrating the ESR signal
find it energetically favorable to pair as nonmagnetic bipo-after taking account of the temperature dependence of the
larons. This process can be represented by the chemical fogfavity's Q. Measurement of the room-temperature ESR after
mula: 2B;C)°—(B;,C) +(B1,C)". Thus, for everytwo ggntle heating and pumping on the sample—contalmng tubes
CBB chains that are introduced, of@,,C)~ icosahedron is did not suggest that either air or water influences the ESR.

replaced by aB,,C)" icosahedron. AB,,C)" icosahedron Four—prok_)e conductivity measurements were made on
is a chemical representation of a singlet bipolaronic hole irPolished thin platlets that were cut from the hot-pressed
boron carbides. samples. Hall-effect measurements used a six-probe contact

The model predicted that the density of these bipolarongonfiguration. The linearity of the Hall voltage with mag-
will cease to increase with decreasing carbon content onceetic field was checked up to our maximum field of 12 T.
all CBC chains are rep'aced by CBB Chains' at 13 1/3 at. (ya'he reVerSibiIity Of the Ha" V0|tage W|th f|e|d was Checked
carbon, (CBB) [(B1,C)gs(B1:C)gsl- With further reduction Dy rotating the sample by 180° at least three times at each
of the carbon concentration, the model has boron atoms rdemperature.
placing carbon atoms within icosahedra. The resulting B
icosahedra remain neutral since their electron affinity is Il RESULTS
much less than that of BC icosahedra. Thus, the concentra-
tion of (B1;C)" icosahedrdalls with decreasing carbon once  Prior measurements of boron carbides’ ESR found narrow
the carbon concentration falls below 13 1/3 at. %. That isL.orentzian lines for samples of the highest carbon content
the model predicts that the concentration of singlet bipo{19 at. % and broad Lorentzians for carbon concentrations
larons will peak near 13 at. % carbon. of 13 and 10 at. %:*>13 Our low-temperaturéT<100 K)

Consistent with this model, the preexponential factor ofESR results are similar to these prior works. In particular, the
the conductivity is found to have a maximum near 13 at. %ESR spectrum for the boron carbide with the largest carbon
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FIG. 2. ESR spectrum of a boron carbide of 18 at. % carbon. VTEK™
concentratiortabout 19 at. % carbgrhas a linewidth of 1-2 FIG. 4. The Hall mobilities of boron carbides with carbon con-

G at 100 K. In addition, our ESR spectra for boron carbidesentrations of 18 and 16 at. % are plotted against reciprocal tem-
having lower carbon concentratiofE8 and 16 as well as 13 perature.
and 10 at. % carbgrgive much broader Lorentzian lin¢sp

to 100 G at 100 K In these samples we also observe apeay linewidths of the samples whose susceptibilities are
narrow line superimposed on the broad Lorentzian. Nonethejepicted in Fig. ). These linewidths roughly follow the
less, the integrated intensity of this narrow line is very small.carrier densities. In particular, the linewidths and the carrier
Its integrated intensity is never more than 1/400th that of thejensity in boron carbides both peak at about 13 at. % carbon.

main line (found in the sample with 18 at. % carbofThe  The density of localized spin centers determined from the
spectrum of this sample, obtained at 150 K, is shown in Fig|ow.-temperature measurements is two orders of magnitude
2. smaller than the density of carriers, about1ém 3, deter-

The low-temperature susceptibilities of most of ourmined from the carbon concentration’s departure from the
samples are shown in Fig(&. The sample with 19 at. % ygjye of the “idealized” insulator, 20 at. %. Thus, if the
carbon has been deleted from this plot and the magnitude Qfarriers are regarded as localized, as indicated by their con-
susceptibility of the boron-ca}rblde single crystal has be‘?fﬂjuction proceeding by phonon-assisted hopping, this result
reduced by an order of magnitude. In agreement with earliejnplies that most of the carriers are paired as singlets. As
works, these susceptibilities follow a Curie law below 100 K ghown in Fig. 4, Hall-effect measurements between 100 and
and are associated with a density of about?oin® spins 300 K find the very low thermally activated behavior pre-
with g values of about 2.002. Figuret8 shows thepeak to  gicted for the Hall mobility of small-polaronic carriets.
Thus, we conclude, in accord with prior studies, that most
carriers in boron carbides are localized and paired as singlets.

