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Weak localization and phase interference due to spin-orbit interaction
in metal-doped carbon nanotubes
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Electrode atoms are slightly diffused, with only about 5% volume ratio, into the top end of multiwalled
carbon nanotube@MWNT’s), standing in nanopores of porous alumina membranes. Diffusion of light-mass
materials(carbon and aluminujnleads to weak localization in the Altshuler-Aronov-SpivigAS) oscilla-
tions, which is qualitatively consistent with previous works on MWNT’s. In contrast, we find that diffusion of
heavy material§gold and platinumchanges this weak localization into an antilocalization in the MWNT bulk.
This effect is only observable when electrons are injected through the diffusion region and unde@mse
shift in their electron waves, caused by polarized injection of spin-flipped electrons due to spin-orbit interaction
in the diffusion region of the MWNT bulk.
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Single-walled carbon nanotubes are conducting moleculahis phenomenon is observable only when electrons are in-
nanowires that exhibit a variety of mesoscopic phenomengected through the diffusion region and is understood as a
There is renewed interest in these nanostructures becauspin flipping of electron wavesi.e., phase shift bywr),
their characteristics are very sensitive to materials depositechused by the SOI in the diffusion region of the bulk of
onto the tube inner spaédn contrast, the physical proper- MWNT's.
ties of multiwalled carbon nanotub¢BIWNT's) have been In electrical measurements of MWNT's performed in pre-
interpreted only in terms of quantum phase interference efvious works, an individual MWNT was deposited on a
fects of electron waves in the diffusive regime at the single-substratg® and gold-(Au-) finger-like electrodes were fab-
molecular levele.g., weak localizatioiWL),>~* Altshuler-  ricated by lithography over the MWNT. Only the upper half-
Aronov-Spivak(AAS) oscillationsS~® universal conductance part of the MWNT that did not face the substrate had an
fluctuation? possible metal-insulator transitidhand strong interface with the electrodes. Hence, it was difficult to dif-
spin coherendé]. The investigation of the correlation of fuse by annealing the electrode atoms into one entire end of
such interference phenomena with dopant materials in ththe MWNT along the circumference of the Nificluding the
tube inner space or the MWNT itself has so far received ndower half-part facing the substratén contrast, we reported
attention. earlier on a different method to obtain the characteristics of

AAS oscillations and WL are the typical phase interfer- MWNT arrays standing in nanosized diameter pores of po-
ence effects of electron waves observed in MWNT’s. Con+ous alumina membranés® In this method, after the depo-
structive phase interferences in current paths encirclingition of MWNT's into the nanopores, the top ends of the
MWNT's with time-reversal symmetry leads to WL, when standing MWNT's were exposed from the surface of alumina
the sample size is smaller than both the phase coherenceembranegFig. 1(a)] and, then, a thick electrode was di-
length and the localization length-** The presence of a rectly deposited on all of the top endlBig. 1(b)]. Hence,
resistance maximum and a negative magnetoresistdirg  diffusion of electrode atoms takes places into the entire end
around zero magnetic field reflect WL in the AAS of the standing MWNT’s. For this reason, the diffusion re-
oscillations'® Previous works on MWNT'’s reported only on gion of the electrode atoms forms the other nanotubelike
this type of AAS oscillations. On the other hand, the pres-structure on the top end of MWNTI[$5ig. 1(b)]. In fact, our
ence of a strong spin-orbit interacti¢8OI) in thin metallic ~ sample clearly exhibits the diffusion of Au atoms, deposited
cylinders formed by heavy-mass atoms leads to antilocalizeas an electrode material, into the top end of MWNT, as
tion (AL), reflected by a resistance minimum and a positiveshown in Fig. 1c).

MR around zero magnetic field, in the AAS oscillatidfis. Figure 2 shows typical MR oscillations characteristics ob-
This is because the SOl causes electron-spin flippingserved in the samples with four different electrode materials.
thereby leading to a change of the electron phaserBy*°  In this work, we measured a large number of MWNT’s in
No group, however, has yet successfully observed thi®ne array sample at the same time. However, although this
electron-spin flipping and AL in the AAS oscillations in smears MR oscillations in some cases, we assumed that the
MWNT's. observed characteristics were the simple superposition of the

