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SPIN CONFIGURATIONS IN CARBON NANOTUBES�Krzysztof By
zukTheoreti
al Physi
s III, Center for Ele
troni
 Correlations and MagnetismInstitute for Physi
s, University of Augsburg, 86135 Augsburg, GermanyandInstitute of Theoreti
al Physi
s, University of WarsawHo»a 69, 00-681 Warsaw, Poland(Re
eived O
tober 23, 2000)The theory of a Coulomb blo
kade phenomenon in 
arbon nanotubesis brie�y reviewed and its experimental 
onsequen
es are dis
ussed. Thisreview is based on the joint paper Y. Oreg, K. By
zuk, B.I. Halperin,Phys. Rev. Lett. 85, 365 (2000).PACS numbers: 61.48.+
, 73.23.�b, 71.10.�w, 71.24.+q1. Introdu
tionThe physi
s of mesos
opi
 systems is being very a
tively studied theo-reti
ally and experimentally during the last 15 years. Su
h an a
tive re-sear
h has be
ome possible when experimentalists invented and developednew methods of growing 
rystals whi
h enable them to produ
e quasi-two- orquasi-one-dimensional stru
tures as well as so 
alled quantum dots whi
h 
anbe thought of as zero dimensional systems [1℄. This huge progress in meso-s
opi
 experimental physi
s was also possible when new 
lasses of materialswere found. For example, 
arbon nanotubes attra
t 
ontinuous attention ofresear
hers [2℄.In mesos
opi
 systems, when the number of parti
les is very far fromin�nite one should not expe
t to have sharp phase transitions. However,the mi
ros
opi
 for
es whi
h usually trigger the phase transitions in ma
ro-s
opi
 systems are present in mesos
opi
 systems as well, and under 
ertain
onditions their e�e
ts 
an be even ampli�ed. In su
h 
ir
umstan
es one
an observe and study new phenomena whi
h might disappear in the ther-modynami
 limit.� Presented at the XL Cra
ow S
hool of Theoreti
al Physi
s, Zakopane, Poland,June 3�11, 2000. (2997)
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zukIn the present 
ontribution to this S
hool on �Quantum Phase Transitionsin High Energy and Condensed Matter Physi
s� we are going to reviewbrie�y our theory 
on
erning the Coulomb blo
kade phenomenon in themetalli
 
arbon nanotubes. Here, we will fo
us on one parti
ular physi
ale�e
t whi
h 
an be seen only in a �nite length system with quantized energylevels. Using physi
al arguments we explain here how one 
an add manyele
trons into the 
arbon nanotubes with the same spins but the total spinof the ele
trons in the system �u
tuates only between zero, one-half, and one.Cal
ulational details have been presented in our re
ent paper [3℄, whi
h aninterested reader is referred to for further details.2. Coulomb blo
kadeMetalli
 wires of ma
ros
opi
 size (few 
entimeters) usually 
ondu
t anele
tri
 
urrent a

ording to the Ohm's law, i.e. the 
urrent I is proportionalto an applied bias voltage V , i.e. I = G V , where G is the 
ondu
tan
eof the sample. When the sizes of the sample de
rease to few nanometerslength, but the system still 
ontains a large number of the itinerant ele
trons,the ma
ros
opi
 ele
tri
al 
urrent 
an still �ow but the Ohm's law is notobeyed [1℄. Instead of the 
urrent proportional to the transport voltage V ,one observes step-like jumps in the 
urrent-voltage 
hara
teristi
s. In otherwords, the 
ondu
tan
e G = dI=dV is not a 
onstant but has peaks at �nitevalues of V . These steps and peaks are experimental manifestations of theCoulomb blo
kade phenomenon [1℄.The Coulomb blo
kade may be observed if the following 
onditions aresatis�ed: (a) the system must be small enough so that the 
harging energyEC = e2=2C (the energy needed to 
hange the number of the ele
trons inthe system by one) is larger then the energy of the thermal �u
tuationsET = kBT in the system (C is the 
lassi
al 
apa
itan
e and kBT is tem-perature in the energy units). The distan
e between the Coulomb blo
kadepeaks is determined by this 
harging energy. Note that for a metalli
 sphereof the radius R = 10 nm the 
apa
itan
e C = 4�"0R is about 10�18 F andhen
e EC is of the order of few meV; (b) the system is well isolated from thepads so that the number of the ele
trons is 
onstant and 
an be 
onsidered asa good quantum number 
hara
terizing the system (the proper des
riptionof the system is obtained by using the 
anoni
al partition fun
tion). Quan-titatively, the 
onta
t tunneling resistan
e RT must be mu
h larger then thequantum resistan
e RQ = h2=e. The 
urrent �ow through su
h a 
losed sys-tem, in 
ontrast to open systems, is due to a quantum-me
hani
al tunnelingof the single ele
trons through the 
onta
ts.
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opi
 ferromagnetismSome good metals like iron or ni
kel are ferromagnet, i.e. these sys-tems have �nite magneti
 moments below a 
ertain 
riti
al temperature.Ferromagnetism of the itinerant ele
trons is a manifestation of the ele
tron�ele
tron intera
tion in the system 
ombined with the Pauli ex
lusion prin-
iple. The �nite magneti
 moment of the system survives in the thermody-nami
 limit [4℄.Small, mesos
opi
 systems, though not magneti
 in the thermodynami
limit, may possess 
ertain kind of a magnetism with non zero e�e
tive mag-neti
 moments. The ground state spin of the ele
trons 
an �u
tuate betweenzero and some �nite value be
ause of me
hanisms whi
h are similar to me
h-anisms leading to the Hund's rule in atomi
 physi
s [5℄.4. Carbon nanotubesCarbon nanotubes are elongated fullerens 1�100 �m long. They 
an beviewed as 
ylinders with surfa
es made of graphite layers. Depending on thedire
tion in whi
h the graphite layer is wrapped up, the 
arbon nanotube
an be either metalli
 or semi 
ondu
ting [2℄.The metalli
 
