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CONDUCTIVITY AND THERMOPOWER IN ROPES OFCARBON NANOTUBES � A TIGHT BINDING MODELAPPROACH�T. Kostyrkoa and M. Bartkowiaka;b;
aInstitute of Physi
s, A. Mi
kiewi
z UniversityUmultowska 85, 61-614 Pozna«, PolandbDepartment of Physi
s and Astronomy, University of TennesseeKnoxville, TN 37996-1200, USA
Solid State Division, Oak Ridge National LaboratoryOak Ridge TN 37831-6030, USA(Re
eived O
tober 30, 2000)We analyze the doping dependen
e of the thermopower and 
ondu
tiv-ity of ropes of single wall 
arbon nanotubes using a tight binding model.A sizeable value of the Seebe
k 
oe�
ient in these systems together withits Fermi liquid like temperature behavior indi
ate an asymmetry near theFermi surfa
e. We dis
uss two possible explanations for this asymmetryof the ele
troni
 stru
ture of the nanotube ropes, one due to defe
t states,another resulting from the intertube intera
tions.PACS numbers: 73.20.Dx, 72.80.Rj, 85.30.Vw1. Introdu
tionThe transport properties of the ropes of single wall 
arbon nanotubes(NTs) [1℄ exhibit several so far unexplained features:1. Substantial value of the thermopower (TEP) whi
h in
reases initiallylinearly with temperature like in the Fermi liquid [2�4℄. This is sur-prising be
ause the band stru
ture 
al
ulations performed for the in-dividual NT does not show mu
h [5℄ (or any [6℄) asymmetry aroundthe Fermi surfa
e and TEP should vanish in su
h a 
ase.� Presented at the XXIV International S
hool of Theoreti
al Physi
s �TransportPhenomena from Quantum to Classi
al Regimes�, Ustro«, Poland, September 25�O
tober 1, 2000. (405)



406 T. Kostyrko, M. Bartkowiak2. The ele
tri
al 
ondu
tivity measured on undoped mats of ropes of NTs�rst slowly in
reases with de
rease of temperature then, upon rea
h-ing some temperature minimum, starts to de
rease rapidly. This lowtemperature de
rease may be understood as onset of a weak lo
al-ization [7, 8℄ and is not unlike to the behavior observed in the dopedpolya
etylene, where it was des
ribed using a variable range hoppingmodel [9℄.3. Upon doping with either hole or ele
tron donors 
ondu
tivity 
anbe 
onsiderably enhan
ed (even up to 120 times for Cs-doped NTmats [10℄). At the same time, the K-doped mats no longer show theresistivity in
rease in low temperature region [11℄.4. The 
ondu
tan
e measurements made on the individual rope on NTsshow irregular �u
tuations with the gate voltage, whi
h may be due tothe defe
t states. The doping of the single rope in situ with K atoms,in
reases the 
ondu
tan
e by a fa
tor of 20 at T = 5:3K [11℄, and at thesame time the �u
tuations disappear. This fa
t is in 
ontradi
tion withexpe
tations of in
reased role of disorder due to introdu
ed dopantions.5. The transport properties of NTs were shown to be very sensitive tothe presen
e of oxygen in their environment [12, 13℄. The gas a
tsprobably as the ele
tron a

eptor, shifting the position of the Fermilevel downwards by a fra
tion of eV. This in agreement with observa-tion of a 
hemi
al potential shift in multiwall 
arbon nanotubes [14℄ aswell as the known 
harge transfer from the oxygen to planar defe
tedgraphite [12℄. The surprisingly large TEP of degassed NTs indi
ates,however, an �important asymmetry in the ele
troni
 
arbon � bands�near the Fermi energy [13℄.In this paper we try to understand qualitatively the general features ofthe transport properties of the NT ropes, with a help of simple 
al
ula-tions using a tight binding model of these systems. At present the natureof s
attering pro
esses whi
h determine the temperature behavior of the
ondu
tivity and the thermopower is not 
lear. Here we assume that theele
tron s
attering is due mainly to the presen
e of defe
ts.In Se
tion 2 we 
onsider in�uen
e of the doping on transport propertiesof an individual NT. We restri
t our attention to arm
hair NTs, whi
h aregapless and therefore exhibit metal-like properties. We 
al
ulate the posi-tion of the Fermi level of the NT as a fun
tion of ele
tron 
on
entration. Weestimate the resistan
e of the NT in a semi
lassi
al approximation, negle
t-ing interferen
e in s
attering from di�erent defe
ts. This will allow us to
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tivity and Thermopower in Ropes of Carbon Nanotubes : : : 407derive an approximate result for the thermopower as a fun
tion of ele
tronor hole doping for a wide range of doping.In the Se
tion 3 we analyze the in�uen
e of the intertube intera
tions onthe asymmetry of the ele
troni
 stru
ture near the Fermi level (for undopedtubes). We 
al
ulate the in�uen
e of this asymmetry on the 
ondu
tivityand the thermopower in the rope of NT for small ele
tron and hole doping.In Se
tion 4 we dis
uss the above mentioned experimental fa
ts in thelight of our 
omputations.2. Transport properties of an individual NT2.1. Doping dependen
e of the Fermi level in an individual NTA Hamiltonian of the system of nonintera
ting arm
hair NTs 
an bewritten asH0 =X�j �	 y�j � Ha WW Hb �	�j +�	 y�j � 0 0t 0 �	�j+1 + h.
.�� : (1)In above, 	 represents a 4Na-dimensional ve
tor of ele
tron operators of(Na; Na) arm
hair NT for the j 
ell of the NT in a position de�ned by ave
tor �, 	 y�j = (ay�j ; by�j). The 2Na � 2Na dimensional matri
es Ha;Hb de-s
ribe hopping pro
esses within subsystems of a and b orbitals. W des
ribeshopping between a and b type orbitals within the same 
ell. t is an inter-
ell hopping matrix between a and b orbitals. The spe
i�
 forms of thesematri
es are de�ned in [16℄. The hopping parameter between NN 
arbonatoms is here t = �3 eV. Writing the Hamiltonian of the NT in the formof Eq. (1) we assume that e�e
ts of Coulomb intera
tions may be treatedwithin a one-parti
le approa
h and the hopping integrals in
lude the e�e
tof intera
tion by means of Hartree�Fo
k approximation. The e�e
t of theintera
tions on the site energy (i.e. Hartree term) leads in the 
ase of indi-vidual NT to a uniform shift of all bands be
ause all sites are equivalent (wedo not 
onsider a possibility of the CDW state here).In this work we assume periodi
 boundary 
ondition in dire
tion parallelto the NTs axis (whi
h is justi�ed for long enough NTs). In this 
ase energyspe
trum of an individual NT 
an be expli
itly obtained [1℄"k�s = s tr1 + 4 
os k2 
os(q�) + 4 
os2 k2 ; s = �1 (2)where q� = � �Na ; � = 1 : : : 2Na; � 6= Na and jkj < � [15℄. For � = Na onehas "kNas = s t�1� 2 
os k2� : (3)



