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Thermal conductance and the Peltier coefficient of carbon nanotubes
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The -band structure of one-dimensional carbon nanotubes is very special. Their ballistic transport proper-
ties are studied theoretically and are found to exhibit rich magnetic-flux-dependent structures. The thermal
conductancec(¢) has many step structures caused by the Zeeman splitting; a similar effect has been found in
the electrical conductanc&(¢). The Peltier coefficienll(¢) vanishes in the zero-voltage limit at any
magnetic flux due to the symmetrie-band structure about the chemical potengiat 0. However, a finite
Peltier effect could be observed by applying a finite voltage or by doping carbon nanotubes. Doping also
causes peak structures with quantized maximal (), as well as more step structures#Q¢). Both the
guantized peaks and the steps should be observable<at K. These structures and also the validity of
Wiedemann-Franz Iaw(gﬁ)%772k2,3TG(q5)/3e2 are found to depend upon the temperature, the chemical po-
tential, thew-band property, and the Zeeman effect.

[. INTRODUCTION the electrical conductivity of carbon nanotubes and the
electron-impurity scatterirfg could explain, qualitatively,
The cylindrically coaxial carbon nanotubes recently re-the logarithmic temperature dependence in resistivity.
ported by lijima have radii between 10 and 150 A. This  In this work, we mainly study the electric and thermal
class of one-dimensiondllD) system has stirred a lot of currents through a single-shell carbon nanotube within the
recent studie€2°One of the important advancements in ex- ballistic regime. In low-dimensional systems, the ballistic
periments is that the single-shell carbon nanotubes could belectrical conductance exhibits the quantized step structures,
produced in large-scale synthesis and their radii cover a widehich were studied by LandaugrStreda® further predicted
range from 3.5 to 30 &> A single-shell carbon nanotube is the quantized nature of thermoelectric properties such as in
predicted to be either a metal or a semicondu¢t®depend- thermopowerS. On the experimental side, the quantized
ing on its radius and chirality. Furthermore, it could changetransport properties in electrical conductandg,*>**
drastically from being a metésemiconductdrto a semicon-  thermopower? Peltier coefficientl, and thermal conduc-
ductor (meta) as the magnetic fluxp (Ref. 7) through the tancex (Ref. 26 have all been identified in many systems.
nanotubes varies. The transport properties directly reflect thearbon nanotubes, being a 1D system, should also exhibit
band property near the Fermi level. Hence transport medhese quantization phenomelfaSuch behaviors are basi-
surements on a carbon nanotube could be used to test tigélly caused by the heat- and current-carrying subbands close
validity of predicted band properties. The electrical conducto the Fermi levelEg=0. The carbon nanotube considered
tance of a carbon nanotube has been studied theoreticalliere is, in the presence of a uniform magnetic fiédalong
within the ballistic regimé*2In this work we further inves-  the tubular axis. The interacti&n'®'°between the spin and
tigate the thermal and thermoelectric properties by evaluathe B field is taken into account so that the subbands could
ing the thermal conductance and the Peltier coefficier cross and intersect the Fermi level within a certain magnetic-
as a function ofp. The effects due to the Zeeman splitting, flux range***° As a result, thep-dependent thermal conduc-
temperature, bias voltage, and doping are included in théance exhibits step structures. Our calculations are performed
study. at various temperatures so that we can find out under which
There are some transport measureménts on carbon conditions the step structures are observable and the approxi-
nanotubes in the bundle form. These measurements showated Wiedemann-FrandWF) law «(¢)~ m?k3TG()/
that such a three-dimension@D) bundle structure exhibits 3e? is valid. Since the conduction bands are symmetric,
different transport properties. For example, the temperatureaboutE-=0, to the valence bands, thidependent Peltier
dependent resistivity varies logarithmically at lower coefficient and thermopower are found to vanish at any mag-
temperaturé? drops off quickly at higher temperatutg!*  netic flux in the zero-voltage limit. Therefore, a finite bias
and exhibits a strong anisotropy between the parallel angoltage’ is needed in study of the Peltier effect.
perpendicular directions with respect to the tubular &xis. Doping could also induce quantized structuresify)
is difficult to identify the 7-band properties or to examine andIl(¢). The alkali-metal atoms K and RIRef. 20 have
the theoretical predictiois® from these measurements be- been successfully intercalated into carbon nanotubes, as done
cause the measured nanotube bundles are made up of difféor graphite intercalation compourfdGIC’s) and carbon
ent single-shell and multishell nanotubes. On the theoreticdibers?® Electrons in these cases are transferred from the
side, the electron-phonon scatterifii evaluated to estimate intercalants to the carbon nanotubes; the Fermi energy thus
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0 mentum (the subband indgxfrom J (J=1,2,...,2n) to