5 107 ' . 18% For completeness, we note finding small ferromagnetic
s 8 o (@ o 16% contributions(g>3) to the magnetization of some samples.
g " LT s, + 13% Ferromagnetic contributions, attributed to impurities, have
= 107 Yopte e, = 10%|] also been reported in some prior measurem&titd? Impu-
- . ’ "%P":S‘jgn rities, such as iron, may be introduced in the process of
£ . +%°959%”°”gn;~asd grinding the (very hard boron carbides and may exist in
2 107} T, T e some starting materials.
gf single crystal: ‘el . Noyel results are observed for temperatures above 100 K.
3 divided by 10 el In particular, measurements between 100 and 300 K reveal
1078 s LS. three unusual results. First, the temperature dependences of
10° , , the spin susceptibilities of Fig.(8 depart from the Curie-
Lo like behavior they manifest at low temperatures. Second, the
(b) P &7 g values associated with these spins’ ESR spectra fall with
5 10tk - 0 | increasing tt_amp_erature._Third, the I_inewidths of these spec-
it +++*0°°° " tra, shovyn in Fig. &), increase with temperature. _Thgse
> o+ eed features imply that a second spin species is manifesting itself
% 1 LRI * as the temperature is being raised. Furthermore, the two spin
£ 10 5 . . ] species apparently interact strongly enough so as to produce
IRLEETPRLL J a single line.
e o et The relatively narrow room-temperature ESR line for the
10° s N sample with the largest carbon contéabout 19 at. %en-
10 100 ables us to meaningfully extend its measurement to a much
temperature (K) higher temperature than is possible for samples of borides

with smaller carbon concentrations. Figur@)5shows that

FIG. 3. The magnetic susceptibilities of most of our boron car-the magnetic susceptibility rises steadily with increasing
bides are plotted against temperaturg@n The linewidths of the temperature from 100 up to 1200 K. In addition, Fig&)5
corresponding ESR spectra are plotted against temperate. in ~ and c) show theg factor falling and the ESR linewidth
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FIG. 5. The spin susceptibility value, and linewidths obtained
from the ESR spectum of the boron carbide with the highest carbo
content(19 at. %9 are shown ina), (b), and(c), respectively.
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IV. DISCUSSION

The principal observation of this paper is the increase of
the density of boron carbides’ localized spins with rising
temperature at sufficiently high temperaturés; 100 K. In
what follows we describe the high-temperature thermally in-
duced rise of the spin density as being a general feature of a
system composed of singlet small bipolarons.

Recent work argues that the high-temperature electrical
conductivity of a system in which most carriers form singlet
small bipolarons is dominated by the hopping motion of the
small polarons produced by dissociation of some small
bipolaronst® This situation occurs for two reasons. First,
small polarons hop more rapidly than do small bipolarons.
Second, small polarons readily pass through small bipolarons
by a process in whiclone of a small bipolaron’s carriers
transfers to a neighboring small polaron. In the bulk of this
section the temperature and carbon-concentration depen-
dences of the densities of spins we measure are shown to
agree with what we expect from small polarons produced by
splitting small bipolarons.

