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CONDUCTIVITY AND THERMOPOWER IN ROPES OFCARBON NANOTUBES � A TIGHT BINDING MODELAPPROACH�T. Kostyrkoa and M. Bartkowiaka;b;aInstitute of Physis, A. Mikiewiz UniversityUmultowska 85, 61-614 Pozna«, PolandbDepartment of Physis and Astronomy, University of TennesseeKnoxville, TN 37996-1200, USASolid State Division, Oak Ridge National LaboratoryOak Ridge TN 37831-6030, USA(Reeived Otober 30, 2000)We analyze the doping dependene of the thermopower and ondutiv-ity of ropes of single wall arbon nanotubes using a tight binding model.A sizeable value of the Seebek oe�ient in these systems together withits Fermi liquid like temperature behavior indiate an asymmetry near theFermi surfae. We disuss two possible explanations for this asymmetryof the eletroni struture of the nanotube ropes, one due to defet states,another resulting from the intertube interations.PACS numbers: 73.20.Dx, 72.80.Rj, 85.30.Vw1. IntrodutionThe 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) whih inreases initiallylinearly with temperature like in the Fermi liquid [2�4℄. This is sur-prising beause the band struture alulations performed for the in-dividual NT does not show muh [5℄ (or any [6℄) asymmetry aroundthe Fermi surfae and TEP should vanish in suh a ase.� Presented at the XXIV International Shool of Theoretial Physis �TransportPhenomena from Quantum to Classial Regimes�, Ustro«, Poland, September 25�Otober 1, 2000. (405)



406 T. Kostyrko, M. Bartkowiak2. The eletrial ondutivity measured on undoped mats of ropes of NTs�rst slowly inreases with derease of temperature then, upon reah-ing some temperature minimum, starts to derease rapidly. This lowtemperature derease may be understood as onset of a weak loal-ization [7, 8℄ and is not unlike to the behavior observed in the dopedpolyaetylene, where it was desribed using a variable range hoppingmodel [9℄.3. Upon doping with either hole or eletron donors ondutivity anbe onsiderably enhaned (even up to 120 times for Cs-doped NTmats [10℄). At the same time, the K-doped mats no longer show theresistivity inrease in low temperature region [11℄.4. The ondutane measurements made on the individual rope on NTsshow irregular �utuations with the gate voltage, whih may be due tothe defet states. The doping of the single rope in situ with K atoms,inreases the ondutane by a fator of 20 at T = 5:3K [11℄, and at thesame time the �utuations disappear. This fat is in ontradition withexpetations of inreased role of disorder due to introdued dopantions.5. The transport properties of NTs were shown to be very sensitive tothe presene of oxygen in their environment [12, 13℄. The gas atsprobably as the eletron aeptor, shifting the position of the Fermilevel downwards by a fration of eV. This in agreement with observa-tion of a hemial potential shift in multiwall arbon nanotubes [14℄ aswell as the known harge transfer from the oxygen to planar defetedgraphite [12℄. The surprisingly large TEP of degassed NTs indiates,however, an �important asymmetry in the eletroni 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 alula-tions using a tight binding model of these systems. At present the natureof sattering proesses whih determine the temperature behavior of theondutivity and the thermopower is not lear. Here we assume that theeletron sattering is due mainly to the presene of defets.In Setion 2 we onsider in�uene of the doping on transport propertiesof an individual NT. We restrit our attention to armhair NTs, whih aregapless and therefore exhibit metal-like properties. We alulate the posi-tion of the Fermi level of the NT as a funtion of eletron onentration. Weestimate the resistane of the NT in a semilassial approximation, neglet-ing interferene in sattering from di�erent defets. This will allow us to