J+ ¢l ¢y. The axial wave vectotk,|</3b is confined
within the first Brillouin zone. The spiB- interaction
E(o,¢)=(go/m* r2)( ¢l ¢o), where they factor is the same

as that &2) of the pure graphite or GIC¥ o= *1 is the
electron spin, andn* is the bare electron mass. When

. . 8L E(o,¢) is neglected, @m,0) nanotube withm=37 (#37) is
increases from zero to a finite val .There are many heat- metallid"2 at ¢,=7¢o [(7= 1) bo], where.7 denotes an

and current-carrying 1D subbands intersecting with th§neqer: it is semiconducting at others. Under these con-
Fermi level. When the Fermi Ievell crossing Fakes place yitions (i.e., =), Er=0 touches both the conduction
() andlI(¢) are expected to exhibit, respectively, a stepang the valence bands but only at the band edges. However,
structure _and a peak structure with a quantizedhe spinB interaction could cause the subbands to cross the
maximum?>°®3! Doped carbon nanotubes are found to dis-Fermi level in the neighborhood ab,,2° and its magni-
play richer quantized structures as the magnetic flux variegyde is estimated to be much larger than the energy gap due
which suggests that the experimental verification of the balto the mixing effedt of the = and o bands and the Peierls
listic behavior may be easier after doping. distortion®’ Hence, with the Zeeman effect taken into con-

This paper is organized as follows. The ballistic transportsideration, a carbon nanotube is metallic within a certain
of a carbon nanotube in the presence of a unif@rield is  magnetic-flux range nea,. This feature leads to step
discussed in Sec. Il. The thermal conductance and the Peltistructures in the ballistic thermal conductance. Théand
coefficient are calculated in Sec. Ill. Here the effects due testructure[Egs.(18—(1c)], where the conduction and the va-
Zeeman splitting, temperature, bias voltage, and doping arnce bands are symmetric abdgg=0, on the other hand,
also discussed. Finally, concluding remarks are presented figsults in a vanishing Peltier coefficieht(¢)=0 at zero
Sec. V. bias voltage.

The system under consideration is a single-shell zigzag
nanotube threaded by a magnetic fliixand suspended be-
tween two macroscopic leadenergy and particle reser-
voirs). When the bias voltag¥ and the temperature differ-

The geometric structure of a carbon nanotube could benceAT are applied between the two reservoirs, the electric
regarded as a rolled-up graphite sheet in the cylindrical formand the thermal currents will flow through the carbon nano-
(Fig. 1 in Ref. 12. A carbon nanotube may be uniquely tube. The left and the right reservoirs are assumed to have
characterized by using a 2D lattice vecRg=ma;+na,, the chemical potentials and the temperatuges €V, T) and
wherea; anda, are primitive lattice vectors of a graphite (u,T+AT), respectively, at which the electrons obey the
sheet. A carbon nanotube representedtoyn) has a chiral Fermi-Dirac statistics. The chemical potential here needs to
angle 6=tan [—3n/(2m+n)] and a radiusr=|R,|/  satisfy the conditiofi"** eV+ u=Er=pu, whereEg is the
27=b\3(M?*+mn+n?)/2w. b=1.42 A is the nearest- Fermienergy of the carbon nanotuhe= Er is taken in the
neighbor distance. It is sufficient to take a zigzag nanotubgalculations even in cases wheft¥0.? In the ballistic re-
denoted by ,0), with #=0°, as a model study in under- gime, the length of the nanotube needs to be shorter than the
standing the essential characteristics of transport propertieglastic and the inelastic mean free path, i.e., there should be