408 T. Kostyrko, M. BartkowiakFor undoped NT, only two bands with � = Na and s = �1 
ross the Fermisurfa
e, whi
h takes pla
e for k = �2�3 . The band stru
ture for (10,10) NTis shown in Fig. 1. We have 4Na bands for (Na; Na) NT, 
orresponding to4Na atoms in the unit 
ell of the arm
hair NT 1 � d latti
e, some of themare degenerate. The bands for whi
h �� = 
os(q�) > 0 (� = Na2 ; : : : ; 2Na),
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Fig. 1. Band stru
ture of (10,10) NT.are monotonous fun
tions of the wave ve
tor and may 
ross the Fermi levelat two points. The bands with �� < 0, whi
h have minimum at some pointk0; (0 < k0 < �) may 
ross the Fermi level in two or four points. One hasfor �� < 0 (below I drop s index and 
onsider only s = +1 bands, ex
eptthe one with � = Na)��(!) = 1� "�0Z"k0� d"jv(�)� (")jÆ(!�")+ 1� "��Z"�k0 d"jv(+)� (")jÆ(!�") ; v�k = d"�kdk ; (4)where the velo
ity v�k is represented as a fun
tion of the energy for the givenband, by inverting Eq. (2). The result is��(!) = �(�)� (!) + �(+)� (!)= �(! � "�k0)�("�0 � !)�jv(�)� (!)j + �(! � "�k0)�("�� � !)�jv(+)� (!)j= !=jtjt�p�2� + !2=t2 � 1 24 �(! � tp1� �2�)�(t� !)q1� �2� + (1� !2=t2)=4� ��2 p�2� + !2=t2 � 1+ �(! � tp1� �2�)�(tp5 + 4�� � !)q1� �2� + (1� !2=t2)=4 + ��2 p�2� + !2=t2 � 135 (5)
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tivity and Thermopower in Ropes of Carbon Nanotubes : : : 409for �� < 0 and for s = +1. For �� > 0; s = +1 one has��(!) = �(! � "�0)�(! � "��)�jv(+)� (!)j= !=jtjt�p�2� + !2=t2 � 1 �(! � tp1� �2�)�(tp5 + 4�� � !)q1� �2� + (1� !2=t2)=4 + ��2 p�2� + !2=t2 � 1 :(6)For � = Na; s = +1 one gets�Na(!) = �(t2 � !2)=jtj�p1� (1� !=t)2=4 : (7)The DOS for subbands with s = �1 may be obtained from the relation:��;s(!) = ��;�s(�!). In Fig. 2 we show the total density of states (normal-ized to 1) of the (10,10) NT for !=t > 0,�(!) = 14Na X�s ��s(!) :The 1 � d van Hove singularities seen at ! = tp1� �2� ; tp5 + 4�� 
orre-spond to band minima and maxima, respe
tively (see Fig. 1).

0.0 0.5 1.0 1.5 2.0 2.5 3.0

ω/t

0.0

0.1

0.2

0.3

0.4

ρ(
ω

)|t
|

Fig. 2. Density of states of (10,10) NT.At half �lling (undoped NT) the Fermi energy is positioned at ! = 0.Doping with K will shift the position of the Fermi level in su
h a way thatfor the limiting (unrealisti
) 
ase CK1 the band system will be 
ompletelyfull. In Fig. 3 we show the position of the Fermi level as a fun
tion of, say,
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Fig. 3. Dependen
e of the position of the Fermi level on K doping in (10,10) NTfor x < 0:25.K-doping for the NT 
ompound CKx. (The pi
ture is the same for ele
tronand hole doping be
ause the band stru
ture is 
ompletely symmetri
 here).One 
an note that very small doping (x � 0:0115 for (10,10) NT) issu�
ient to shift the Fermi level to the position of the �rst van Hove sin-gularity in DOS whi
h is at !=t = sin [�=Na℄ =(� ��=Na for Na � 10).Note that Fermi energy in
reases initially linearly with x. More pre
isely,by integration of DOS one obtains, for j�=tj < sin(�=Na)x = 1�Na �ar
sin�1 + �t2 �� ar
sin�1� �t2 �� ; (8)�t = p3�Na2 x+ : : : : (9)The linear term in x of Eq. (9) gives about 1% a

ura
y, until � rea
hes �rstvan Hove singularity.2.2. Resistan
e of the NT in the semi
lassi
al approximationA