Condutivity and Thermopower in Ropes of Carbon Nanotubes : : : 407derive an approximate result for the thermopower as a funtion of eletronor hole doping for a wide range of doping.In the Setion 3 we analyze the in�uene of the intertube interations onthe asymmetry of the eletroni struture near the Fermi level (for undopedtubes). We alulate the in�uene of this asymmetry on the ondutivityand the thermopower in the rope of NT for small eletron and hole doping.In Setion 4 we disuss the above mentioned experimental fats in thelight of our omputations.2. Transport properties of an individual NT2.1. Doping dependene of the Fermi level in an individual NTA Hamiltonian of the system of noninterating armhair 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 vetor of eletron operators of(Na; Na) armhair NT for the j ell of the NT in a position de�ned by avetor �, 	 y�j = (ay�j ; by�j). The 2Na � 2Na dimensional matries Ha;Hb de-sribe hopping proesses within subsystems of a and b orbitals. W desribeshopping between a and b type orbitals within the same ell. t is an inter-ell hopping matrix between a and b orbitals. The spei� forms of thesematries 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�ets of Coulomb interations may be treatedwithin a one-partile approah and the hopping integrals inlude the e�etof interation by means of Hartree�Fok approximation. The e�et of theinterations on the site energy (i.e. Hartree term) leads in the ase of indi-vidual NT to a uniform shift of all bands beause all sites are equivalent (wedo not onsider a possibility of the CDW state here).In this work we assume periodi boundary ondition in diretion parallelto the NTs axis (whih is justi�ed for long enough NTs). In this ase energyspetrum of an individual NT an be expliitly 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 Fermisurfae, whih takes plae for k = �2�3 . The band struture 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 armhair NT 1 � d lattie, some of themare degenerate. The bands for whih �� = os(q�) > 0 (� = Na2 ; : : : ; 2Na),
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Fig. 1. Band struture of (10,10) NT.are monotonous funtions of the wave vetor and may ross the Fermi levelat two points. The bands with �� < 0, whih 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, exeptthe one with � = Na)��(!) = 1� "�0Z"k0� d"jv(�)� (")jÆ(!�")+ 1� "��Z"�k0 d"jv(+)� (")jÆ(!�") ; v�k = d"�kdk ; (4)where the veloity v�k is represented as a funtion 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)



Condutivity 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, respetively (see Fig. 1).
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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 suh 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 funtion of, say,
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Fig. 3. Dependene 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 piture is the same for eletronand hole doping beause the band struture 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 whih is at !=t = sin [�=Na℄ =(� ��=Na for Na � 10).Note that Fermi energy inreases initially linearly with x. More preisely,by integration of DOS one obtains, for j�=tj < sin(�=Na)x = 1�Na �arsin�1 + �t2 �� arsin�1� �t2 �� ; (8)�t = p3�Na2 x+ : : : : (9)The linear term in x of Eq. (9) gives about 1% auray, until � reahes �rstvan Hove singularity.2.2. Resistane of the NT in the semilassial approximationAording to the Landauer theory [17℄ the ondutane of a mesosopisample in T ! 0 limit may be related to a re�etion oe�ient R with aformula � = �0 (1�R); where �0 = e2nh : (10)Here n denotes the number of onduting hannels. The oe�ient R mea-sures a probability of an eletron re�etion from the sample and its return to