The (m,0) nanotube here exists in a unifolnfield par-  NO scattering inside the nanotube. The ballistic quantization
allel to the tubular axis|g,). The 7-band structure is cal- effects are important only &t<2 K (see latef. The inelastic
culated within the tight-binding model like the one employedmean free path at such a low-temperature range is estimated

for a graphite sheét The energy dispersion is given®y  to be larger than Jum.'® A nanotube of this length, made
essentially impurity free, should be suitable for ballistic

transport measurements. Furthermore, inelastic scattering is
E(J.ky,0,¢)=E(J.k,,$)+E(0,¢), (1a assumv_ad to occur only in the reservoirs, and strong elastic
scattering at the contacts between the carbon nanotube and
the leads. After detailed derivatiofSthe net electric and
where thermal currents are, respectively, given by

FIG. 1. Thermal conductance ¢)/(L,Te*T,/h) of the(210,0
nanotube a¥=0 mV andp=0 eV, calculated at various tempera-
tures. The electrical conductance is also shown in the inset fo
comparison.

II. BALLISTIC TRANSPORT IN A UNIFORM B FIELD
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o E-n—ev symmetric (antisymmetri¢ function aboutE— w. This ex-
( (f) plains why II(¢) vanishes for undoped nanotubes in the
V—0 limit. Moreover, at the same temperature, the inte-
} grand ofK,(¢), being quadratic ife— u, is more extended

(23 in energy than that oKy(¢). Its consequences will be dis-
cussed later. At AT=0, the electrical conductance
and G(¢)=1(d)IV=Ky(¢) and the Peltier coefficient

dk 1 E e u ey @O=KDKe(D).
U(¢)=ToE 2y _‘_ (E—,u)(fo( ) The therm_opower, which is the bias voltage dev:_aloped by
Jo ky>0277 fi| Ky T the system in response to a temperature gradient when
I(¢)=0, is given by
o B 2b
TTAT) |’ (2b) V() Ki(¢) TI($)

S(¢)=—+ = = (5
whereE=E(J,k, o, ¢) [Eq. (1a)]. (1/)|JE/dk,| is the lon- AT Lo TKo(d) T
gitudinal velocity, To [see Eq.(4) in Ref. 33 the net prob-  This relation between the thermopower and the Peltier coef-
ability for electrons in the reservoirs to enter a carbon nanoficient is the so-called Kelvin-Onsager relation. It is thus
tube with the above velocity, and® the Fermi-Dirac sufficient to study one of the two properties within the linear
distribution function for electrons deep inside the reservoirsresponse. The thermal conductance, which is the net thermal

To=1 in the absence of scattering at contacts. current produced by a temperature gradient(at)=0, is
When there is no temperature difference between two resgiven by

ervoirs, the Peltier coefficient is defined®as

~U(¢) Ka(#)—KI($)Ko ()
U = =
H((b):% () (D= 5T 1($)=0 T
| . N Kol )
in the vanishing bias voltagev(—0) limit. With u=0, the ~—5 (6)

thermal current from the left reservoir is equal to that from

the right reservoifsee Egs.(2b) and (4b)], owing to the  The termK2/TK, (~10 °K,/T) is very small for a carbon

symmetry of ther bands aboui.=0. The net thermal cur- nanotube and is thus neglected in the following calculations,

rent through an undoped carbon nanotube thus vanishes where Eq(6) is employed for the calculations of the thermal

any magnetic flux, and so does the Peltier coefficient. Weonductance and Eq3) for the Peltier coefficient.

