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Giant magnetoresistance of multiwall carbon nanotubes: Modeling the
tube/ferromagnetic-electrode burying contact
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We report on the giant magnetoresistai@R) of multiwall carbon nanotubes with ultrasmall diameters.

In particular, we consider the effect of the interwall interactions and the lead/nanotube coupling. Comparative
studies have been performed to show that in the case when all walls are well coupled to the electrodes, the
so-called inverse GMR can appear. The tendency towards a negative GMR depends on the interwall interaction
and on the nanotube length. If, however, the inner nanotubes are out of contact with one of the electrodes, the
GMR remains positive even for relatively strong interwall interactions regardless of the outer nanotube length.
These results shed additional light on recently reported experimental data, where an inverse GMR was found
in some multiwall carbon nanotube samples.
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[. INTRODUCTION studies, namely, the interwall interactions, and the effect of
the breakage of the contact between the inner wall and one of
Carbon nanotubes belong to the most promising new mathe transversally coupleurying) electrodes. So far tangen-
terials for the future molecular electronics; they are believedial contact geometries have been mainly studied in connec-
to potentially replace in the near future the silicon-basedion with scanning tunnel microscope experimefitsiow-
conventional electronics. To illustrate the enormous scienti€Ver in experiments with ferromagnetic electrodes, transition
fic and technological progress that has been made since cdnetals are usually deposited by evaporation on top of the
bon nanotubes were discovered it is worth mentioningc@bon nanotube cutting off a segment of the latter, so that
new concepts such as the room-temperature single-electréhe nanotube finds itself buried in the electrode and the con-
transistort the ballistic carbon nanotube field-effect ACt 9e0metry can be regarded as transversal.

transistor® or the nonvolatile random access memory for mo-
lecular computing. Recently several, both experimefital Il. MODELING PREMISE

and theoretical,® papers have been published on spin- g system consists of a double-wall carbon nanotube
dependent electrical transport in ferromagnetically contactegp\wcNT) perfectly contacted to semi-infinite electrodes
carbon nanotubes in an attempt to test their ability to operatfaving a fc¢111) geometry: every carbon atom at the inter-
as spintronic devices. It has been found that carbomace has exactly three nearest neighbors in the electssde
nanotubes—though intrinsically nonmagnetic—reveal quiterig. 1). Such a construction is possible in the case of the
a considerable giant magnetoresista(@®R) effect. How-  (6,6) armchair SWCNT(Ref. 9 due to the almost perfect
ever, it should be stated in this context that the experimentditting of the armchair nanotube lattice constana (
results are very diverse, and reflect to a great extent sample=2.49 A) to the interatomic distances at the electrode close-
specific features. The poor reproducibility of experiments orpacked surfaceg.g., 2.51, 2.49, and 2.55 A for Co, Ni, and
carbon nanotubes, or more generally on molecular system§u respectively This coincidence makes it possible to put
is due to hardly controllable interface conditions between the
molecule and external electrodes. Incidentally, judging from
the conductance value, this difficulty is sometimes success-
fully overcome but, to our knowledge, only if nonmagnetic
electrodes are used. The examples proving this statement are
numerous as far as single-wall carbon nanotyB&8CNT's)

are concerne®and much more seldom in the case of mul-
tiwall carbon nanotube$MWCNT’s).** Despite intensive
studiest?*3 fundamental problems such &9 the internal
structure of nanotubeg&specially multiwall ones (ii) the
aforementioned nature of the electrode/nanotube coupling,
and(iii) the energy-band line-up at the interfaces are still far g 1. (Color onling View of the (2,2@(6,6) carbon nanotube
from being well understood. Motivated by these facts, wWesandwiched between two fiddl) leads and detail of the contact
study a minimal geometrical model of the MWCNT, which region. What is shown consists of a few ferromagnetic-electrode
enables us to define in a unique way the coupling of thextoms with the nanotube forming the so-called extended molecule.
MWCNT to the electrodes. Having done that, we can restrictThe other parts of the electrodésot shown are infinite in all the
ourselves to the most crucial issues addressed in the presatitections.
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the interface(contacj ring of carbon atoms on top of the 1

electrode substrate in such a manner that all carbon atoms sit n= EJ dEG(f I' +frlR)G, 3
in the geometrical centers of three adjacent electrode atoms,

and additionally the perimeter of the contact carbon ring e?