arbon nanotubes 
an be used as mesos
opi
 wires to 
on-du
t a 
urrent. However, sin
e they are very small (with a large 
hargingenergy) and the 
onta
ts with the ele
trodes are rather poor, at very lowtemperatures they 
ondu
t a 
urrent in agreement with the Coulomb blo
k-ade theory. Applying a very small transport voltage V and 
hanging thegate potential Vg (on an ele
trode whi
h is not dire
tly 
oupled with thenanotube) one 
an observe dis
rete 
ondu
tan
e peaks for su
h Vg that thetotal energy of N and N + 1 ele
trons in the system is the same.A

ording to the quantum 
harging model (in
luding both the 
harginge�e
ts and quantized one-parti
le energy levels in a �nite system) when theexternal magneti
 �eld B is applied ea
h 
ondu
tan
e peak should split upas a fun
tion of B [6℄. This 
orresponds to di�erent energies whi
h areneeded to add (or remove) ele
trons with either a spin up or a spin downrespe
tively.Su
h a behavior was not observed in experiment [7℄. Instead, there hasbeen seen eight su

essive Coulomb peaks going up with 
hanging the mag-neti
 �eld B, whi
h may be interpreted that all eight ele
trons entering the
arbon nanotube had the same spin up. However, now a puzzling problemhas arrived: how this would be possible if the 
arbon nanotube, similarly toa parent graphite material, is not a ferromagnet.
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zuk5. Carbon nanotubes in external potentialIn our paper (with Oreg and Halperin) we have provided mi
ros
opi
explanation of this experiment as well as 
onstru
ted a Hartree�Fo
k modelwhi
h predi
ts di�erent spin 
on�gurations in the metalli
 
arbon nano-tube [3℄.The 
entral point in our theory is how a non-uniform external ele
tro-stati
 potential in�uen
e the single-ele
tron states in the two one-dimensional bands 
rossing the Fermi level in the metalli
 
arbon nanotube.Note that be
ause of the �nite length of the nanotube these one dimensionalbands have dis
rete quantized levels (with a typi
al mean distan
e betweenthem � = 0:5 meV), whi
h are populated by the ele
trons a