note that the net electric curréfthrough an undoped car-

bon nanotube does not necessarily vanistvas0. A non- Il. THERMAL CONDUCTANCE AND PELTIER

zero Peltier effect following Eq(3), however, may be ob- COEFFICIENT

tained at a finite voltadé!??’ (Fig. 3), where both the

thermal and the electric currents are finite. The effect is then We choose the zigza@10,0 nanotube as a model study.

a nonlinear one. It should be noticed that doping leads tdhe radius of such a nanotube-is80 A, which is larger than

nonzerou about which the conduction and the valence band$he present-day available single-shell nanotubes. The quan-

need not be symmetric and one can thus find nonvanishintized ballistic properties that we discuss here, however, are

I1(¢) for doped nanotubes &—0 (see Fig. 5 latar On the ~ found to essentially depend on how 1D subbands digsas

other hand, ahT#0, the net thermal current must accom- the magnetic flux through the nanotubes varies; sizes of the

pany the net electric current through a carbon nanotube. hanotubes only affect when and where the crossing takes
Within the linear responseA(T—0 andV—0), I(¢) and place. In other words, the results we obtain are general and

U(¢) in Egs.(2a and(2b) are reduced to may be applied to nanotubes of other radii. Moreover, the
discussion here may be applicable to multishell nanotubes

Ki(¢) that have radii up to 150 A. Intertube interactions in a

(#)=Ko(#)V— ——AT (43 multishell structure could modify the bands nér,®° but
would not destroy their 1D character; therefore our main
and results would remain valid in such a system. The same con-
clusion may not be applied to nanotube bundles. The inter-
U(d)=K(p)V— Ka(4) AT (4b) tube interaction in this case leads to a band dispersion in the
T ’ perpendicular directiof This destroys the 1D character,

which is of central importance here. In short, our calculation

where shows that 1D ballistic properties should be observable in all
e? T, JE —9f%(E) single- or multishell nanotubes with radii up to 80 A, but not
Kal)=—4 > J dk,y W‘(E_“)QT' in nanotube bundles.
Jo Tky>0 y At low temperatures, the thermal excitations are relevant

(40 only around¢, (here.7¢,), where the carbon nanotube is
At low temperatures, the main contributions ti,  either a metal or a semiconductor with a very small energy
(a=1,2,3) are from states very close to the chemical potengap. The thermal conductaned ¢)/(L,Te?T,/h) (Lorenz
tial. Whena=0 is even(odd), the integrand in Eq4c) isa  number L,=7?k3/3e?) of the pure(210,0 nanotube is
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shown in Fig. 1 around, at variousT’s. At T—0, there is
a step structure(the heavy solid curye for 0.9858 14
do=< $»=<1.0145p,, which is similar to the structure found in ]
the electrical conductante(insed. At a very low tempera-
ture,

: o
AT Ty, AT e i
Ka(d)~—Zp—2 ~ 3 Kil¢) (73 = =
a7 ?5
and then
K(¢) < _ G(9) -
LaTeTo/h 5, €’To/h’

We have used the relatiofi’ ,,E? secif(E/2) (dE/4)= 7?/3
for K,(¢) in Eq. (40). The similarity between the thermal FIG. 2. Relation between the electrical conductance and the
conductance and the electrical conductance is described Bjermal conductances(4)L,T/«(¢) of the (210,0 nanotube at

the approximated WF lafEq. (7b)]. £, , in Egs.(7a and | =0 mV and =0 (_aV, calculated at various temperatures. The

. a’ . . . _inset shows the details at smalls.
(7b) sums over the subbands either touching or intersecting
the chemical potentialy = 0) and is proportional to the low-  gicteq value of 1 whefl 0. The deviation from the WF law
temperature thermal conductance. There are four heajscreases with the temperature and is most noticeable near
carrying subbands intersecting with=0, so the step struc-_ the conductance thresholds, i.e., @taround 0.9858,,

ture has a height of 4. The four subbands include two spin .0145p,, and O(insed. In short, the approximated WF law
down conduction bands and two spin-up valence bands, wit valid only at a very low temperature and at a magnetic flux