Our measurements also enable us to study the ESR of
small polarons as a function of their density since the carrier
density of boron carbides is controlled by their carbon con-
tent. In particular, we discuss how the linewidths of small
Rolarons varies with boron carbides’ carbon content and the
temperature in Appendix A. Finally, we discuss the line-
width of the defect spins that predominate at low tempera-
tures in Appendix B. There the carbon-composition depen-

increasing with rising temperature. As shown in Fig. 6, thegence of the low-temperatuf@<100 K) ESR linewidths is

spin density of this sample rises steadily with increasing tem
perature.
In summary, these results show that most of thd 0?

rationalized in terms of the model within which boron car-
bides’ electronic properties are described.

cm3) carriers in boron carbides pair as singlets and that

electrical transport proceeds by the low thermally assisted

mobilities expected of small-polaronic carriers. The low-
temperature(T<<100 K) ESR arises from a temperature-
independent density of about Yocm 2 localized spins.

These ESR lines are broadest for boron carbides with carb

concentrations of about 13 at. % and narrow with increasin%e

temperature. By contrast, at sufficiently high temperature
(>100 K) the densities of localized spins and their ESR line-
widths both rise with increasing temperature. Concomitantly
theg values of the ESR resonances tend to fall with increas
ing temperature at sufficiently high temperatures.
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A. Pair breaking and the magnetic susceptibility

A convenient means of modeling small-bipolaron forma-
tion utilizes the Holstein-Hubbard mod¥lin this model the

Ogp]round—state energy of a small polaron-i&,, , whereE,, is

rmed the small-polaron binding energy. Doubling the num-
er of carriers on a site doubles the magnitude of the atomic
displacements stabilized by the carriers’ presence. By itself,
this effect produces a small-bipolaron binding energy Bf 4
since each of the two carriers have their energy lowered
twice that of a small polaron’s carrier. In addition, a small
bipolaron’s two carriers experience a mutual on-site Cou-
lomb repulsion ofU. If the two carriers form a singlet and
thereby share a common local electronic state, the small-
bipolaron’s ground-state energy is thusAE,+U. Small-
bipolaron formation is energetically favorable when
—4E,+U is lower than the formation energy of two sepa-
rate small polarons, i.e., wherEg>U.

For small bipolarons or small polarons to hop between
sites, the atomic displacement pattern responsible for local-
izing a carrier at one site must be removed and a similar
atomic displacement pattern produced about anotherSsite.
Thus, small-polaronic carriers seldomly hop at low tempera-
tures since appropriate atomic displacements rarely occur

when most atomic vibrations are frozen out. As the tempera-
FIG. 6. The spin density of the boron carbide with the highestture is increased from absolute zero, small-polaronic hopping
carbon concentratiofover 19 at. %is plotted against temperature. rates first increase in a non-Arrhenius manfie®nce the



14 454 CHAUVET, EMIN, FORRO, ASELAGE, AND ZUPPIROLI 53

temperature is high enough for atomic vibrations to bewhere the concentration of small polaromsimber of small
treated classically the rates for small-polaronic hopping thempolarons per siteis
become Arrhenius.
Recently, the jump rates for small-bipolaron and small- Vi+c(2—c)[ePEo-UikeT 171
polaron hops have been calculated in this high-temperature Cp= e(2Ep=U)/kgT _ 1 ' 2
“semiclassical” regime® One-electron transfers that in-
volve small polarons are found to always be faster tharlN is the density of possible sites for both small polarons and
small-bipolaron hops when small-bipolaron formation isbipolarons,g is a small polaron’s Landg factor, ug is the
stable, E,>U. As a result, even when most carriers pair asBohr magnetonkgT is the thermal energy, and is the
small bipolarons, the dc conductivity in the high-temperaturecarrier concentratiorte.g.,c carriers can produce/2 bipo-
semiclassical regime is dominated by the hopping of smallarons. The number of unpaired spins contributing g
polarons. Thus, the temperature dependence of the higtiises in a thermally activated manner from an arbitrarily
temperature conductivity arises from two sources: from desmall value at low temperatures, exp(E, —U/2)kgT]/
composing small bipolarons into small polarons and fromyc<1. However, the spin density saturates at a value equal
small polarons’ thermally assisted hopping. to ¢ at high temperatures, exp[(E,—U/ 2)kgT]/\c>1.
The density of small polarons may be determiriediie-  Thus, plotting the spin density against temperature results in
pendently of measuring the conductivityy measuring the an S-shaped curve.
thermally induced Curie paramagnetism arising from small The carrier densityc and N can be related to a boron
polarons’ spins. In particular, the small polarons’ paramag<arbide’s carbon concentration. The model of Ref. 3 has
netic susceptibility i rising from 0 to 1 as the carbon content is reduced from 20 to
5 13 1/3 at. % carbon. In additio\l, the number of B,C
_ N(gpue) (1) icosahedra, falls by a factor of 2 as the carbon concentration
X" AT P is reduced from 13 1/3 to 10 at. %:

(CBB)[(B11C)o 5(B11C)o 51— (CBB)[(B11C)g 24(B11C)g 25B120 5.

The spin densities we measure are reasonably consisteot wy and u both weaken and thus the temperature depen-
with those associated with ER). In particular, Fig. 6 com- dence ofuy/u should become especially weak. In this cir-
pares our measurements of the spin density with the sum alumstance the predominant contribution to the temperature
a constanidefec} density plus the calculated polaron den- dependences of boron carbides’ Hall coefficients arise from
sity for 2E,—U=0.2 eV. The temperature dependence ofthe carrier densities. As shown, in Fig. 7, temperature depen-
the polaron concentration becomes increasingly mild as itences of the reciprocals of boron carbides’ Hall constants
approaches saturation at high temperatures. Furthermore, in
accord with the theory, the temperature dependence of boron

carbides’ conductivities exceed those of the spin density. = "
“ (a) 18.2%
§ 1t NECENE
B. The Hall effect and the small-polaron density S; ° oo’
L
We have also performed Hall-effect measurements to ) . o et 0o’
verify that charge transport is by phonon-assisted hopping. In g 0 fa%%@%&;m o X
particular, the Hall mobilityw, the product of the Hall co- g = spin n=1/eR,
efficient and the conductivity, measures the deflection of car- , ) , ) ,
riers’ current by a magnetic field. Since the Lorentz force 2 ' ' ' ' ;
only affects carriers during their motion, measuring a low ”’E‘ (b) n=1/eR, ve
(uy<1 cnflV sed thermally activated Hall mobility indi- S R A
cates that the intrinsic motion is by hopping rather than by 80 1 m' * 1
freeing high-mobility itinerant carriers from traps. The mo- < | |
bilities of Fig. 4 clearly indicate small-polaronic hoppitty. g o’ ° .
The Hall mobility generally differs from the mobility that $ Or cﬂpoooo.i\ , 16%
enters into the conductivity,, a measure of the current in- © oS o
duced by an electric field. As a result, the Hall coefficient, 0 100 200 300

R=(1/ne)(uy/p), for hopping carriers does not generally
measure just the carrier density*® Only for free carriers,
where the drift and Hall mobilities equal one another, does FIG. 7. The temperature dependences of the spin densities are
the Hall coefficient measure only the carrier denéity. compared with those of the reciprocals of the Hall constants for

Below 400 K in boron carbides the conductivity becomeshoron carbides with 18.2 and 16 at. % carboriénand(b), respec-
non-Arrhenius. In this regime the temperature dependencaively.