ording to the Landauer theory [17℄ the 
ondu
tan
e of a mesos
opi
sample in T ! 0 limit may be related to a re�e
tion 
oe�
ient R with aformula � = �0 (1�R); where �0 = e2n
h : (10)Here n
 denotes the number of 
ondu
ting 
hannels. The 
oe�
ient R mea-sures a probability of an ele
tron re�e
tion from the sample and its return to
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h it was inje
ted. R is measured at the Fermi level. Thelimit of the maximum 
ondu
tan
e, �0, is obtained for the vanishing re�e
-tion, in the 
ase when the only sour
e of s
attering is the 
onta
t betweenthe sample and the measuring leads. For ma
ros
opi
 samples the main fa
-tor limiting the 
ondu
tan
e is usually the s
attering of the ele
trons withinthe sample, by defe
ts or intera
tions of ele
trons with other quasiparti
les.It is 
onvenient to separate the 
onta
t 
ontribution to the total resistan
e,R
 = 1=�0 from the total resistan
e, R = 1=� and rewrite R in the formR = R
 +Ri; Ri = R
 R1�R : (11)Above Ri denotes the internal (`a
tual' [17℄) resistan
e related to the prop-erties of the sample itself. Ri, whi
h may be measured dire
tly in the fourlead measurement, is determined by the potential drop within the sampleand may vanish in absen
e of defe
ts. The internal resistan
e may be readilyobtained in the 
ase of a single point-like defe
ts, by 
al
ulation of the re�e
-tion R from the s
attering theory. The exa
t 
omputation for a large numberof the defe
ts is di�
ult due to e�e
ts of interferen
e between ele
tron wavess
attered from the di�erent defe
ts. The interferen
e e�e
ts, whi
h manifestas very irregular �u
tuations of the 
ondu
tan
e of the sample, lead even-tually to lo
alization of ele
tron states and vanishing of the 
ondu
tan
e(at T = 0) in the limit of an in�nitely long sample. For a not too long sam-ple or a small enough number of the defe
ts, in between the ballisti
 limitand the lo
alized one, we may negle
t the interferen
e e�e
ts and still ob-tain fair enough qualitative des
ription of the resistan
e. The negle
t of theinterferen
e e�e
ts may also be justi�ed in the presen
e of other s
atteringpro
esses (due to phonons, unpaired spins, ele
tron�ele
tron intera
tions,intertube hopping), whi
h break the phase 
oheren
e of the 
arriers betweenthe 
onse
utive elasti
 
ollisions with defe
ts within the NT. The re�e
tionof a sample 
ontaining m identi
al defe
ts, obtained in the approximationnegle
ting the interferen
e e�e
ts, reads [18℄Rm = mR11 + (m� 1)R1 ; (12)where R1 denotes a re�e
tion of the sample with a single defe
t. UsingEqs. (11),(12) we obtain the approximate expression for the internal resis-tan
e, whi
h obeys the Ohm's law [17℄R
(m) = R
m R11�R1 : (13)