— 2
Ja=139 and 2797 The conductance threshold at 5y corresponds to subband crossing but is away from con-
$.=0.9858p, (1.0145H,) corresponds to the beginning q,ctance threshold.
(end of the subband crossing qi=0. The approximate  pq 5 yanishing bias voltage, the antisymmetry of the in-
¢. was given in Eq(10) of Ref. 19. Here the step structure tegrand ofK,(#) [Eq. (40)] and the symmetry of the band

in the thermal conductance is purely caused by the Bpin- 44t =0 lead to vanishing thermal current and Peltier

interaction. If there is no Zeeman splitting, the thermal con-qefficient. However, there exists a nonzero electric current

ductance only displays s@ep s.tructures wi'gh_ vanishing.width%t & that corresponds to the subband crossing.ef0, and
at ¢=¢,. The characteristicdi.e., the position, the height, ¢ electrical conductance exhibits the step structure there
and the width of the step structures are the same as those .g., inset in Fig. L On the other hand, a finite bias voltage
the electrical conductand®.A similar conclusion may thus V, as understood from the previous studie¥® could
be drawn that the thermal conductance of ther() carbon  yoaden the step structure @(¢). For example, such a
nanotube exhibits step structures with a height @)dn the quantized step is considerably broadeneW:atl mV.'2 The
ne|gr1borhood 0fpa=37 [(7%3)¢ol, When 2m+n=37  proadening effect is mainly due to the elevation of the
(#37). ) chemical potential in the left reservoir from 0&d. Such an
The step structure around, decreases quickly as the gjeyation of chemical potential could also cause nonzero
temperature increases from zero. The quantized structure {fierma) currents and hence a finite Peltier coefficient follow-
expected to be observable®t& 1 K. Furthermore, the ther- ing Eq. (3). TI(¢) at various bias voltages=(1 mV) at

mal broadening effect is more important in the thermal con—+Z g is shown in Fig. 3G(¢) is also shown in the inset for
ductance than in the electrical conductance. For example, the

step structures in thermal conductance are completely lost at

T<2 K (the heavy dashed curyewhile the similar struc- 104 u=0 eV; T=0 K
tures in electrical conductance become indistinguishable at o] / G
T=10 K2 We reiterate here that although only a single- ol / T Veromy
shell nanotube is considered here, a multishell system is ex- ] i 4
pected to exhibit similar characteristics, only with more step = el o]
structures at low temperatur&sand hence could be more g i £
easily identified. Being able to do so should be very helpful = o] £,
in understanding ther-band property close tpa=0. B =
The wvalidity of the approximated WF law %] Ty
k($)~G(¢)L,T is examined. The ratiG ()L, T/ k() is ol 1 j
shown in Fig. 2 at various temperatures. At 0, the ratio 1 O T T e
(the heavy solid curyeapproaches 10) inside (outside the 46 610203 04 65 0.6 07 0865 10 1.1 12
magnetic-flux range, which corresponds to the subband ¢/ %g
crossing ofu= 0. The integrand oK,(¢) [Eq. (4c)] is more
extended in energy than that &f(¢); therefore,x(¢) is FIG. 3. Peltier coefficient of th€210,0 nanotube aT=0 K and

more sensitive to the thermal broadening effect tkH1e) w=0 eV, calculated at various bias voltages. The electrical conduc-
is. In other words, the WF ratio cannot maintain at the pre+tance is also shown in the inset for comparison.
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comparison. AtT=0, bothI(¢) and U(¢) have a factor
0(eV—E)— 6(—E) [see Eq(2)]. After the integration, one
could find 1(0)xV and U(0)xV?, i.e., there is a finite
G(0) but a vanishindgI(0) asV—0. For¢+0, a finite band
gap develops for the zigzag nanotube. When the enexgy
is smaller than the energy differen&g [Eq. (8)] between
the conduction band and=0, no states could carry thermal
or electrical currents anymorél(¢) and G(¢), then, both
vanish concurrently. For example, at=10 mV, both
I1(¢)=0 andG(¢$)=0 (the heavy dashed curyefor 0.13
(ﬁOS ¢$ 08%0 .