temperature (K)
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compare reasonably well with the spin densities obtainedmall bipolarons formation is stable will be dominated by the
from ESR. Consistent with Eq2), the rise of the carrier hopping of small polarons produced by splitting the
concentration with increasing temperature steepens as ttsnglets'®
carrier concentration increasesas the carbon concentration
is decreased from 20 toward 13 at).9%hese measurements
of the Hall coefficient therefore provide additional support

for the conclusion that the carriers and the spins in boron  The authors wish to thank E. L. Venturini for his thought-
carbides both arise from small polarons produced by disso| comments on this manuscript. The work in Lausanne is
ciating singlet small bipolarons. Thus, the Hall-effect mea-sypported by the Swiss NSF Contract No. 20-39411.93. The
surements are consistent with the high densities of thermallyyork of T.L.A. and D.E. was performed under the auspices
induced spins in boron carbides being associated with smalpf the U.S. Department of Energy and was funded in part by
polaron production rather than with occupation of some dethe Office of Basic Energy Sciences, Division of Materials

fect states. N _ o Sciences under Contract No. DE-AC04-94AL85000.
The Hall mobility due to hopping conduction is often

anomalously signetf: That is, uy,/u often negative. The Hall
effect then does not give the sign of the carriers. This situa-APPENDIX A: LINEWIDTHS OF THE SPINS OBSERVED
tion is commonly observed in glasses. These sign anomalies ABOVE 100 K

can arise when, as is common in disordered systems, the
shortest closed hopping path by which a carrier can return t
a starting site is odd-memberé&dHowever, Hall-effect sign

ACKNOWLEDGMENTS

The spins observed above 100 K are attributed to small

Bolarons produced by dissociating singlet small bipolarons.

There are two processes by which small polarons undergo

Iﬂwermally assisted hop$§. Small-polaron motion occurs

when either a small polaron’s unpaired carrier jumps to a

vacant adjacent site or when one of the two carriers of a
ipolaron hops on to the site of an adjacent small polaron.
oth types of hops occur at the same r&te.

We now estimate the small-polaron jump rate in boron
carbides by considering their electrical conductivities. The
ﬂemperature dependence of the small-polaron conductivity
arises both from the increase of the small-polaron density
with increasing temperature and from the rise of small-

nearest neighbors along the edges of a cubic latticee the
smallest hopping loop then has four membétsSimilarly,
since the icosahedra in boron carbides occupy vertices of
rhombohedral cell, hopping along the edges of the cel
should not yield sign anomalies. Thus, observatiop-tfpe
Hall coefficients for holes in boron carbide is consistent with
having nearest-neighbor hopping of holes between boro
carbides’ icosahedra.

C. Triplet bipolarons in boron carbides? polaron jump rate with increasing temperature. To estimate
Thermally induced local spins can also arise from excitingthe small-polaron jump rate from the conductivity we must
singlet small bipolarons into triplet stat&s.For small- be able to identify each of these two effects.

bipolaronic holes in boron carbides this excitation involves At low temperatures the temperature dependence of the
promoting one of &B,,C)*’s electrons into an excited state. small-polaron densityc,N with c, given by Eq.(2), de-

The characteristic energy separation between icosahedral epends on the carrier concentratian However, at high
ergy levels(~#%mR, whereR is the icosahedral radius and €nough temperatures the small-polaron density approaches
m is the electronic magss of the order several eV, since an saturation at a value @f. In this high-temperature regime the
iocosahedral radius is only about an Angstrom. Thereforelemperature dependence of the conductivity is primarily due
the excitations required to produce triplet excitons mightto small polarons’ thermally assisted motion. The near con-
seem to be far too high in energy to correspond to the excistancy of the activation energy of boron carbides’ high-
tations we observe. However, the splitting of degeneracies demperature(>800 K) conductivity (E,=0.09 eV} as the

the primary icosahedral levels can yield energy separationg@rbon concentration is varied suggests that the density of
that are smaller than the characteristic splitting. In particularhopping _carriers has approached temperature inde-
the energy separations between the relevant energy levels Rgndencé’ As the temperature is lowered from this high-

a B,,C icosahedron have been estimated to be about 0.¥mperature limit, the temperature dependence of the small-

eV.Z This energy is still larger than the binding energy we Polaron jump rate generally weakefisThis effect manifests
observe. itself in boron carbides’ conductivities having significantly