412 T. Kostyrko, M. BartkowiakIn Fig. 4 we show the internal 
ondu
tan
e per single defe
t, �=m=R
(m),as a fun
tion of the Fermi level �. We used here the values of the single pointdefe
t re�e
tion R1 obtained with a help of the transfer matrix method [16℄.We show here the results obtained for positive values of Ed, whi
h 
orre-spond to ele
tron donor substitution. The results for negative values of Edmay be dedu
ed from the presented �gures by a repla
ement: � ! ��.The 
al
ulation for the weak defe
ts (Ed=jtj = 0:1) are similar to what oneobtains from the Boltzmann theory applied to the 1 � d system, with therelaxation time 
al
ulated using the Born (i.e. se
ond order with respe
t toEd) approximation,�B(�) = e2�2 X� �(�)��(�) ; ��1(�) = 1~X� ��(�)E2d : (14)The equivalen
e of the two approa
hes may be expli
itly shown inEd ! 0limit using the results for the single defe
t re�e
tion R1 [18, 19℄. However,even in the 
ase of the weak defe
t Ed=jtj = 0:1 one 
an see 
learly thequantitative di�eren
es of these results. The s
attering time from the Bornapproximation [20℄ leads to the result for � whi
h is symmetri
 with respe
tto � = 0 and is only weakly dependent on � in the 
entral two band region,��=10 < �=jtj < �=10. On the 
ontrary, the expression for R1 in
ludessingle defe
t s
attering exa
tly and leads to a noti
eable asymmetry in �.The asymmetry in
reases with in
rease of the defe
t strength. For the verylarge value of Ed the re�e
tion R1 exhibits the maximum 
orresponding toappearan
e of the quasibound state within the two band region [16℄ and atthis point the internal 
ondu
tan
e is strongly suppressed.
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Fig. 4. Internal 
ondu
tan
e per single defe
t for the (10,10) nanotube as a fun
tionof the Fermi level (in units of jtj) at T = 0 K. Thin line: Ed=jtj = 0:1, dotted line:Ed=jtj = 1, dashed line: Ed=jtj = 6.
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tivity and Thermopower in Ropes of Carbon Nanotubes : : : 413In the real system one may expe
t the internal resistan
e whi
h is ap-proximately the weighted average of the 
ontributions from di�erent defe
ts.In parti
ular, the amount of the oxygen adsorbed at the NT walls may beprobably estimated from the shift of the 
hemi
al potential with respe
t to� = 0, i.e. it is the order of 1% or less. If it exist in a form of the negatively
harged ion, it may probably raise the site energy of the neighboring 
ar-bon atoms by a value of order of several eV. The topologi
al Stone�Wales,or 5�77�5, defe
t may be approximately represented (for ! = 0) by thestrong point defe
t, Ed=jtj � 6 [16℄, and it was estimated to appear on
e inevery 105 C�C bonds [21℄. Unfortunately, little is known about frequen
yof appearan
e of other defe
ts (NT bending, va
an
ies, 5�7 pairs...), whatpre
ludes systemati
 quantitative 
omparison with experiments. One maywonder, however, if the present results allow to understand the doping de-penden
e of the 
ondu
tan
e, mentioned in the Introdu
tion. The saturationintake of the potassium is probably 
lose to x = 0:125, whi
h 
orrespondsthe 
hemi
al potential shift ��=jtj � 0:8, with respe
t to � = 0. Assump-tion, that the only e�e
t of doping is the 
hemi
al potential shift, does notexplain the in
rease of the 
ondu
tan
e in the 
ase of the dominating weakdefe
t (see Fig. 4, thin solid line for Ed=jtj = 0:1) be
ause in this 
ase the
ondu
tan
e de
reases by a fa
tor of 2. This may be understood in part asthe e�e
t of the relatively low Fermi velo
ity at the shifted Fermi level (seeFig. 1). Indeed the number of the 
ondu
ting bands in
reases 5-fold, butthe average Fermi velo
ity de
reases to about 75% of its value at � = 0.The more important e�e
t 
omes from the enhan
ed s
attering due to thein
reased, by a fa
tor of 6, density of states at �=jtj � 0:8 as 
omparedto �(� = 0) (see Fig. 2). The resulting de
rease of 
ondu
tan
e to about5� 0:75=6 = 0:625 of its value at � = 0 is seen in Fig. 4.The situation is similar in the 
ase of the moderate (Ed=jtj = 1) defe
t.Only the dominan
e of the strong defe
ts 
hanges the situation radi
allyand the 
ondu
tan
e may 
onsiderably in
rease as the Fermi level moves farfrom the vi
inity of the quasibound state (see Fig. 4 for Ed=jtj = 6). Alsothe fa
tors not in
luded in the model may be responsible for the in
reaseof the 
ondu
tan
e for the strong doping. One of the most important onesis the in
rease of the number of 
ondu
ting NTs in the rope from the orig-inal fra
tion of 13 to unity. Another possible e�e
t is a better s
reening ofthe 
harged defe
ts (in
luding the dopant ions) due to in
reased density of
harge 
arriers. Indeed, the measurement of the gate voltage dependen
eof the pristine and K-doped rope shows an almost featureless and voltageindependent 
ondu
tan
e in the doped rope as 
ompared to strongly os
il-lating and asymmetri
 with respe
t to VG = 0 dependen
e in the undopedrope. At the same time the low temperature upturn of the resistan
e withT ! 0 K is either redu
ed (in the single rope) or 
ompletely suppressed (inNTs mats) for the doped samples. These fa
ts suggest the de
rease of thee�e
tive value of the defe
t strength as a result of the doping.
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tri
 powerThe standard approa
h to the low temperature thermopower uses theMott formula S = �2k2BT3e d log �(�)d� : (15)The linear 
ontribution to S, indi
ated by Eq. (15), has been indeed ob-served [3℄, although the general temperature behavior of the NT mats ismore 
ompli
ated. The variation and the substantial value of the ther-mopower was interpreted as resulting from the unpaired spins of transitionmetal ions [3℄ (Kondo e�e
t) or due to presen
e of semi
ondu
ting NTs inthe ropes [2℄. Here we 
onsider a 
ontribution 
oming from a substantialenergy variation of the 
ondu
tan
e, whi
h may be related to lo
al defe
tsand the vi
inity of the quasibound state minimum in the 
ondu
tan
e.We restri
t our dis
ussion to small enough doping that the Fermi levelstays within the 
entral two band system, ��=10<�=jtj<�=10, i.e. x<0:01.We assume that the 
ondu
tivity of the whole system is proportional to the
ondu
tan
e of the single rope. In this 
ase we 
an use the result for �obtained above to determine the thermopower with a help Eq. (15). Weassume for simpli
ity that only one kind of defe
t is present in the system.Generalization to several types of defe
ts is easy, in this 
ase S would dependon the defe
ts 
on
entration and would vary between the value 
al
ulatedfor strong and weak defe
ts taken separately.In Fig. 5 we show the value of d log[�(�)℄=d� 
orresponding to the 
om-puted resistan
e presented in Fig. 4. To obtain the thermopower from theresults showed in Fig. 5 we have to multiply the derivative by the prefa
tor(�2=3)(kB=e)(kBT=jtj) from Eq. (15) whi
h is equal to � 8�10�3 T [�V/K℄,where T is given in Kelvin degrees. For example, the value of TEP 
orre-
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Fig. 5. The derivative of the logarithm of 
ondu
tan
e with respe
t to the positionof the Fermi level, for the (10,10) nanotube as a fun
tion of the Fermi level (inunits of t) at T = 0 K. Thin line: Ed=jtj = 0:1, dotted line: Ed=jtj = 1, dashedline: Ed=jtj = 6.
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tivity and Thermopower in Ropes of Carbon Nanotubes : : : 415sponding to d log(�)=d� = 2 in Fig. 5 and extrapolated to T = 300 K, isequal to 8� 10�3 � 3� 102 � 2 � 5 [�V/K℄.As follows from the presented results, the absolute value of the ther-mopower depends 
onsiderably on the defe
t strength. For the weak�to�moderate value of Ed (Ed=jtj < 1) the derivative of log(�) 
hanges ratherweakly with �. The ex
eption is the behavior of the derivative 
lose to thevan Hove singularities at � sin(�=10) where, however, appli
ation of Eq. (15)is questionable. The 
al
ulated �gures 
orrespond to TEP of order of few�V/K at T = 300 K. Note, that the positive value of d log(�)=d� 
orre-sponds to ele
tron�like 
harge 
arriers, and would 
hange sign with the sign
hange of Ed.The situation is very mu
h di�erent for the strong defe
t, whi
h leadsto the formation of the quasibound state. The derivative of log(�) mayrea
h quite substantial values, 
orresponding (for Ed=jtj = 6) to TEP notless than � 20�V/K at T = 300 K. At the position of the quasibound stateminimum in � the derivative 
hanges sign. On the left side of the minimumthe thermopower is hole�like, on the right ele
tronlike. Note that the 
hangeof sign of Ed does not 
hange the last 
on
lusion � for the negative value ofEd=jtj the 
orresponding zero of TEP will only be shifted to a positive valueof �. In the limiting 
ase Ed=jtj ! 1 (whi
h is sometimes used to mimi
a 
arbon va
an
y), � is symmetri
 with respe
t to 
hange �! �� and the
hange of sign of Ed does not 
hange the value of d log(�)=d� at all.3. Transport properties of ropes of NTs3.1. Tight binding model for a rope of NTsWe form a model of 
rystalline rope of the NTs by all possible translationsof a 
opy of the individual NT by all ve
tors of the triangular Bravais latti
e,perpendi
ular to the NT's z-axis. The resulting (in�nite) latti
e is perfe
tlyperiodi
 although it does not in general possess the inversion symmetry.The ex
eptions are the 
ases of Na = 6; 12; 18 : : : for arrangements withNT's symmetry axis 
oin
iding with symmetry axis of the triangular latti
e.Intertube hopping pro
esses in thus obtained latti
e 
an be des
ribed by aHamiltonian [22℄ H1 = Xs=0;�1;���	 y�jT�s	�+�j+s + h.
.� ; (16)where: T�s; = � V a(�s) V ab(�s)V ba(�s) V b(�s) � :Here � is a ve
tor joining nearest neighbors of the triangular latti
e. The4Na � 4Na matrix T�s des
ribes all hopping pro
esses between orbitals of
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ell of NT in position � and m-
ell of NT in position �+�. In abovewe restri
ted ourselves to the hopping pro
esses between j and m 
ells ofneighboring NTs to the ones with j = m and j = m� 0; 1.Besides appearan
e of the intertube hopping the ele
tron states of theindividual NTs 
an be modi�ed as a result of Coulomb intera
tion betweenele
trons from the di�erent nanotubes. Now however, be
ause the 
arbonsites are no longer equivalent, the 
orresponding Hartree terms may leadto a site dependent potential with symmetry of the triangular latti
e. Thisadditional lo
al potential may be a