Condutivity and Thermopower in Ropes of Carbon Nanotubes : : : 411the lead from whih it was injeted. R is measured at the Fermi level. Thelimit of the maximum ondutane, �0, is obtained for the vanishing re�e-tion, in the ase when the only soure of sattering is the ontat betweenthe sample and the measuring leads. For marosopi samples the main fa-tor limiting the ondutane is usually the sattering of the eletrons withinthe sample, by defets or interations of eletrons with other quasipartiles.It is onvenient to separate the ontat ontribution to the total resistane,R = 1=�0 from the total resistane, R = 1=� and rewrite R in the formR = R +Ri; Ri = R R1�R : (11)Above Ri denotes the internal (`atual' [17℄) resistane related to the prop-erties of the sample itself. Ri, whih may be measured diretly in the fourlead measurement, is determined by the potential drop within the sampleand may vanish in absene of defets. The internal resistane may be readilyobtained in the ase of a single point-like defets, by alulation of the re�e-tion R from the sattering theory. The exat omputation for a large numberof the defets is di�ult due to e�ets of interferene between eletron wavessattered from the di�erent defets. The interferene e�ets, whih manifestas very irregular �utuations of the ondutane of the sample, lead even-tually to loalization of eletron states and vanishing of the ondutane(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 defets, in between the ballisti limitand the loalized one, we may neglet the interferene e�ets and still ob-tain fair enough qualitative desription of the resistane. The neglet of theinterferene e�ets may also be justi�ed in the presene of other satteringproesses (due to phonons, unpaired spins, eletron�eletron interations,intertube hopping), whih break the phase oherene of the arriers betweenthe onseutive elasti ollisions with defets within the NT. The re�etionof a sample ontaining m idential defets, obtained in the approximationnegleting the interferene e�ets, reads [18℄Rm = mR11 + (m� 1)R1 ; (12)where R1 denotes a re�etion of the sample with a single defet. UsingEqs. (11),(12) we obtain the approximate expression for the internal resis-tane, whih obeys the Ohm's law [17℄R
(m) = Rm R11�R1 : (13)



412 T. Kostyrko, M. BartkowiakIn Fig. 4 we show the internal ondutane per single defet, �=m=R
(m),as a funtion of the Fermi level �. We used here the values of the single pointdefet re�etion R1 obtained with a help of the transfer matrix method [16℄.We show here the results obtained for positive values of Ed, whih orre-spond to eletron donor substitution. The results for negative values of Edmay be dedued from the presented �gures by a replaement: � ! ��.The alulation for the weak defets (Ed=jtj = 0:1) are similar to what oneobtains from the Boltzmann theory applied to the 1 � d system, with therelaxation time alulated using the Born (i.e. seond order with respet toEd) approximation,�B(�) = e2�2 X� �(�)��(�) ; ��1(�) = 1~X� ��(�)E2d : (14)The equivalene of the two approahes may be expliitly shown inEd ! 0limit using the results for the single defet re�etion R1 [18, 19℄. However,even in the ase of the weak defet Ed=jtj = 0:1 one an see learly thequantitative di�erenes of these results. The sattering time from the Bornapproximation [20℄ leads to the result for � whih is symmetri with respetto � = 0 and is only weakly dependent on � in the entral two band region,��=10 < �=jtj < �=10. On the ontrary, the expression for R1 inludessingle defet sattering exatly and leads to a notieable asymmetry in �.The asymmetry inreases with inrease of the defet strength. For the verylarge value of Ed the re�etion R1 exhibits the maximum orresponding toappearane of the quasibound state within the two band region [16℄ and atthis point the internal ondutane is strongly suppressed.
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Fig. 4. Internal ondutane per single defet for the (10,10) nanotube as a funtionof 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.



