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W e per for med st ud ies of coherent electronic tr ansp ort throu gh a sin-
gle w alled carb on nanotub e. I n the calculati ons multiple scattering on the
contacts and interf erence pro cesses w ere ta ken into account. Conductance

is a comp ositi on of contributions from di˜erent channels. We studied also
spin- dep endent transp ort in the system with ferromagnetic electro des. T he
magnetoresistan ce is large and show s large oscill ati ons, it can be even nega-

tive in some cases.
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1. I n t rod uct io n

R ecent ex periments [1{ 3] on electro nic tra nsport thro ugh carbon nanotub es
(CN Ts) show a series of interesti ng ẽ ects. W hi le changing the length of the nano-
tub e one can change a character of the tra nsport from the classical di ˜usi ve Ûow to
the quantum tra nsport. The way of coupl ing of the CNT to the electro des is cruci al
for the tra nsport properti es. If the conta ct resistances are large (R ƒ R Q = 1 3 k¨ ),
the tra nsport exhi bi ts the incoherent sing le-electro n tunnel l ing character wi th the
Co ulomb blockade e˜ect [1]. Im pro vement of the qual i ty of the conta cts resul ts
in an increase in the conducta nce of the system and one can observe the Ko ndo
resonance, whi ch is due to exchange intera cti ons of conducti ng electrons wi th an
unco mpensated spin localized on the CNT [2]. In the case where the conta cts are
m ade very careful ly and thus the coupl ing is stro ng, the tra nsport thro ugh the
system becomes coherent [3]. The interf erence pro cessesand m ulti ple scatteri ng
on the conta cts are very importa nt in thi s lim i t and lead to the Fabry{ Perot
interf erence.
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Fig. 1. A scheme of the system considered: A single w alled carb on nanotub e of the

armchair typ e (5, 5) is attached to ferromagnetic electro des (e.g. N i or Co). The relative

p olari zation in both electro des can be changed from the parallel to the antiparallel

orientation. T he gate electro de voltage changes a relative energy of incident electrons

transmitted through the nanotub e.

W e are interested in the coherent tra nsport thro ugh molecular systems, par-
ti cul arl y in m agneto resistance properti es. Our system is presented in Fi g. 1, where
the single wal led carbon nanotub e (SW CNT) is stro ngly coupl ed to ferrom ag-
neti c electro des (e.g. Ni ). Coherent spin-dependent tra nsport m easurements were
al ready perform ed on mul ti wal led CNT [4]. D espite the smal l value of the resis-
ta nce (R Ñ 9 k¨ ) i t is not possible to perceive interf erence pro cesses and i t is
very di£ cult to specify the m echani sm of m agneto resistance. The aim of our work
is to investigate the inÛuence of the interf erence on the spin-dependent tra nsport
thro ugh the SW CNT in the regime of stro ng coupl ing.

2. D escr i p t io n of t he m odel an d cal cu lat i on of t he el ect r on ic cu r rent

W e consider the SW CNTs of the arm chair typ e, whi ch has 5 benzene rings in
the circum ference. It is wel l kno wn tha t thi s typ e of CNT has a m etal l ic electro nic
structure wi th tw o conducti ng channel s. The Ùrst and the last row of carbon ato ms
are connected wi th the electro des, whi ch are trea ted as ideal reservo irs. The system
is described wi thi n the ti ght bindi ng appro ach, in whi ch the hoppi ng integ ra ls are
assumed t 0 = À 2 : 5 eV for C{ C bonds. The hoppi ng integra l t between the electrode
and the carb on ato m is trea ted as a param eter. The current is calcul ated from the
ti m eevoluti on of the electron num ber N L =
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( ! ) i s the lesserGreen f uncti on connecti ng the carb ons from the Ùrst
row of the nanotub e wi th the left electro de. We sum over a ll incom ing channels
i = 1 ,. . . ,10, wa ve vecto rs k and spins ¥ = Ï 1 =2 . The non-equi l ibri um Green
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functi ons are determ ined from the D yson equati on and the bare Green functi ons
in the electrodes are ta ken as g˜ ¥ = i¤ £ ˜ ¥ , where £ ˜ ¥ i s a density of states for
electrons wi th the spin ¥ at the Fermi energy in the left ( ˜ = L) and ri ght ( ˜ = R)
electrode, respecti vely. Fi na l ly, we obta in the f orm ula
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where G r
L i ;R j i s the reta rded Green f uncti on connecti ng the channel s in the elec-