ounted for by 
hange of the diagonalelements of matri
es Ha;Hb in Eq. (1).We 
an use the periodi
ity of the total Hamiltonian, and rewrite it usingspa
e Fourier transform of the site operators 	�j,	�j = 1N?Nk Xkq eikj+iq�	kq ;where N?; Nk represent the number of NTs in the bundle and the numberof the 
ells in ea
h NT. The Hamiltonian 
an be now rewritten asH =Xkq �	 ykq � Ha + Æa W + ty exp(�ik)W + t exp(ik) Hb + Æb �	kq + 	 ykqTkq	kq� ; (17)where Æa; Æb represent 
hange of the site energy due to assembling of the NTto form a rope and the Hermitian matrix Tkq is a Fourier transform of theintertube hopping one. The Hamiltonian in Eq. (17) 
an be diagonalizedeasily with a help of 
anoni
al transformation. However, su
h a pro
edureinvolves diagonalization of 4Na � 4Na matri
es with rather irregular distri-bution of elements and one 
an hardly hope to get expli
it result. Insteadwe work in the representation in whi
h the part H0 of Eq. (17) is madediagonal with a help of a transformation, 	kq = fk�kq (the detailed form ofthe unitary matrix fk is given in [16℄). The intertube Hamiltonian 
an bethen treated analyti
ally as a perturbation.In the new representation the intertube part of the Hamiltonian takes aform H1 =Xkq �ykqT fkq�kq ; (18)T fkq =X�s heiks+iq� �f ykT�sfk�+ e�iks�iq� �f ykT y�sfk�i :Independent of the NT radius there are two bands (A and B say) whi
hinterse
t the Fermi surfa
e, di�ering in symmetry properties of the 
orre-sponding eigenstates. The minima of the other bands start several tenths
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t the remaining bands in 
onsidering lowenergy transport properties of these systems. In doing so we assume thatneither intertube hopping nor the 
hange ÆH (de�ned by Eq. (17)) due to
rystal latti
e potential is strong enough to make admixture of the otherbands signi�
ant in vi
inity of the FS. The same restri
tion holds for thepotential of impurities.All information about the 
hanges introdu
ed in the ele
troni
 stru
tureby the intertube intera
tions is 
ontained in the matri
es' elements (Tkq)��and (ÆfH)�� = (f ykÆHfk)�� for �; � = A;B. To des
ribe the details of the
hanges of the FS we have to know the expli
it dependen
e of the matrixupon the wave ve
tors k; q. Using the results for the unitary transformationfk derived in Ref. [16℄ we �nd�f ykT (�s)fk�AA = 14Na X��=1:::2Na h�V a(�s)�� + V b(�s)��� (�1)���+V ab(�s)��(�1)���eik=2+V ba(�s)��(�1)���e�ik=2i ; (19)�f ykT (�s)fk�BB = 14Na X��=1:::2Na h�V a(�s)�� + V b(�s)���� V ab(�s)��e�ik=2 � V ba(�s)��eik=2i ; (20)�f ykT (�s)fk�AB = 14Na X��=1:::2Na h�V a(�s)�� � V b(�s)��� (�1)�+ V ab(�s)��(�1)�e�ik=2 � V ba(�s)��(�1)�eik=2i : (21)We estimated the 
ouplings from Eqs. (19)�(21), by 
onsidering (10,10) NTspla
ed �R = 0:28 nm apart (wall�wall distan
e). In units of intratube NN
arbon distan
e (= 0:14 nm), �R = 2.We assumed the hopping between a pair of 
arbon atoms from di�erenttubes in a formt�x;�y;�z = t0e1=r0e� sin(�)�R=r0e�p(�x)2+(�y)2=r0e��z=r0 (22)with t0 = 2t. Here �x;�y;�z are di�eren
es of the two atom 
oordinates.In Eq. (22) � denotes the angle between a proje
tions to xy plane of ave
tor joining the pair of 
arbon atoms and a ve
tor 
onne
ting the NTs'axes. Above phenomenologi
al form of the hopping is motivated by the axialNTs' arrangement and takes into a