Condutivity and Thermopower in Ropes of Carbon Nanotubes : : : 413In the real system one may expet the internal resistane whih is ap-proximately the weighted average of the ontributions from di�erent defets.In partiular, the amount of the oxygen adsorbed at the NT walls may beprobably estimated from the shift of the hemial potential with respet to� = 0, i.e. it is the order of 1% or less. If it exist in a form of the negativelyharged ion, it may probably raise the site energy of the neighboring ar-bon atoms by a value of order of several eV. The topologial Stone�Wales,or 5�77�5, defet may be approximately represented (for ! = 0) by thestrong point defet, Ed=jtj � 6 [16℄, and it was estimated to appear one inevery 105 C�C bonds [21℄. Unfortunately, little is known about frequenyof appearane of other defets (NT bending, vaanies, 5�7 pairs...), whatpreludes systemati quantitative omparison with experiments. One maywonder, however, if the present results allow to understand the doping de-pendene of the ondutane, mentioned in the Introdution. The saturationintake of the potassium is probably lose to x = 0:125, whih orrespondsthe hemial potential shift ��=jtj � 0:8, with respet to � = 0. Assump-tion, that the only e�et of doping is the hemial potential shift, does notexplain the inrease of the ondutane in the ase of the dominating weakdefet (see Fig. 4, thin solid line for Ed=jtj = 0:1) beause in this ase theondutane dereases by a fator of 2. This may be understood in part asthe e�et of the relatively low Fermi veloity at the shifted Fermi level (seeFig. 1). Indeed the number of the onduting bands inreases 5-fold, butthe average Fermi veloity dereases to about 75% of its value at � = 0.The more important e�et omes from the enhaned sattering due to theinreased, by a fator of 6, density of states at �=jtj � 0:8 as omparedto �(� = 0) (see Fig. 2). The resulting derease of ondutane 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) defet.Only the dominane of the strong defets hanges the situation radiallyand the ondutane may onsiderably inrease as the Fermi level moves farfrom the viinity of the quasibound state (see Fig. 4 for Ed=jtj = 6). Alsothe fators not inluded in the model may be responsible for the inreaseof the ondutane for the strong doping. One of the most important onesis the inrease of the number of onduting NTs in the rope from the orig-inal fration of 13 to unity. Another possible e�et is a better sreening ofthe harged defets (inluding the dopant ions) due to inreased density ofharge arriers. Indeed, the measurement of the gate voltage dependeneof the pristine and K-doped rope shows an almost featureless and voltageindependent ondutane in the doped rope as ompared to strongly osil-lating and asymmetri with respet to VG = 0 dependene in the undopedrope. At the same time the low temperature upturn of the resistane withT ! 0 K is either redued (in the single rope) or ompletely suppressed (inNTs mats) for the doped samples. These fats suggest the derease of thee�etive value of the defet strength as a result of the doping.



414 T. Kostyrko, M. Bartkowiak2.3. Thermoeletri powerThe standard approah to the low temperature thermopower uses theMott formula S = �2k2BT3e d log �(�)d� : (15)The linear ontribution to S, indiated by Eq. (15), has been indeed ob-served [3℄, although the general temperature behavior of the NT mats ismore ompliated. The variation and the substantial value of the ther-mopower was interpreted as resulting from the unpaired spins of transitionmetal ions [3℄ (Kondo e�et) or due to presene of semionduting NTs inthe ropes [2℄. Here we onsider a ontribution oming from a substantialenergy variation of the ondutane, whih may be related to loal defetsand the viinity of the quasibound state minimum in the ondutane.We restrit our disussion 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 ondutivity of the whole system is proportional to theondutane 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 simpliity that only one kind of defet is present in the system.Generalization to several types of defets is easy, in this ase S would dependon the defets onentration and would vary between the value alulatedfor strong and weak defets taken separately.In Fig. 5 we show the value of d log[�(�)℄=d� orresponding to the om-puted resistane presented in Fig. 4. To obtain the thermopower from theresults showed in Fig. 5 we have to multiply the derivative by the prefator(�2=3)(kB=e)(kBT=jtj) from Eq. (15) whih 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 ondutane with respet to the positionof the Fermi level, for the (10,10) nanotube as a funtion 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.



Condutivity 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 defet strength. For the weak�to�moderate value of Ed (Ed=jtj < 1) the derivative of log(�) hanges ratherweakly with �. The exeption is the behavior of the derivative lose to thevan Hove singularities at � sin(�=10) where, however, appliation of Eq. (15)is questionable. The alulated �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 eletron�like harge arriers, and would hange sign with the signhange of Ed.The situation is very muh di�erent for the strong defet, whih leadsto the formation of the quasibound state. The derivative of log(�) mayreah 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 eletronlike. Note that the hangeof sign of Ed does not hange the last onlusion � 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 (whih is sometimes used to mimia arbon vaany), � is symmetri with respet to hange �! �� and thehange 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 vetors of the triangular Bravais lattie,perpendiular to the NT's z-axis. The resulting (in�nite) lattie is perfetlyperiodi although it does not in general possess the inversion symmetry.The exeptions are the ases of Na = 6; 12; 18 : : : for arrangements withNT's symmetry axis oiniding with symmetry axis of the triangular lattie.Intertube hopping proesses in thus obtained lattie an be desribed 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 vetor joining nearest neighbors of the triangular lattie. The4Na � 4Na matrix T�s desribes all hopping proesses between orbitals of