equals, within a few percent, the standard value for(€)6) g= FTF{T L GI'rG}, (4)

SWCNT, i.e., 6/3a. On geometrical grounds, the only other ) )

armchair structure which can be constructed likewise is thavith T, =i(2,~31),3,=V¢ ,0,VE,. and f, being the
(2,2) one(see Fig. 1 So we will use it in our studies as the Fermi-Dirac distribution function4¢=L, R). The ath elec-
inner tube, in spite of the fact that it is known to be energeti-trode surface Green functiay, is calculated as described in
cally unstable as a SWCN¥F.As a matter of fact, since we Ref._ 17. Wr_ule back Fourier tr_ansformlng to the_ real space,
focus here on electrical transport properties rather than oeg“e integration over the two-dimensional Brillouin zone has
stability problems, we are convinced that the present modgi€€n Performed by thepecial-k-points methotf The giant

gives a qualitative insight into the role of the interwall inter- mﬁgne'i(r)]resstancedls dtef|?hed 6|1§ G?@T&_gtwl)./g%&'
action in real MWCNT'’s, depending on whether or not the'V'€€ the arrows cenote thé aligneéd and antialigneéd mag-
netic configuration. To parametrize the Hamiltonian, we have

inner tubes are fully contacted to the electrodes. In this veréut the polarization of the electrodes equal to 5Mith the

context, the present model_ IS adva_ntage(_)us In view O.f S umber of electrons per atom being 0.75 and 0.25 for major-
small number of atoms within the unit cell, ideal geometrical

s : ity and minority bands, respectivelyThe energy scale is
fitting to the electrode surface atoms, and its well-defined,;,, o, by the hopping integraf| = 2.66 eV and the nanotube
interwall coordination zones. The last feature enables us t '

LW e _ ttice constant im=2.49 A, fixing the energy and length
define interwall hopping integrals in such a way that each,jjts, respectively. In order to minimize the number of free
inner-tube carbon atom has just two outer-tube atoms to inparameters the nearest-neighbor hopping integral is kept con-
teract with. Thus, again no ambiguity exists concerning thestant in the entire device. As regards the intertube interaction
interaction range, and no hidden cutoff parameters arge treat the hopping integral as a free parameter of the order
needed. Figure 1 corresponds to an odd number of carbasf t;,,~1/10 (as for the interlayer distance in graphte al-

rings (inverse-symmetric systemiThe case of even numbers though in general,, depends exponentially on distance and
of rings makes no serious complicatidbut the drain elec- also on angles between the orbitals of the involved
trode has to be rotated hy/3 with respect to the source one atoms?° It should be also admitted that another complexity,
if the perfect geometrical matching at the drain interface isnot captured by our simple structural modelo armchair
also required. tubes, is a possible additional off-diagonal disorder due to
incommensurability between shellsf. Ref. 21).

I1l. FORMALISM IV. RESULTS

The device under consideration is described by means of Our energy-band line-up procedure goes as follows. First,
a single-band tight-binding Hamiltonian, assumingands  Eg is fixed at 0, next the on-site potentials in the electrodes
electrons in the double-wall carbon nanotube and ferromagare set so as to yield the required number of electrons per
netic electrodes, respectively. The total Hamiltonian can b&tom (=1), and magnetic mome®.5 and 0 in the ferro-
compactly written as magnetic and paramagnetic cases, respecjivélijle so-
determined Fermi energy is kept fixed at the charge neutral-
ity point and no doping effects are taken into account.
H=> t j|i><j|+2 eli)il, (1)  Finally, all the on-site potentials within the extended mol-
(. i ecule are self-consistently computed from the global charge
neutrality condition and from Ed3). Rather than restricting
with vanishing initial on-site potentialg; , in the DWCNT,  ourselves to the Fermi energy, we present our results in an
whereas in the electrodes, they are spin dependent and cherergy window, accessible, e.g., by applying a gate potential
sen so as to give the required magnetization. To solve thesee, e.g., Ref. 22
Green-function problem, we use the partitioning technifue, ~ We have first considered a perfectly contacted case, when
treating the whole device as a left-electrode—DWCNT—Dboth walls are in touch \_/vith_the source and drain electrodes.
right-electrode systenishorthand notation L-C-R Here C ~ The results, presented in Fig. 2, show that for the MWCNT
stands for the central carbon-based part, which incorporatd§ndth equal to 208 (41 carbon ringsthe GMR is negative
not only the DWCNT but also the first two closest atomic "egardiess of whether interwall interactions are included or
layers(with N=236+ 49 atoms from both the L and R elec- not. Next, the inner tube has been allowed to be out of con-