weaker temperature dependences at and below room tem-
perature than they have at very high temperati{re800
K).2* For this reason, the semiclassical adiabatic small-
In summary, our ESR measurements indicate the thermadolaron jump ratd=v exp(—E,/kgT), wherev is the char-
generation of spins as the temperature is raised above 100 &Cteristic frequency of the phonons involved in the Hops
for all carbon concentrations within boron carbides’ single-underestimates the jump rate by an increasing amount as the
phase regime. Our measurements of boron carbides’ Hatemperature is reduced. Takirig,=0.09 eV andr=10"3
coefficients suggest that the thermally induced spins we obsec’® for our boron carbides, the underestimated room-
serve are associated with thermally generated charge carrietemperature jump rate is 210" sect. The mean jump
We associate these spins with small polarons produced kyme is thus very much shorter than the times corresponding
dissociation of boron carbides’ singlet small bipolarons.to the ESR linewidths we observe, between 1@nd 10°°
These results are consistent with the finding that the highsec at room temperature.
temperature charge transport of a system for which singlet This rapid hopping of these small polarons can therefore

V. CONCLUSIONS
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a carrier is transferred between doubly and singly occupied
sites?® These spin-flip transfers can occur when the state of
the doubly occupied site shifts between Mg=0 states of a
singlet and a triplet. The transfer-matrix element for such
spin-flip transfers is comparable to that for non-spin-flip
transfers®> However, the relaxation rates do not manifest the
strong temperature dependences that we expect would arise
from these spin-flip transfer processes creating or annihilat-
ing triplet bipolarons. Thus, while our empirical evidence
suggests that polarons’ spin relaxation primarily occurs when
charge is transferred between bipolarons and polarons, we do
not herein propose a microscopic mechanism for this relax-
ation.

temperature (K)

APPENDIX B: LINEWIDTHS OF THE SPINS OBSERVED

FIG. 8. The temperature dependence of the linewigtla- BELOW 100 K
mondsg is compared to that of the Hall mobiliticircles between
100 and 300 K for boron carbides with 1€olid symbol$ and 18.2

(open symbolsat. % carbon.

All investigations of the low-temperature ESR of boron
carbide ceramics and crystals find temperature-independent
localized-spin densities of about ¥cm®. These localized
motionally narrow their ESR line. Indeed, the extreme nar-spins are generally attributed to defects. These defects have
rowing regime is achieved experimentally; by performing abeen modeled as arising from carbon replacing boron at the
saturation measurement we fifig)="T, at room temperature central position within a boron carbides’ three-atom chafns.
for the sample with the highest carbon contéifl at. %9. In Thus, a small fractiofi~1/100 of CBC chains are presumed
this regime the ESR linewidth arises from processes in whicheplaced by CCC chains and a similarly small fraction of
spins are flipped as energy is exchanged between the sp@BB chains are presumed replaced by CCB chains. These
and the lattice. replacements are expected to produce localized spins be-

The dependences of the ESR linewidths on temperatureause carbon has one more electron than does boron and the
and on carbon concentration may provide insight into theonization potential for carbon’s extra electr@arbon’s sec-
nature of the predominant spin-flip process. We observe imnd ionization potentialk=25 eV) is too large to expect it to
Figs. 3b) and Hc) that the ESR lines broaden with increas- be relinquished. Concomitantly, having carbon in three-atom
ing temperature above 100 K. In addition, the linewidths ofchains’ central position is energetically unfavorable since the
Fig. 3(b) vary nonmonotonically with carbon concentration, electron is not involved in bonding. Therefore, the fraction of
with their maximum values occurring at 13 at. % carbon. these defects that are frozen in when the material is synthe-