416 T. Kostyrko, M. Bartkowiakthe j-ell of NT in position � and m-ell of NT in position �+�. In abovewe restrited ourselves to the hopping proesses between j and m ells ofneighboring NTs to the ones with j = m and j = m� 0; 1.Besides appearane of the intertube hopping the eletron states of theindividual NTs an be modi�ed as a result of Coulomb interation betweeneletrons from the di�erent nanotubes. Now however, beause the arbonsites are no longer equivalent, the orresponding Hartree terms may leadto a site dependent potential with symmetry of the triangular lattie. Thisadditional loal potential may be aounted for by hange of the diagonalelements of matries Ha;Hb in Eq. (1).We an use the periodiity of the total Hamiltonian, and rewrite it usingspae 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 eah 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 anonial transformation. However, suh a proedureinvolves diagonalization of 4Na � 4Na matries with rather irregular distri-bution of elements and one an hardly hope to get expliit result. Insteadwe work in the representation in whih 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 analytially 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) whihinterset the Fermi surfae, di�ering in symmetry properties of the orre-sponding eigenstates. The minima of the other bands start several tenths



Condutivity and Thermopower in Ropes of Carbon Nanotubes : : : 417of eV away from the FS. We neglet 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 torystal lattie potential is strong enough to make admixture of the otherbands signi�ant in viinity of the FS. The same restrition holds for thepotential of impurities.All information about the hanges introdued in the eletroni strutureby the intertube interations is ontained in the matries' elements (Tkq)��and (ÆfH)�� = (f ykÆHfk)�� for �; � = A;B. To desribe the details of thehanges of the FS we have to know the expliit dependene of the matrixupon the wave vetors 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) NTsplaed �R = 0:28 nm apart (wall�wall distane). In units of intratube NNarbon distane (= 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�erenes of the two atom oordinates.In Eq. (22) � denotes the angle between a projetions to xy plane of avetor joining the pair of arbon atoms and a vetor onneting the NTs'axes. Above phenomenologial form of the hopping is motivated by the axialNTs' arrangement and takes into aount hopping dependene of the anglebetween the arbon p orbitals. The hopping deay length r0 = 0:45 andt0 = 2t were hosen to reprodue typial values of the interplane hoppingparameters in graphite.



418 T. Kostyrko, M. BartkowiakUsing the above parameter values we alulated the band shifts due tothe intertube hopping interations for several NT arrangements. The resultsdid depend on the angle between the vertial symmetry plane of the NTsand the triangular lattie unit vetor. This was due to the fat 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 slighthange of the angle modi�ed the hopping substantially. In our numerialalulation we set the angle � to the value whih maximized the pseudogap.For the onsidered values of r0 we found that the k-dependene of theband shift and band oupling parameters an be negleted while their q-dependene has to be taken into aount. The general form of the parametersan 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� fator.In result they do not depend on the wave vetors 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 beause of the al-ternating fators whih appear in a formula for QAB but not in QAA nor inQBB . The only e�et of QAA and QBB on the band struture is a uniformshift of the bands. This an be aounted for by renormalizing a hemialpotential. We therefore drop QAA and QBB from the subsequent analysis.Finite AB oupling ould have important qualitative e�et on the bandstruture as it removes degeneray of the A and B band at the FS and opensa gap in the spetrum [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 funtion and � is an angle whih de�nes po-sition of the onseutive arbon atoms in the unit ell. U(�) is periodiin the argument � with a period 2� and not 2�=6 as ould be expetedfor a triangular lattie. This is beause the selfonsistent �eld reated byneighboring NTs has not symmetry of the triangular lattie 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 expets that the omponent aounting for the symmetry of