ording to thePauli prin
iple.The uniform gate potential applied to the nanotube shifts all levels inthe same way. However, we found theoreti
ally that when the gate potentialhas a non-uniform 
omponent (a�e
ting only a part of the 
arbon nanotube)apart from this uniform shift there is also a relative shift of the levels be-longing to the two di�erent bands. In other words, 
hanging Vg the distan
ebetween the two given levels from the two di�erent bands 
hanges and even-tually the levels even 
ross ea
h other. Mi
ros
opi
 derivation of this resultbased on the Thomas�Fermi approa
h is presented in our paper [3℄.This is a very plausible s
enario regarding to the geometri
al 
on�gu-ration in the experiment [7℄. Namely, the nanotube was deposited on twometalli
 ele
trodes with distan
e between them about 200 nm. The gateele
trode was far apart about 200 �m away. If we suppose that the twoele
trodes, whi
h were in 
onta
t with the nanotube, were grounded thenthe potential felt by the ele
trons in the nanotube just on the top of theseele
trodes had to be approximately zero. On the other hand, in the slitbetween the ele
trodes, the ele
trons had to feel the potential proportionalto Vg. Hen
e, e�e
tively the entire potential shape a
ting on the tube hada shape of a hat, so it 
ould not be uniform in spa
e.6. Ex
hange intera
tion in 
arbon nanotubesIn the last se
tion we have 
onsidered the single-parti
le states in the
arbon nanotubes negle
ting the Coulomb intera
tion between the ele
trons.However, the ele
trostati
 intera
tion is, of 
ourse, present in these systemsand it turns out to be very important [2℄.Within the Hartree�Fo
k approximation [3℄, the e�e
t of the ele
tron�ele
tron intera
tion appears in two very di�erent ways. First of all, there isa 
ontribution to the total ground state energy due to so 
alled dire
t intera
-tion. This dire
t intera
tion has a momentum transfer k = 0 and, therefore,
orresponds to the 
lassi
al 
harging energy E
 of the system. In addition to
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hange intera
tion and an ex
hange energy 
ontribu-tion. The ex
hange intera
tion has a higher momentum transfer 2kF, wherekF is the Fermi ve
tor in these one-dimensional systems. This ex
hange in-tera
tion favors the parallel spin 
on�guration between the ele
trons. The
arbon nanotubes would have the ferromagneti
 ground state if the ex
hangeintera
tion energy J were larger then the mean level spa
ing between thequantized single-parti
le levels. In other words, the energy gain due to theferromagneti
 polarization of the ele
tron spins would be larger than theloss in the kineti
 energy due to the o

upation of the higher energy levels.This 
orresponds to the Stoner 
riterion in a �nite system. However, aswe have examined theoreti
ally in [3℄, it is not the 
ase in the 
arbon nan-otubes. Moreover, there are no experimental eviden
es for the ferromagneti
instability in the 
arbon nanotubes [2℄.7. Internal spin �ips in 
arbon nanotubesindu
ed by gate potentialThe ex
hange intera
tion energy J is smaller than the mean level spa
-ing � in the 
arbon nanotubes [3℄. However, as we have dis
ussed in Se
-tion 5 the a
tual distan
e between the quantized levels 
hanges as a fun
tionof the non-uniform gate potential. Imagine now, that "B is the highest dou-bly o

upied level in the nanotube and "A is the lowest uno

upied one.They belong to the di�erent symmetry bands 
oming from the bonding andthe anti bonding orbitals along the nanotube 
ir
umferen
e. If "A � "B > Jthen the level "B is doubly o

upied by two ele
trons in a singlet state.However, if "A � "B < J then the most stable 
on�guration would be atriplet state with two ele
trons with parallel spins o

upying "A and "B lev-els. These two situations are shown s
hemati
ally in Fig. 1. It means that
B

Vg

ε

ε

A

Fig. 1. The relative distan
e between "A and "B levels 
hanges when the non-uniform gate potential Vg in
reases. If "A � "B > J then the lower "B level isdoubly o

upied and the total spin is zero. However, when "A � "B < J then thetwo levels are single o

upied and the total spin is one.
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hanging the gate potential we 
an 
hange the relative distan
e between thequantized levels and as a result the total spin of the nanotube with evennumber of ele
trons 
an vary between zero and one (
f. Fig. 1). Note thatapplying the external probe on the 
harge degrees of freedom one 
an 
ontrolthe spin degrees of freedom in the metalli
 
arbon nanotubes.8. Carbon nanotubes and Coulomb blo
kadeIn the Coulomb blo
kade regime when we sweep the gate potential we
hange the number of the ele
trons in the nanotube by one: N � 1! N !N + 1 ! N + 2, et
. If now other parameters, for example the 
hargingenergy, are properly mat
hed su
h that additions of the extra ele
trons hap-pen when two "A and "B levels are 
lose to ea
h other then the spins of all

A

Vg

ε

ε

in

B

Fig. 2. The 
artoon explaining the single-ele
tron tunneling into the metalli
 
arbonnanotube and the internal spin-�ip transition. For properly mat
hed mi
ros
opi
parameters of the system the additional ele
tron 
an tunnel in if "A and "B levelsare 
lose to ea
h other ("A � "B < J). Then the extra ele
tron must have thesame spin as the ele
tron already present there and the total spin rises from 1/2to 1. While in
reasing Vg, the two levels approa
h ea
h other, 
ross ea
h other, andeventually 
ome apart. When j"A � "Bj > J then the more stable 
on�guration isthe one in whi
h the lowest ("A) level is doubly o