ount hopping dependen
e of the anglebetween the 
arbon p orbitals. The hopping de
ay length r0 = 0:45 andt0 = 2t were 
hosen to reprodu
e typi
al values of the interplane hoppingparameters in graphite.
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al
ulated the band shifts due tothe intertube hopping intera
tions for several NT arrangements. The resultsdid depend on the angle between the verti
al symmetry plane of the NTsand the triangular latti
e unit ve
tor. This was due to the fa
t that only fewof the 
arbons from di�erent NTs 
ontribute signi�
antly to the band shift((Tkq)AA, (Tkq)BB ,) and band 
oupling ((Tkq)AB) parameters, and a slight
hange of the angle modi�ed the hopping substantially. In our numeri
al
al
ulation we set the angle � to the value whi
h maximized the pseudogap.For the 
onsidered values of r0 we found that the k-dependen
e of theband shift and band 
oupling parameters 
an be negle
ted while their q-dependen
e has to be taken into a

ount. The general form of the parameters
an be, to a good approximation, written as(Tkq)�� = p(1)�� 
os(qx) + p(2)�� 
os�qx2 + qy�+ p(3)�� 
os�qx2 � qy� : (23)The 
ontribution from the on-site potential, ÆH , 
an be 
onsidered insimilar way as the diagonal terms of T for s = 0 if we drop the eiq� fa
tor.In result they do not depend on the wave ve
tors k; q. The BB 
ontribu-tion, QBB , is equal this time to AA one and, for positively de�nite Æa;b,signi�
antly greater than AB 
ontribution, QAB . This is be
ause of the al-ternating fa
tors whi
h appear in a formula for QAB but not in QAA nor inQBB . The only e�e
t of QAA and QBB on the band stru
ture is a uniformshift of the bands. This 
an be a

ounted for by renormalizing a 
hemi
alpotential. We therefore drop QAA and QBB from the subsequent analysis.Finite AB 
oupling 
ould have important qualitative e�e
t on the bandstru
ture as it removes degenera
y of the A and B band at the FS and opensa gap in the spe
trum [24℄. QAB 
ontribution is given byQAB = 2NaXn=1�U �x+ (6n� 5)� + (�1)n�6Na ��U �x+ (6n� 5)� � (�1)n�6Na �� (�1)n : (24)In above U(�) is a potential fun
tion and � is an angle whi
h de�nes po-sition of the 
onse
utive 
arbon atoms in the unit 
ell. U(�) is periodi
in the argument � with a period 2� and not 2�=6 as 
ould be expe
tedfor a triangular latti
e. This is be
ause the self
onsistent �eld 
reated byneighboring NTs has not symmetry of the triangular latti
e for general NTs'arrangement. U(�) 
an be de�ned by its 
oe�
ients in Fourier expansion.One 
an easily see that non vanishing of the l.h.s. of Eq. (24) for (Na; Na)NT requires �nite value of the Fourier 
omponent with � = 4Nam for someinteger m. One expe
ts that the 
omponent a