In this paper, we find that the diffusion of heavy-masscharacteristic of each MWNT for the following three rea-
atoms, deposited onto the top end of MWNT electrodes wittsons:(1) the uniformity of the tube diameter was extremely
only about 5% in volume ratio, drastically changes this WLhigh (e.g., half-width of distribution was less than 13%2)
to AL in the bulk of the MWNT’s. Based on a revised Alt- the spacing between the MWNT’s was relatively large, and
shuler’s theory, we show that the SOI, depending on th€3) according to Ref. 20, the characteristics of the individual
diffused atom mass and the diffusion volume ratio, is the keyMWNT’s and the MWNT arrays fabricated by this method
for understanding the WL into the AL change. We find thatwere basically consistent.
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(b) © ioum 60nm Diffusion volume-ratio(%) FIG. 3. (@) MR oscillation period vs square of mean tube radii.
Mean tube radii of the array samples are confirmed by TEM and
FIG. 1. (a) SEM overview image of the exposed top part of a SEM images.(b) NormalizedL /L, vs diffusion volume-ratio of
multiwalled carbon nanotubéMWNT) array, exhibiting a high ~ Au atom to the MWNT. Each., /L, was obtained from the best
regularity.(b) Schematic cross section of the MWNT array sample.data fitting to(c) and (d) by Egs.(1)—(4), and then normalized by
(c) Cross sectional TEMCSTEM) image around the top end of the that for line A of the Fig. 2c) sample with 5% ratio(c) MR oscil-
MWNT array with the top electrodégold: Au). White parts mean |ation in the sample with the diffusion volume ratio 2 times higher
the tube inner space@) Distribution of the diffusion volume-ratio  than the Fig. &) sample. Dotted line means the calculation result
of Au electrode, obtained from CSTEM images of one array. Thefrom Eqgs. (1)—(4). (d) That with the diffusion-volume ratio 0.6
total number of the MWNT'’s investigated is 41. times smaller than the Fig.(@ sample. The smaller oscillation
period is due to the larger tube radius caused by the fabrication

Since Fig. 2a) exhibits the MR maximum é8=0 Tand Process to get the longer tube length.
negative MR, the localization type is WL. This is qualita- N o
tively consistent with the previous works on AAS oscilla- @nd positive MR’s which imply the presence of AL, although
tions in MWNT’s. Figure 2b) also exhibits a MR oscillation the oscillations themselves are not clear in comparison with
with WL, although the decrease of MR saturates aroBnd (& and(b). The positive MR is in contradiction with previ-
~0.5 T. On the contrary, the MR oscillations shown in Figs,0Us works>"~ _ _
2(c) and 2d) clearly reveal the MR minimums &=0 T In order to confirm the correlation between the observed
MR oscillations and the AAS effect, we investigated the de-
pendence of the oscillation peridoB, on the MWNT radius
r. Figure 3a) shows the result, which is a lineaB vsr ~?
relation with the slope value of 2610 16 (JS/Q. This is
quantitatively in good agreement with the relaticvB
=(h/2e)/(mr?) given by the AAS oscillation theory, with
(h/2e)/ m~6.5x 10 1,
bl Next, we discuss the influence of the electrode materials
05 10 15 on the type of localization observed in the AAS oscillations
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Magnetic field : B [T] as suggested by the results on Fig. 2. The atomic numbers of
48§(d) B / \. Pt and Au are 78 and 79, respectively, whereas those of C
T 4B }af@"\ and Al are 6 and 13. This indicates that the emergence of WL
3 e / or AL strongly depends on the mass of the electrode-material
s a4y A atoms. Since AL is observable only in the samples with
T 42 A Pt electrode heavy-mass electrode materiz_(il%t and Ay, this is qualita-
T A E——— tively consistent with the previous works on thin Mg and Li
0 12 0 1 2 cylinders®1®which emphasizes the contribution of the SOI.
Magnetic field : B [T] Magnetic field :B[T]

However, it should be noticed that the diffusion region of our
FIG. 2. Dependence of magnetoresistafid®) oscillations on ~ leéctrode materials is only about 5% of the volume ratio in
the top electrode materials. Four samples with different electrod®Ur MWNT's. Hence, one deals with a qualitatively different
materialgi.e., (a) carbon,(b) aluminum,(c) gold, and(d) platinuni phenomenon from any previous observations in thin metallic
were measured. The magnetic field was applied in parallel with thdilm systems, although nothing of this kind has been reported
tube axis. We basically plot the three times measurement results #t MWNT systems.
each magnetic field. Dashed and dotted lines are the calculation In order to resolve this issue, we carry out a data fitting
results by Eqgs(1)—(4). procedure based on Altshuler’s equations for AAS
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oscillations'® In Ref. 15, the equations for AAS oscillations the emergence of AL, also for the reason explained above.
including the contribution of the SOI can be rewritten asThe comment for the bimodal behavior is mentioned in the

follows:
dG=— (€% mh)(2mr/Lg)[(1/2+ B) Zg(L ,(H))
—3/2Z4 (L (H)]+a(H), (1)
Zo(L (H)=In(L, /1) +22 ko(n(2mr/L,))
X cog 27n(®/(hcl2e))], 2
1L2=1/Dt,, 3
1L.2=1L%+2/Dt,, 4

whereLs, 8, L, andL[p in Eq. (1) are the tube length, the
constant depending on the electron-electron interaction, a

tively. I, kg, and® in Eq. (2) are the mean free path, the
Macdonald function, and the magnetic fluxr®H), respec-
tively. D, t,,, andtg, in Egs.(3) and (4) are the diffusion
constant, the relaxation time for inelastic scattering, and th
relaxation time for the SOI, respectively. HergH) in Eq.
(1) represents the increase or decrease of the mean value
the conductance, depending on magnetic fidldWe also
neglected the contribution of magnetic field opin Eq. (3).
Equation(1) has very simple physical meaning: The first
term related toZq, (L ,(H)) basically represents the AAS os-
cillations without the SOI(i.e., WL), whereas the second
term with Z<D(L[p(H)) reveals the influence of SQi.e., AL)
on the AAS oscillations, using E¢4). Equation(4) includes
the term 1Dt as the contribution of the SOI. If the SOI is
very weak,ts, diverges to an infinite value and, hence,
L,/L, becomes “1” because of L((P/L;)Z:l
+2(Li)/Dtso, leading to WL. On the contrary, if;, has a
finite value, L‘p/L; becomes larger than “1” because of
2(Li)/Dtso>0, leading to the increase of the oscillation am-
plitude of the second term of E@l) and, thus, AL. There-
fore, the contribution ot, can be represented Hy, /L.
We selected thi& /L jp as the fitting parameter.

later part of this paper.