Condutivity and Thermopower in Ropes of Carbon Nanotubes : : : 419the triangular lattie (� = 12; 24; 36) are dominating here. In onsequenea rope omposed of NTs with Na = 3; 6; 9 : : : may be quantitatively di�er-ent from the other ones exhibiting more pronouned gap at the FS. Thepossible value of this additional ontribution is (as inferred from the energydi�erene of the inequivalent sites in graphite) of order of 0:02 eV. Exeptthe (3,3),(6,6),(9,9): : : NTs, it an be probably negleted as ompared tointertube hopping ontributions.The solution for the band spetrum resulting from the onsidered bandoupling 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 spetrum of AA band of an isolated NT.We have used the above formula to alulate 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, desribed 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 notieable redution in the density of states near the enterof the band system. A ommon feature of the present alulation and of theited works [24, 26℄ is existene of the diret gap for (almost) all q vetorsnear k = 2�=3. While the order of magnitude of the emerging gap is in areasonable agreement with the �rst priniples band struture alulation ofDelaney and oworkers [24℄ a redution of DOS is however less signi�ant



420 T. Kostyrko, M. Bartkowiakthan in the ited work. This is due to the fat that the individual sub-bands overlap substantially in the present alulation. The results for theband struture near FS are also somewhat di�erent from the ones obtainedwithin the full model inluding all 40 bands, where the values of the bandgap are quite lose to the two band ase. Most important onsequene ofinluding the other bands is an e�etive 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 alulation and the�rst priniples ones [24, 26℄ by hoosing the parameters p�� in Eq. (23) asphenomenologial ones, while keeping the form of the band shift and bandoupling terms as given by Eq. (23) (we stress that the only adjustable pa-rameter in the present alulation are the intertube hopping t0, the distane�R and the hopping deay length r0).In onlusion we note that the intertube interations remove the de-generay at the FS, reate the pseudogap and at the same time introduesubstantial asymmetry near the FS. As will be shown below, this asymme-try may in�uene substantially the thermopower if the Fermi energy stayswithin the range of 0:03 t � 0:1 eV of the band enter.3.2. Condutivity and TEP of ropes of NTsIntertube interation onsiderably ompliate alulation of the trans-port properties of the rope. In the ase of strong defets we have to inludethe intraband as well as the interband sattering for many bands far fromthe Fermi surfae, and the two-band model is ertainly inadequate in thisase. The use of the Boltzmann transport theory with the energy dependentollision sattering time is not justi�ed whih make di�ult all the numerialevaluation of TEP. Here we restrit ourselves to a alulation of the transportproperties assuming that the relatively numerous weak defets dominate thesattering. We onentrate on the e�ets of the modi�ation of the bandstruture due to the intertube interations. The ollision relaxation timemay be estimated in this ase with a help of the Born approximation as inEq. (14), with the only di�erene that the density of states is now modi�edby the intertube interations.In order to ompute the ondutivity using the Boltzmann transport the-ory it is onvenient to introdue a squared veloity density funtion de�nedby �v2;�(!) = 1NkN? Xkq Æ �! �E�kq� v2kq;z : (26)