For the(210,0 nanotubeE, varies with¢ and, from Eq.
(1a), could be expressed as

u=2.1311 eV; V=0 mV

N

W

5]
1

K (4)/(LaTe*To/h)

/%0
Ep(d)= 3bvo (i — % i ’ (8) FIG. 4. Same plot as Fig. 1, but for the dop@d0,0 nanotube
2r ¢o |M'rc ¢ with u=2.1311 eV. The inset shows the details at srged.

where¢p=7¢o= ¢’ and ¢’ < ¢o/2. 2Ep is the energy gap doping level we could find a differenp dependence i,
when Ep=0. Ep increases, from zero, linearly ip and  put similar step structures would remain. The spitiater-
reaches a maximum ah,/2 before decreasing at the further action, which leads to the Zeeman splitting, increases lin-
increase ofp. Ep might become negative due to the subbandearly with ¢. Thus the splitting of a step into two halves due
crossing ofu= 0. Nonvanishing thermal and electric currentsto the Zeeman effect becomes increasingly clear at larger
exist as long a£p(¢p)<eV. A higher voltage could thus ¢'’s. A strong thermal broadening effect, as found in Fig. 1,
widen the window of passage and enhahbgs), and make could mask the step structuresTat 1 K. Similar structures
the observation of the Peltier effect easier. Furthermorein G(¢) have been found and discussed in Ref. 12. We
II(#) may increase or decrease with the increastndput in - further discuss the relation between the thermal and electrical
a way contrary to that displayed I8 ¢). This feature relies conductances, as shown in Fig. 2. For the doft0,0

on the way that the thermal and the electric currents varyanotube withu=2.1311 eV, the number of heat- and
with the magnetic flux. When, for examplEg(¢) increases current-carrying conduction bands is at least 232, so that the
as ¢ varies, bothU(¢) and I(¢) would decrease, but ratio G(¢)L,T/«(¢) is close to 1(not shown. Due to the
U(¢) would do so at a slower pace; therefore, wHilé¢$)  different sensitivity about temperature betwe®i¢) and

is increasing in valuegs(¢) is decreasing. In shorlI(#)  «(¢), the ratio would exhibit a strong fluctuation about 1
andG(¢) would vary in the opposite direction as varies. near subband crossing, just like in the undoped case. The
Also note thatG(¢) (inseb has structures linear i for the  fluctuation is stronger at higher temperatures. On the other
simple reason thaE varies linearly ing. hand, the approximated WF law is well obeyed in a wide

Other than applying a finite voltage, the chemical potentange @~ 0.2¢,—0.84,) where there is no subband cross-
tial may also be varied by doping. Here we assume thaing; this is characteristically different from Fig. 2 of an un-
alkali-metal atom® are intercalated into carbon nanotubesdoped carbon nanotube. In short, the validity of WF law,
and that each carbon atom receiveseoh the averag&'®  besides its dependence on the temperature, the magnetic flux,
This is comparable to what has been found in the stage-orend the band structure, also depends on the chemical poten-
GIC’'s (GgM, M=K, Rb, and C8?®* The doping is pre- tial in an important way.
dicted to mainly cause the rigid sHifof the Fermi energy The Peltier coefficient of the dopg@10,0 nanotube is
from zero to a finite value. According to the rigid-band shown in Fig. 5 at variou$’s andV=0 mV.II(¢) exhibits
model’® Ex=2.1311 eV for the(210,0 nanotube at this
charge transfer rate. There are now free carriers in the con-
duction bands and they greatly enhance the thermal and the
electric currents. Basic transport properties are also modified;
for example, the Peltier coefficient and the thermal conduc-
tance both become quantized because of doping. Also note
that the layered GIC'¢$Refs. 35 and 36would not have the
similar quantized transport properties of the 1D carbon nano-
tubes.