tro des and f ˜ ( ! ) i s the Ferm i distri buti on f uncti on for electro ns in the ˜ -electro de.

3. Co n du ct an ce f or t h e sys t em wi t h par am agn et ic an d f er r om agn eti c
el ect r odes

Fi gure 2 presents the conducta nce G = dJ
dV

j V ! 0 calcul ated for the SW CNT
of the length of 90 ato mic layers weakl y and strongly connected to the gold elec-
tro de (da shed and sol id curve, respecti vel y). For the weak coupl ing G shows sharp
resonant peaks at energies E n s corresp ondi ng to standi ng electron waves in the
CNT. There are tw o bra nches (s = 1 ; 2 ) of the di spersion curves, and theref ore
G =

P
s ;¥

G s ;¥ i s a superpositi on of the conducta nces for each channel f s; ¥ g . For a
resonant tra nsmission (at E n s ) G s ;¥ reaches i ts m axi m al value e 2 =h . If eigenvalues
E n 1 and E n 2 are cl ose to each other the v alue of the conducta nce is larger tha n
2 e 2 = h (see outer peaks on the left and the ri ght hand side of the dashed curve
in Fi g. 2). Next, we increase the coupl ing to the value t = 1 : 3 eV, whi ch gives
G close to the experim ental data 3e2 =h [3]. For thi s case the resonant peaks are

Fig. 2. C onductance G vs. incident electron energy E for the gold electro des calcula ted

for T . T he solid curve corresp onds to the strong coupling eV , and the dashed

curve to the w eak coupli ng w ith eV . T he total density of states at the Fermi

energy is taken as 0 294 states /eV (data from [5]).
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m uch bro ader. If the peaks are close to each other, they merge to gether leading
to a single peak wi th the m axi mal value 4e2 =h . However, the peaks can occur far
from each other and then the e˜ecti ve conducta nce plot looks like at the center of
Fi g. 2 (cl ose to E = 0 ). The simi lar e˜ect was observed exp erimenta l ly [3]. Our
appro ach ta kes into account mul tipl e scatteri ng on the conta cts and interf erence
pro cesses. The electroni c waves for both conducti ng channels corresp ondi ng to the
di spersion curves s = 1 ; 2 are of di ˜erent sym m etry and a tra nsfer matri x between
them should be very smal l . In our opi nion, interf erence between the channels is i r-
relevant. It is in contra st to [3], where a m ain ro le wa s assigned to the Fabry{ Perot
interf erence.

Next, we study tra nsport thro ugh SW CNT atta ched to ferrom agneti c elec-
tro des. The density of sta tes were determ ined by the band structure calcul ati ons
perform ed usi ng the ti ght bindi ng version of the l inear m u£ n-ti n orbi ta l metho d
in the ato mic sphere appro xi mati on [6]. The resul ts are presented in Fi g. 3 for the
system wi th the Ni electro des. The conducti ng channels for opposite spi n ori enta -
ti ons are di ˜erent. Theref ore, G is a superpositi on of four G s ;¥ corresp ondi ng to the
four di ˜erent channel s f s; ¥ g . Since in ferrom agneti c Ni £ + = 0 : 1 8 9 7 states/ eV for