ounting for the symmetry of
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e (� = 12; 24; 36) are dominating here. In 
onsequen
ea rope 
omposed of NTs with Na = 3; 6; 9 : : : may be quantitatively di�er-ent from the other ones exhibiting more pronoun
ed gap at the FS. Thepossible value of this additional 
ontribution is (as inferred from the energydi�eren
e of the inequivalent sites in graphite) of order of 0:02 eV. Ex
eptthe (3,3),(6,6),(9,9): : : NTs, it 
an be probably negle
ted as 
ompared tointertube hopping 
ontributions.The solution for the band spe
trum resulting from the 
onsidered band
oupling terms takes a formE�kq = 12 �(Tkq)AA + (Tkq)BB�� 12q�(Tkq)BB � (Tkq)AA + 2�k�2 + 4 (Tkq)AB (Tkq)BA ; (25)where �k = t(1� 2 
os(k=2)) is the spe
trum of AA band of an isolated NT.We have used the above formula to 
al
ulate the density of states in the twoband system, using the tetrahedron method [23℄. The results are presentedin Fig. 6.
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Fig. 6. Density of states for the system of the two bands, des
ribed by Eq. (25)in the rope of (10,10) nanotubes for r0 = 0:4. The substantial overlapping of thebands near the FS leads to a �nite DOS at ! = 0. The Fermi level for the undopedrope is here � = 0:00154.One sees a noti
eable redu
tion in the density of states near the 
enterof the band system. A 
ommon feature of the present 
al
ulation and of the
ited works [24, 26℄ is existen
e of the dire
t gap for (almost) all q ve
torsnear k = 2�=3. While the order of magnitude of the emerging gap is in areasonable agreement with the �rst prin
iples band stru
ture 
al
ulation ofDelaney and 
oworkers [24℄ a redu
tion of DOS is however less signi�
ant
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ited work. This is due to the fa
t that the individual sub-bands overlap substantially in the present 
al
ulation. The results for theband stru
ture near FS are also somewhat di�erent from the ones obtainedwithin the full model in
luding all 40 bands, where the values of the bandgap are quite 
lose to the two band 
ase. Most important 
onsequen
e ofin
luding the other bands is an e�e
tive modi�
ation of the band shift termfor the symmetri
 (B) band (the dominating band shift parameter). Onemay hope to improve the agreement between the present 
al
ulation and the�rst prin
iples ones [24, 26℄ by 
hoosing the parameters p�� in Eq. (23) asphenomenologi
al ones, while keeping the form of the band shift and band
oupling terms as given by Eq. (23) (we stress that the only adjustable pa-rameter in the present 
al
ulation are the intertube hopping t0, the distan
e�R and the hopping de
ay length r0).In 
on
lusion we note that the intertube intera
tions remove the de-genera
y at the FS, 
reate the pseudogap and at the same time introdu
esubstantial asymmetry near the FS. As will be shown below, this asymme-try may in�uen
e substantially the thermopower if the Fermi energy stayswithin the range of 0:03 t � 0:1 eV of the band 
enter.3.2. Condu
tivity and TEP of ropes of NTsIntertube intera
tion 
onsiderably 
ompli
ate 
al
ulation of the trans-port properties of the rope. In the 
ase of strong defe
ts we have to in
ludethe intraband as well as the interband s
attering for many bands far fromthe Fermi surfa
e, and the two-band model is 
ertainly inadequate in this
ase. The use of the Boltzmann transport theory with the energy dependent
ollision s
attering time is not justi�ed whi
h make di�
ult all the numeri
alevaluation of TEP. Here we restri
t ourselves to a 
al
ulation of the transportproperties assuming that the relatively numerous weak defe
ts dominate thes
attering. We 
on
entrate on the e�e
ts of the modi�
ation of the bandstru
ture due to the intertube intera
tions. The 
ollision relaxation timemay be estimated in this 
ase with a help of the Born approximation as inEq. (14), with the only di�eren
e that the density of states is now modi�edby the intertube intera
tions.In order to 
ompute the 
ondu
tivity using the Boltzmann transport the-ory it is 
onvenient to introdu
e a squared velo
ity density fun
tion de�nedby �v2;�(!) = 1NkN? Xkq Æ �! �E�kq� v2kq;z : (26)
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ondu
tivity at T = 0 may be 
al
ulated as�(�) = e2 X�=A;B �v2;�(�)�(�) : (27)The squared velo
ity density 
omputed with a help of the tetrahedron method,is presented as a fun
tion of the Fermi level in the Fig. 7 near � = 0.
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Fig. 7. Squared velo
ity density fun
tion 
ontributions from the two 
ondu
tingbands (for the dire
tion of nanotube axis).The two bran
hes of this fun
tion overlap at � = 0, but their sum exhibitsa signi�
ant minimum at � = 0. The de
rease of the total velo
ity density isonly partially 
ompensated by the in
rease of the relaxation time resultingfrom the de
reased density of states near the pseudogap minimum. In result,the 
ondu
tivity at � = 0 is redu
ed by about 25% with respe
t to theoriginal value for the individual NTs (see Fig. 8).The 
hanges of �(�) take pla
e in a relatively small interval of � values,what leads to 
onsiderable values of logarithmi
 derivative of � and poten-tially large TEP at room temperatures (see Fig. 9). From the shape of thepseudogap itself (Fig. 6) one would expe
t a transition from the stronglyhole like behavior of TEP (for � < 0), to the ele
tron like one, with in
reaseof the Fermi level. The situation is however more 
omplex, whi
h is due tomodi�
ation introdu
ed by the energy dependen
e of the relaxation time.In result, the thermopower may 
hange the sign several times within thepseudogap region. One should not take the values shown in Fig. 9 too liter-ally, however. The subtle details of the relaxation time in real systems maydepend on a form and a strength of the defe
t potential or presen
e of otherme
hanisms of ele
tron s
attering. Besides, disorder in relative arrangementof NTs forming ropes may obliterate rather sharp pseudogap features [25℄ orlead to 
an
ellation of the 
ontributions from the hole-like and ele
tron-likeregions.
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Fig. 8. Condu
tivity at T = 0 K in the vi
inity of the pseudogap as a fun
tionof the Fermi level, for relaxation time �(�) 
omputed in the Born approximation,assuming weak defe
ts.
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Fig. 9. As in Fig. 8, but the derivative of logarithm of the 
ondu
tivity at T = 0 K.Quite generally one may expe
t large absolute values of TEP and a
hange of sign of TEP (for small enough T ) in a relatively small rangeof doping, �x � 2 � 10�3. Beyond the region of the pseudogap (i.e. forj�j > 0:2 eV) the logarithmi
 derivative of the 
ondu
tivity qui
kly goes tothe value obtained for the individual NT and the intertube intera
tions willnot in�uen
e signi�
antly the TEP.4. Con
lusionsIn this paper we dis
ussed in�uen
e of ele
tron and hole doping on trans-port properties of the nanotube ropes within the framework of the tightbinding model. We assumed that the defe
ts dominate the 
harge 
arriers
attering, and the only e�e
t of introdu
ing the ele
tron or hole donors intothe system is the shift of the Fermi level.
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t of the usual ele
tron�phonon s
attering 
ontribution maybe justi�ed by the weakness of ele
tron�phonon 
oupling in the nanotubes,leading to estimated mean-free path of 14 �m at room temperature (thisis at least order of magnitude more than the average NT length) [27℄. The
onsideration of the doping within a rigid band approximation is by nomeans obvious and should be 
riti
ally evaluated with a help of ab initio
omputations in
luding presen
e of doping ions. On the basis of our resultsone has to 
on
lude that the in
rease of 
ondu
tan
e of rope due to doping
annot be understood as a result of the simple in
rease of the number of the
ondu
ting bands at the Fermi level, assuming that weak defe
ts determinethe 
ondu
tan
e. As we showed (see Se
.2.2 and Fig. 4), the 
ondu
tan
eof the single NT de
reases in this 
ase, due to the de
rease of the relaxationtime. A trivial possibility is that the experimentally found in
rease of �is a 
onsequen
e of in
rease of number of 
ondu
ting NTs in the sample,due to shift of � to the 
ondu
ting bands of the originally semi
ondu
tingNTs. An additional me
hanism for the in
rease of � may be provided bythe better s
reening of the 
harged defe
ts, due to an in
reased number ofthe 
harge 
arriers. The importan
e of this me
hanism may be 
on�rmedby the absen
e of 
ondu
tan
e �u
tuations in the doped NT rope, as well asthe vanishing of the low temperature resistivity upturn in doped mats [11℄.The quantitative explanation of the doping dependen
e of � will thereforehave to take the doping dependen
e of the s
reening into a