The temperature dependences of the linewidths of Figssized is estimated to be about €xfEp,,dKgTsyr), Where
3(b) and Jc) resemble that expected of the small-polaronE,,qis the loss in bonding energy arising from the carbon
jump rate. In particular, Fig. 8 shows the similarity of the atom’s electron not being involved in bonding anhg, is the
temperature dependence of the linewidth to that of the Halsynthesis temperature, about 2400 K. A value of 1/100 is not
mobility between 100 and 300 K for two samples. A propor-unreasonable for this fraction. Furthermore, the angular de-
tionality of the linewidth to the small-polaron jump rate pendence of the dipolar broadening of the narrow low-
would imply that the spin-flip process involves small- temperaturg4 K) ESR line from a single crystal of high-
polarons’ hopping. Furthermore, the dependence of the linecarbon concentration is consistent with the localized spins
widths on the carbon concentration, by itself, suggests thateing on three-atom chaif$.
the spin-flip process is associated with spins encountering The unpaired localized electron on a chain’s central car-
small bipolarons or small polarons since both their densitiebon atom will tend to spread onto empty states on adjacent
peak at 13 at. % carbon. However, our data also indicatel®cations with comparable energies.(B,,C)" icosahedron
that the temperature dependences of the linewidths belowhould provide such an opportunity since it has an empty
800 K are weaker than that of boron carbides conductivitiesorbital below its principal gap onto which the carbon elec-
In other words, the linewidth’s temperature dependences areon might spread. By contrast(B;;,C) "~ icosahedron would
not strong enough to be associated with encounters betweemt readily accept an electron since all electronic energy lev-
small polarons, since these events would be proportional tels below its large principal gap~10 eV) (Ref. 23 are
the product of the small-polaron jump rate and the smalldilled. Furthermore, a B icosahedron’s empty orbitals lie
polaron density(a strongly increasing function of tempera- well above those of the isoelectroniB,;C)* icosahedron
ture). For these reasons we speculate that the widths of théue to the absence of the attraction caused by an icosahedral
ESR lines observed above 100 K occur as unpaired spins fliparbon’s nucleus. Thus, the electron of a chain-center carbon
while an electron is transferred between a small bipolaroris presumed more likely to spread onto adjacé®y;C)*
and a small polaron that are adjacent to one another. Sindeosahedra than onto adjaceB;;C)” or B, icosahedra.
polaron-bipolaron transfers occur at ratesl0' sec'?) that The spreading of specific defect spins onto adjacent
are much larger than the measured relaxation rétésto  (B;;C)* icosahedra is dynamic since & icosahedra con-
10° sec’}), spin flips only occur during a small fraction of vert between being positively and negatively charged as car-
these charge transfers. riers move through the solid: (B;;C)”+(B,C)*

It has been shown that the spin of a polaron can flip when—(B,,C)" +(B,,C) ~.>®8 Sufficiently rapid changes in spins’
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environments result in their having Lorentzian ESR lineincrease as the carbon concentration is reduced toward 13
shapes. at. %. As the carbon concentration is reduced below 13

A chain-center-carbon sping value is presumed to de- at. %, an increasing fraction of the icosahedra becompis B
pend on its spreading onto some of the six icosahedra immevhile the B;C icosahedra are divided almost equally be-
diately adjacent to it. At carbon concentrations near 19 at. %ween(B,,C)” icosahedra anéB,,C)* icosahedra. As a re-
the carbon’s electron cannot spread much since most of theult, on average, the spreading of the carbon’s spin should
adjacent icosahedra afB,,C)". As the carbon concentra- decrease as the carbon concentration is reduced below 13
tion is reduced toward 13 at. % carbon, the density ofat. %. The dispersion of the spin’s spreading will also fall as
(B1,C)" icosahedra increases and chain-center carbon’s elethe carbon concentration is reduced below 13 at. %. In this
trons will have increasing opportunities to spread. At 13manner, the maximizing of the low-temperature ESR line-
at. %, on average thrg®,,C)" icosahedra are adjacent to a width at a carbon concentration of 13 at. % is rationalized
chain-center carbon. The dispersion dnvalues will also  within the structural model for boron carbides.
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