upied and the total spin is zero.Note, that we have silently assumed the existen
e of a spin-relaxation me
hanism,e.g. the spin-orbit 
oupling due to the metalli
 ele
trodes, whi
h equilibrates thesystem.
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oming ele
trons are the same1. The e�e
t of the ex
hange intera
tionis enhan
ed be
ause the a
tual ratio J=("A � "B) is large for parti
ular Vgvalues. However, due to the internal spin �ips, whi
h are indu
ed by the
hanging Vg, the total spin 
hanges from one to zero. So we 
an have the fol-lowing sequen
e: Stotal : 0! 1=2! 1) 0! 1=2! 1) 0, et
., where (!)means that the extra ele
tron is added to the nanotube with spin one-halfand ()) means the internal transition with �ipping one spin. The 
artoonpi
ture of this pro
ess is shown in Fig. 2.This model explains the experimental �ndings in [7℄. It also predi
tsanother possible behavior of the Coulomb blo
kade peaks with respe
t tothe external magneti
 �eld. For example, few ele
trons 
an enter the tubewith spins up, then few others 
an enter with alternating spins up and down,and �nally few ele
trons 
an enter with spins down. But during the entiretime the total spin 
hanges only between zero, one-half and one. Similarnon-intuitive behavior of the peak evolutions in the 
arbon nanotube hasbeen observed re
ently by the same group [8℄.9. Con
lusionsIn the present paper we have shortly reviewed our theory [3℄ 
on
erningthe Coulomb blo
kade phenomena in the metalli
 
arbon nanotubes. Wehave dis
ussed how the external potential 
an in�uen
e the single-parti
lestates in the 
arbon nanotubes and how the 
ompetition between the a
tualdistan
e between the quantized one-parti
le energy levels and the ex
hangeintera
tion leads to the internal spin transitions in these systems. Our theo-reti
al model explains the puzzling experimental �ndings in [7℄ and predi
tsother possible results some of whi
h have been observed re
ently [8℄.We 
on
lude that although the ex
hange intera
tion in the 
arbon nan-otubes is too small to trigger the paramagneti
�ferromagneti
 phase transi-tion, its e�e
ts 
an be ampli�ed by the gate ele
trode and the 
ondu
tingpads leading to new and interesting experimental behaviors.
1 �Mat
hing the other parameters� is a subtle issue here be
ause, of 
ourse, we 
annot
ontrol them intentionally. They, as for example the 
harging energy, are randomlydistributed around some mean values. So, as usually in mesos
opi
 experiments, theresults 
an 
hange from a sample to a sample or from an experimental set-up to anexperimental set-up. And rather one should ask about statisti
al behaviour: howoften a given observation appears and how often and how long it is reprodu
ible fora given set-up.



3004 K. By
zukThe author would like to thank Dr. Y. Oreg and Prof. B.I. Halperinfor the fruitful 
ollaboration while staying at Harvard University (USA). Hisvisit was sponsored by the Foundation for the Polish S
ien
e (FNP). He alsoa
knowledges the hospitality of Prof. D. Vollhardt at Augsburg University(Germany) where this manus
ript was written. This visit was sponsored bythe Alexander von Humboldt Foundation.REFERENCES[1℄ E.g. S. Datta, Ele
troni
 Transport in Mesos
opi
 Systems, Cambridge Uni-versity Press, 1995.[2℄ E.g. R. Saito, G. Dresselhaus, M.S. Dresselhaus, Physi
al Properties of CarbonNanotubes, Imperial Collage Press, 1998; for a re
ent review see: Phys. World,June, p. 29-53, 2000.[3℄ Y. Oreg, K. By
zuk, B.I. Halperin, Phys. Rev. Lett. 85, 365 (2000).[4℄ E.g. P. Fulde, Ele
tron Correlations in Mole
ules and Solids, Springer Verlag,1991.[5℄ E.g. A.V. Andreev, A. Kamenev, Phys. Rev. Lett. 81, 3199 (1998);P.W. Brouwer, Y. Oreg, B.I. Halperin, Phys. Rev. B60, 13977 (1999);H.U. Baranger, D. Ullmo, L.I. Glazman, Phys. Rev. B61, 2425 (2000);P. Ja
quod, A.D. Stone, Phys. Rev. Lett. 84, 3938 (2000); I.L. Kurland,A.L. Aleiner, B.L. Altshuler, 
ondmat/004205 (unpublished).[6℄ D.H. Cobden, et al., Phys. Rev. Lett. 81, 681 (1998).[7℄ S.J. Tans, et al., Nature 394, 761 (1998).[8℄ H.W.Ch. Postma, Z. Yao, C. Dekker, J. Low. Temp. Phys. 118, 495 (2000).