Fig. 3. The conductance (a) G P for the parallel (solid curve) and G AP | the antiparallel

conÙgurati on (dashed curve) of the magnetization in the N i electro des, the magnetore-

sistance (b) plotted as a function of the energy E of incident electrons. T he parameters

used are: t = 1 eV , state/eV and states/eV .
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electrons wi th the up spin is m uch lower tha n £ À = 1 : 7 2 6 1 states/ eV f or minori t y
electrons wi th the down spin, so in the para l lel conÙgurati on (P) the conducta nce
G + =

P
s

G s + shows bro ad peaks, whi ch reach the value 2 e2 =h , whi le G À shows
sharp peaks and thei r m axim al value is 1 e2 =h . The compositi on of al l channels re-
sul ts in G P wi th sharp peaks (sol id curve in Fi g. 3a). The situa ti on is di ˜erent for
the anti para llel conÙgurati on (AP) G A P (see the dashed curve in Fi g. 3a), where
the peaks are rela ti vel y bro ad. The m agnetoresistance M R = ( G P À G A P )= G P i s
given by the rel ati ve di ˜erence of the conducta nce in the paral lel and the anti par-
al lel conÙgurati on. The resul ts (presented in Fi g. 3b) show large changes of the
M R and tha t the m axi mal value can be very large (m ax [M R ] > 6 0%).

An interesti ng case is the system wi th the cobal t electrodes. The density of
sta tes is £ + = 0 : 1 7 4 0 states/ eV for the spin ¥ = +1 =2 (cl ose to the value in Ni ),
but £

À
= 0 : 7 3 4 9 states/ eV is much smal ler. The peaks of the conducta nce G

À

are now m uch bro ader. The to ta l conducta nce G P and G A P for both ori enta ti ons
of polari zati on are shown in Fi g. 4a. G A P i s higher and shows larger oscil lati ons

Fig. 4. The conductance (a) G P for the parallel (solid curve) and G AP | the antiparallel

conÙgurati on (dashed curve) of the magnetizatio n in the Co electro des, the magnetore-

sistance (b) plotted as a function of the energy of incident electrons. T he parameters

used are: eV , state/eV and states/eV .
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tha n for Ni (com pare the dashed curves in Fi gs. 3a and 4a). The value of the
m agneto resistance (shown in Fi g. 4b) is smal ler, but exhi bi ts large oscil lati ons. It
is interesti ng tha t in thi s case M R can also be negati ve.

4. Co n cl usion s

Our studi es of coherent electronic tra nsport thro ugh the SW CNT showed
tha t the conducta nce is a com positi on of contri buti ons from four channels. Al -
tho ugh m ul tipl e scatteri ng and interf erence pro cesseswere incl uded in thi s ap-
pro ach, we could not observe any feature of destructi ve interf erence. In our opini on,
the conducti ng channels correspond to waves of di ˜erent sym metry and matri x
elements between them are smal l. W e also consi dered the spi n-dependent tra ns-
port in the system wi th the ferromagneti c Ni and Co electrodes. D ue to a resonant
nature of the electro nic tra nsport the magneto resistance shows large oscil lati ons
and achieves large values (m ax[ M R ] ¤ 6 0% and 30% for Ni and Co, respecti vel y).
Since the densiti es of states for m inorit y electrons (wi th ¥ = À 1 =2 ) are di ˜erent in
Ni and Co, the m agnetoresistance is di ˜erent in both cases. For the Co electro des
M R can even change the sign and can be either positi ve or negati ve dependi ng on
the gate vol ta ge appl ied to the carbon nanotub e. W e believe tha t in near f uture
one can pro duce system s wi th coherent conta cts between ferrom agneti c electro des
and the SW CNT, and tha t our theo reti cal predi cti ons wi l l be veri Ùed.

W e would l ike to tha nk D r. Andrze j Szajek for ab- ini tio calcul ati ons of the
density of sta tes for ferrom agneti c m etals. The work was supported by the Com -
m i ttee for Scienti Ùc Research (K BN) under grant No. 2 P03B 087 19.
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