k() (L ,T€Ty/h) of the doped(210,0 nanotube is
shown in Fig. 4 at variou3’s andV=0 mV. At T—0, the
thermal conductanddEq. (7a)] is proportional to the number
of subbands intersecting with the chemical potential

u=2.1311 eV; V=0 mV

m(s) (uV)

L 000 0.02  0.04 008 008 0.0 il
....... s e i L10.6

00 01 02 03 04 05 06 07 08 09 1.0

(u=2.1311 eV. The lowering steps found at small are o/ bo
due to a decreasing number of subbands that ¢uoss ¢
increases. This trend is reversed at largér That FIG. 5. Peltier coefficient of the dope@10,0 nanotube at

k(0)=k(¢o) follows from the fact that the band is periodic V=0 mV andx=2.1311 eV, calculated at various temperatures.
in ¢ if the spinB interaction is neglected. At a different The inset shows the details at smalk.
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the oscillatory behavior and has several peak structures. V. CONCLUDING REMARKS
These peak structures are related to the subband crossing OfThe electric and thermal currents throuah a carbon nano-
the chemical potential. As a conduction subband crosses the . - i ug .
chemical potential, say ab., the band structure in the en- tube are s_tudled within the ballistic regime. The mz_ignetlc
ergy range~ u=kgT is very asymmetric aboyt. Hence qux_couId induce the subt_)aljd crossing of the _chem|cal po-
K1(¢) of Eq. (4c) displays a local maximum ab= ¢, and tential. Therefore, the baII|§tlc transport properties, the ther-
s0 doesTI(#)=K4(4)/Ko(¢). At very low temperatures, mal conductance, thg P_elt|er coefﬁuent, and the electrical
the Peltier coefficient is approximately givenZy conductanck¥ all exhibit rich magnetic-flux-dependent struc-
tures. For an undoped carbon nanotube with=0,
. ) k($)/ (L ,T€Ty/h) exhibits step structures, biit(¢) van-
92 ishes due to the symmetrig-band structure aboyt=0.
Jao However, the Peltier effect could be observed by applying a
o . finite bias voltage or by intercalating with dopants into a
we haye used the relat!ogf_iOE SGCH(E/Z_)dE/‘_l:InZ N carbon nanotubg. In add%tion to inducigng more sriep structures
evaluatingk, (). The variation o2y, , with ¢ inEA.(9) i "4he thermal conductance, doping also causes the peak
is negligible since there are many heat- and current-carrying;rctures with quantized maxima in the Peltier coefficient.
conduction subbands. The quantized amplitude in the peak&hether or not the approximated WF law is valid and the

of the PeItiee%rzqogﬁicient is proportional ©, but that of the  pgjiier coefficient exhibits the quantized peaks depends on
thermopowet” is independent o . For examplel1(¢) ex-  {he temperature, the chemical potential, théand structure,

hibits such a quantization phenomenongatlose t0¢o. At gng the spirB interaction. The quantized peaks and steps
T<0.1K,II(¢) is found to exhibit eight quantized peaks for ghoyid be observable dt<1 K. These quantized ballistic

0= ¢=do, which are centered at the magnetic flux corre-yansport properties directly reflect theband structure of a
sponding to the subband crossing.of The quantized peaks ¢arhon nanotube. The low-temperature measurements on car-
are hardly affected by the thermal broaden_lng at such a loWon nanotubes are thus very important in revealing the
temperature. But when the thermal enekgll is of the mag- ;- _hand properties and also in testing the validity of the pre-
nitude of the spirB interaction, the thermal broadening gicted 7r-band structuré 8 Effects of lattice vibratior® on
could easily blur the quantized structures caused by the Zegne pallistic and the classical diffusive transport properties
man splitting. For exampld](¢#) atT=1 K (the solid curve 4.0 worthy of further studies.

in the inset does not exhibit the twin-peak structures at
¢~0.08p,. On the other hand, it would take a higher tem-
perature T>10 K) to completely destroy the quantized

kgT In2
H(¢p=¢c)~
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