todes, implementing the extended molecule conaer (78 T 2, TR SR BREEE VR0 L A T s
shown in Fig. 1. The Green function of the extended mol- y Y

ecule reads roughly twit_:e, but al_so the GMR_ becomes positive. The ef-
fect of the interwall interactions is moderaat least up to
tine/t=0.1); they happen to increase the conductance, always
G=(E-Hc—32 -3p) 7} (20 keeping the GMR positive. The inverse GMR effect in the
case of full end-contacted nanotubes, gpdt not exceeding
whereas the density matrix and the conductafpsr spin a length-dependent threshold value, has been also found for
are given by the nanotube lengths of 40 and 39 rings, and is
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FIG. 4. (Color onling As Fig. 2 but for 40 carbon rings in each
FIG. 2. (Color online The total conductance for the parallel nanotube.
(PA) and antiparalle[AP) alignments, as well as the GMR vs en-
ergy. The outer nanotube length equals that of the inner bgg ( tube has got maximum conductan€®on-resonance de-
=L;,=41 carbon ringsand the Fermi energy is equalp=0 and  vice”). Disorder at the interfaces makes the maximum of the
t=—2.66. Left panel: there are no interwall interactiortg.{t  conductance shift beyorf, but the quasiperiodicity is still
=0). Middle and right panels: the interwall interactions are in- preserved. The aforementioned quasiperiodicity originates
cluded,ti,/t=0.1 and 0.2, respectively. from the fact that ideally the SWCNT armchair energy spec-
trum crosses thék=2m/(3a),E=0] point for particular
depicted in Fig. 4 foN=40. As is seen, the GMR is now far lengths only, and additionally conductance is a measure of
less robust than foN=41. Judging from the conductance the squared electron wave function.
behavior atEr for three consecutive nanotube lengths, one As a test illustrating the quality of the present approach,
can anticipate what happens for an arbitrary length, becausge have completed our studies by additional computations
the conductance is a quasiperiodic function with a periodor DWCNT'’s sandwiched betwegraramagnetielectrodes
equal to 3-ring spacing. Thus, for DWCNT's which arBl 3  with the same number of electrons per lattice site=(l) as
—1 rings long we predict a quite pronounced negative GMRin the ferromagnetic calculations. Our attention has been
effect (N is an integer. The 3N —1 length rule(in a/2 unity again focused both on the effect of the inner nanotube con-
was numerically found;? with these lengths an ideal nano- tact to one of the electrodes and the importance of the inter-
wall interactions. The latter are now allowed to take values
up tot;,;/t=0.2. Figure 5 shows that the conductance in the

2- wzzzzz
1 i "
| Gl e
] A’:‘-l‘: fH 5: ! % — L =L =41t  /t=0
2 1 F* \QJ ‘n\\(‘ g ¥ (D 8 . - Lom=|'in=41"im“= 0.2
o ] —— Lout=41 Lin =40, 1y /t=0
- 0 4 -7 S Loy =4, L =40, /t= 04
] <A B L Logt=41, Lip =40, by /t= 0.2
~ ] ~
o 1] ] “u 5
4 et 4
m GPA % 3
2] |77 G gd i e e
1 |—GMR tlmlt = 0.2 s Wi TeEs
TITT[TTrT[rrrr[rrrr] 'rrrFrH'HTrrrrrrrrq ---------
-0.2-0.1 0.0 0.1 0.2 -0.1 0.0 0.1 0.2 -0.1 0.0 0.1 0.2 0
7T r 7T T T T T T T T T T T T T T T T T
E[|t]] E[|t]] E[|t[] 020 -0.15 -0.10 -0.05 000 005 0.10 0.15 0.20