ount.The 
omplexity of the experimentally studied systems makes di�
ult aquantitative 
omparison of the TEP with results of our 
omputations. Inthe experimentally studied systems, one may expe
t a noti
eable hole-like
ontribution to the TEP in mats, 
oming from the intrinsi
ally semi
ondu
t-ing small-gap NTs, if the Fermi level is lowered by the oxygen adsorbed atthe NT's surfa
e. In the similar way, the ele
tron-like TEP obtained in thedegassed ropes [13℄, may be understood if we take into a

ount a possible ex-isten
e of ele
tron donors (e.g. transition metal atoms), left un
ompensatedin the sample after removing the oxygen.One would need a more pre
ise 
ontrol of the position of the Fermi levelthan 
urrently available in experiments, to verify a possibility that the largevalue of TEP is a 
onsequen
e of the intertube intera
tions. In parti
ular, ifwe were to see the transition from the hole-like to ele
tron-like TEP withinthe pseudogap, we would need to 
ontrol the oxygen 
on
entration to at least0.001 a

ura
y (measured as a ratio of oxygen to 
arbon atoms). On theother hand, the negatively 
harged oxygen mole
ules may lead to formationof the quasibound (or quasilo
alized) states in the 
entral two-band regionof the NTs. This is suggested by ab initio 
omputations made for nitrogensubstitutional impurity [28℄, whi
h showed formation of a very 
lear qua-sibound state (from its position it 
an be des
ribed by a lo
al defe
t with



424 T. Kostyrko, M. BartkowiakEd=jtj � �2 within our model). As we showed above, the existen
e of thequasibound states leads to the minimum of the 
ondu
tan
e within the two-band region and may explain transition from the hole-like to ele
tron-likeTEP with the Fermi level 
rossing the position of the quasibound state.The authors are grateful to P. Eklund, L. Grigorian and G.D. Mahanfor numerous helpful dis
ussions. Resear
h support is a
knowledged fromthe University of Tennessee, from Oak Ridge National Laboratory managedby Lo
kheed Martin Energy Resear
h Corp. for the U.S. Department ofEnergy under 
ontra
t DE-AC05-96OR22464, and from a Resear
h GrantNo. N00014-97-1-0565 from the Applied Resear
h Proje
ts Agen
y managedby the O�
e of Naval Resear
h. This work was also supported in part bythe Polish State Committee for S
ienti�
 Resear
h (KBN), proje
ts numbers2 P03B 037 17 and 2 P03B 087 19.REFERENCES[1℄ For a review of experimental and theoreti
al works on 
arbon nanotubes, see:R. Saito, G. Dresselhaus, M.S. Dresselhaus, Physi
al Properties of CarbonNanotubes, Imperial College Press, London 1998.[2℄ J. Hone et al., Phys. Rev. Lett., 80, 1042 (1998).[3℄ L. Grigorian et al., Phys. Rev. Lett. 80, 5560 (1998).[4℄ J. Hone et al., Appl. Phys. Lett. 77, 666 (2000).[5℄ J.W. Mintmire, B.I. Dunlap, C.T. White, Phys. Rev. Lett. 68, 631 (1992).[6℄ N. Hamada et al., Phys. Rev. Lett. 68, 1579 (1992).[7℄ Z. Wang et al. Phys. Rev. B51, 13833 (1995).[8℄ L. Langer et al., Phys. Rev. Lett. 76, 479 (1996).[9℄ A.B. Kaiser, Phys. Rev. B40, 2806 (1989).[10℄ L. Grigorian et al., Phys. Rev. B58, R4195 (2000).[11℄ R.S. Lee et al., Phys. Rev. B61, 4526 (2000).[12℄ P.G. Collins et al., S
ien
e 287, 1801 (2000).[13℄ G.U. Sumanasekera et al., Phys. Rev. Lett. 85, 1096 (2000).[14℄ Ch. S
hoenenberger, private 
ommuni
ation.[15℄ Throughout the paper we use the arm
hair NT unit 
ell length, a = p3dC�C =0:24 nm, as our unit length.[16℄ T. Kostyrko, M. Bartkowiak, G.D. Mahan, Phys. Rev. B59, 3241 (1999).[17℄ S. Datta, Ele
troni
 Transport in Mesos
opi
 Systems, University Press, Cam-bridge 1995.[18℄ T. Kostyrko, M. Bartkowiak, G.D. Mahan, Phys. Rev. B60, 10735 (1999).[19℄ H.J. Choi, J. Ihm, Solid State Commun. 111, 385 (1999).



Condu
tivity and Thermopower in Ropes of Carbon Nanotubes : : : 425[20℄ C.T. White, T.N. Todorov, Nature 393, 240 (1998).[21℄ V.H. Crespi, M.L. Cohen, A. Rubio, Phys. Rev. Lett. 79, 2093 (1997).[22℄ The summary of the results 
ontained in this se
tion was presented byT. Kostyrko, M. Bartkowiak, G.D. Mahan at the APS Mar
h Meeting 99'in Atlanta, Georgia, poster PP01.49.[23℄ P.E. Blö
hl, O. Jepsen, O.K. Andersen, Phys. Rev. B49, 16223 (1994).[24℄ P. Delaney et al., Nature 391, 466 (1998).[25℄ A.A. Maarouf, C.L. Kane, E.J. Mele, Phys. Rev. B61, 11156 (2000).[26℄ J.-C. Charlier, X. Gonze, J.-P. Mi
henaud, Europhys. Lett. 29, 43 (1995).[27℄ T. Hertel, G. Moos, Phys. Rev. Lett. 84, 5002 (2000).[28℄ H.J. Choi et al., Phys. Rev. Lett. 84, 2917 (2000).