Condutivity and Thermopower in Ropes of Carbon Nanotubes : : : 421Using �v2� the ondutivity at T = 0 may be alulated as�(�) = e2 X�=A;B �v2;�(�)�(�) : (27)The squared veloity density omputed with a help of the tetrahedron method,is presented as a funtion of the Fermi level in the Fig. 7 near � = 0.
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Fig. 7. Squared veloity density funtion ontributions from the two ondutingbands (for the diretion of nanotube axis).The two branhes of this funtion overlap at � = 0, but their sum exhibitsa signi�ant minimum at � = 0. The derease of the total veloity density isonly partially ompensated by the inrease of the relaxation time resultingfrom the dereased density of states near the pseudogap minimum. In result,the ondutivity at � = 0 is redued by about 25% with respet to theoriginal value for the individual NTs (see Fig. 8).The hanges of �(�) take plae 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 expet a transition from the stronglyhole like behavior of TEP (for � < 0), to the eletron like one, with inreaseof the Fermi level. The situation is however more omplex, whih is due tomodi�ation introdued by the energy dependene 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 defet potential or presene of othermehanisms of eletron sattering. Besides, disorder in relative arrangementof NTs forming ropes may obliterate rather sharp pseudogap features [25℄ orlead to anellation of the ontributions from the hole-like and eletron-likeregions.
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Fig. 8. Condutivity at T = 0 K in the viinity of the pseudogap as a funtionof the Fermi level, for relaxation time �(�) omputed in the Born approximation,assuming weak defets.
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Fig. 9. As in Fig. 8, but the derivative of logarithm of the ondutivity at T = 0 K.Quite generally one may expet large absolute values of TEP and ahange 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 ondutivity quikly goes tothe value obtained for the individual NT and the intertube interations willnot in�uene signi�antly the TEP.4. ConlusionsIn this paper we disussed in�uene of eletron and hole doping on trans-port properties of the nanotube ropes within the framework of the tightbinding model. We assumed that the defets dominate the harge arriersattering, and the only e�et of introduing the eletron or hole donors intothe system is the shift of the Fermi level.



Condutivity and Thermopower in Ropes of Carbon Nanotubes : : : 423The neglet of the usual eletron�phonon sattering ontribution maybe justi�ed by the weakness of eletron�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℄. Theonsideration of the doping within a rigid band approximation is by nomeans obvious and should be ritially evaluated with a help of ab initioomputations inluding presene of doping ions. On the basis of our resultsone has to onlude that the inrease of ondutane of rope due to dopingannot be understood as a result of the simple inrease of the number of theonduting bands at the Fermi level, assuming that weak defets determinethe ondutane. As we showed (see Se.2.2 and Fig. 4), the ondutaneof the single NT dereases in this ase, due to the derease of the relaxationtime. A trivial possibility is that the experimentally found inrease of �is a onsequene of inrease of number of onduting NTs in the sample,due to shift of � to the onduting bands of the originally semiondutingNTs. An additional mehanism for the inrease of � may be provided bythe better sreening of the harged defets, due to an inreased number ofthe harge arriers. The importane of this mehanism may be on�rmedby the absene of ondutane �utuations 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 dependene of � will thereforehave to take the doping dependene of the sreening into aount.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 expet a notieable hole-likeontribution to the TEP in mats, oming from the intrinsially semiondut-ing small-gap NTs, if the Fermi level is lowered by the oxygen adsorbed atthe NT's surfae. In the similar way, the eletron-like TEP obtained in thedegassed ropes [13℄, may be understood if we take into aount a possible ex-istene of eletron donors (e.g. transition metal atoms), left unompensatedin the sample after removing the oxygen.One would need a more preise ontrol of the position of the Fermi levelthan urrently available in experiments, to verify a possibility that the largevalue of TEP is a onsequene of the intertube interations. In partiular, ifwe were to see the transition from the hole-like to eletron-like TEP withinthe pseudogap, we would need to ontrol the oxygen onentration to at least0.001 auray (measured as a ratio of oxygen to arbon atoms). On theother hand, the negatively harged oxygen moleules may lead to formationof the quasibound (or quasiloalized) states in the entral two-band regionof the NTs. This is suggested by ab initio omputations made for nitrogensubstitutional impurity [28℄, whih showed formation of a very lear qua-sibound state (from its position it an be desribed by a loal defet with
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