E
FIG. 3. (Color online Unlike in the previous figures, here the

inner tube is out of contact to the right electrgdee the upper right
diagram. A drastic drop in the conductandat E;), accompanied netic electrodes. The breakage of the inner-tube contact to one of
by a positive GMR, takes place. No interwall interactiofheft the electrodes results in a drastic drop of the conductéhedower
pane), andt;,/t=0.1 and 0.2(middle and right panels, respec- curves. The interwall hopping integralg,/t are equal to 0, 0.1,
tively). and 0.2(solid, dashed, and dotted curves, respectively

FIG. 5. (Color online The conductance in the case of paramag-
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vicinity of Er does not reach the maximum theoretical valuecarbon nanotubes, depending on whether or not the inner
of 8e?/h for a DWCNT (4e?/h contribution for every wall ~ wall is fully contacted to the electrodes. We have found that
obtained for infinite MWCNT’$. The conductance suppres- the GMR of perfectly contacted DWCNT's is very sensitive
sion in MWCNT's below the expected value for the infinite to the interwall coupling strength and show a tendency to
homogeneous tube has been experimentally welbecome negative. On the contrary, DWCNT’s with inner
documented®? In our model system charge-transfer- tubes being out of contact with one of the electrodes reveal
induced changes in the band structure of the DWCNT lead tgclose to the Fermi energya robust positive GMR only

a reduction(roughly to 4e%/h) of the conductance—as one weakly dependent on the interwall coupling. These observa-
can see in the upper curves in Fig. 5. This finding is in linetions may be related to the experimental results showing ei-
with the well-known scenario that the reduction of the con-ther positive or negativésample-dependenGMR of com-
ductance is due to the interface-induced suppression of ONfarable value £30%)5 as well as recently reported
of the two transport channelé.Obviously, if a finite arm- negative GMR values in MWCNT’s strongly contacted to

chair nanotube is contacted to external electrodes it can ”Bermalloy electrode® Moreover, our complementary calcu-
longer be viewed as a periodic one with the repeat unit con. ’

LS : - tions for the case with paramagnetic electrodes show that
sisting of two carbon rings, so the band degeneracy is I|fteqae conductance of the perfectly contacted DWCNT is sup-
and the two channels couple very differently to their coun-

terparts in the leads. It is noteworthy that recat initio pressed by a factor 2 with respect to the case of & homoge-

. . . . 2 . 2
results on single-wall carbon nanotubes end contacted t eous infinite DWCNT(that.'S’ 43 /h mst_ead of &/h). .
~onsequently, for the case in which the inner wall gets dis-

paramagnetic electrodes also show that the interface mi
match may result in roughly halving the conductafite. connected, we observe conductance values closeetth?2
The lower part of Fig. 5 shows the effect of the inner-tubeinstéad of £/h. This is related to the charge-transfer-
contact breakage. The conductance gets reduced by a factpgluced energy-band rearrangements in the extended mol-
close to 2, very much like in the ferromagnetic computations€cule. The present approach may be regarded as a reference
More importantly however, this behavior is in qualitative for further generalizations. The diameters and the number of
agreement with experimental restité’ if we associate the walls forming the MWCNT may be easily increased and the
lower and upper bunch of curves in Fig. 5 with the majorrespective stable positions of the interface atoms can be
plateaux of the conductance of MWCNT immersed into Hg.readily determined by a simple relaxation procedure involv-
Incidentally, the peculiar peak in Fig. 5 more than Qt[L5 ing just a few variational parametefdisplacements and ro-
(ca. 0.4 eV away from the charge neutrality point is due to tations.
model-specific features of no universal nature. Note added in proof\Very recent experiments and density
Both the GMR and the conductance are oscillatory, nonfunctional calculatior® show—in support to our work—that
monotonic functions of the interwall coupling, and reveal a(2,2 CNT's are stable structures when encapsulated in a
guasiperiodic behavior with the DWCNT length. It is also MWCNT.
noteworthy that the conductances in the ferromagnetic case
are always clearly smalldregardless of the electrode mag-
netization alignmentthan their paramagnetic counterparts. ACKNOWLEDGMENTS
We attribute this behavior to the increased energy-band mis- ) ]
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