The central issue of this report is the physical relevance of
L(P/L;, as obtained from the best fit shown in Fig. 2, be-
cause Eqgs(1)—(4) do not relate to actual material param-
eters. Two facts make it possible to physically identify this
L¢/L; : (1) there is a correlation with the atomic numbers of
the electrode materialge., mass of the atom$2) also with
the volume ratio of the diffusion region to the MWNT.

From the view point of correlatiol), the atomic num-
bers(Z's) of C and Pt are 6 and 78. Reference 15 indicates
thatt, /ts, is given by (3_ilal)(aZ)4, wherea is the fine
structure constant~1/137). In the case of carbon, /ts,
can be estimated to be on the order of 40n our system
from this equation. This is nearly consistent with= (i.e.,
L‘p/L[p= 1) obtained from the best fits in Figs(@ and Zb).

_ ; e contrast, in the case of Rt,/ts, can be estimated to be on
the phase coherent length without and with the SOI, respeGne order of 102

. This does not quantitatively agree with
t,/tso~5 estimated fronk /L~ 10 obtained from the data
fitting. In this case, only the increase ©f/ts, with the
atomic number is in qualitative agreement. Hence, based

%nly on Ref. 15, the physical meaningslof/L, cannot be

%L{jantitatively identified from the atomic numbers.

In order to clarify correlatior{2), we varied the diffusion
volume ratio by changing the MWNT length with a constant
diffusion length in the same electrode-material samples.
L,/L, was obtained from the best fit of the experimental
data in Figs. &) and 3d) by Egs.(1)—(4), by identifying
each MWNT length withLg in Eqg. (1). As shown in Fig.
3(b), the relation between tHeq,/L"p values and the diffusion
volume ratio is mostly linear. This is the strong evidence that
the factor of two is the key to determinsq,/L; (i.e., the
contribution of the SOl and Lq,/L[p has a correlation with
actual systems. It implies that the contribution of the SOI to
AL is linearly proportional to the volume ratio of the dif-
fused Au atom.

Consequently, the diffusion of heavy-mass atoms, depos-
ited as the electrode materials on MWNT's, at only about 5%
in volume ratio can drastically change WL to AL in the bulk
of NT’s. This can be shown by a phase shift of the electron

As shown by the dashed line in Fig. 2, the measuremenjaves by, caused by spin flipping due to the SOI in the
and calculation results are in good agreement in all thejiffusion region of MWNT bulk. However, which conju-
samples. This is interpreted as strong evidence for AAS osgated conditions are formed between the atom of Au or Pt

cillations. The best fittings to Figs.(@ and 2Zb) give
L‘p/L[P=1, assumlng_¢=10‘5 m andB=2. This strongly

and the carbon nanotube by annealing and how it leads to the
SOl is still an open question. Further investigation is indis-

supports the absence of the SOI and the presence of WL fgrensable to clarify this issue.
the reason mentioned above. In particular, the measurement Based on the linear relation mentioned above, the bimodal

and calculation results are in excellent agreement in Figpehaviors and the two differert, /L

2(a). On the other hand, both Figsic2 and Zd) are fitted by

[p values obtained in

Figs. 4c) and Zd) suggest the presence of two different

two independent oscillation modes depending on the magdistribution peaks in the diffusion volume of Au and Pt at-

netic field (i.e., bimodal behavigras shown by line€\ and
B, assuming finite values fdg,. Compared with the value

oms in one array sample. The equal ratichf/L; from line
B to line A (~1.013) in both(c) and (d) also supports this

of L,/L, of the carbon electrode sample, the best fittingsconclusion. As a confirmation, we exactly investigated the

givel,/L,=9.18 andL,/L,=9.3 for linesA andB in Fig.
2(c) andL,/L;=9.28 andL /L ;=9.4 for linesA andB in
Fig. 2(d), respectively. These values bf,/L,~9(>1) are

distribution of diffusion volume ratio in an array. As shown
in Fig. 1(d), we could actually find two peaks at 4.9% and
5.1% of the volume ratio. Since the ratio of 5.1%/4.9% is

strong evidence for the contribution of the SOI and, hencel.041, this is nearly consistent with thg/L;, ratio between
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from Au diftusion region _electron Au diffusion MWNT'’s from either the Au electrode or Al substrate. It
= g 1| L8t b Imiection region reveals a polarity of AL and WL; i.e., only when electrons
i 3; " A!. ::3"';‘I ® Phase are injected through the Au diffusion region does a positive
. f! _g:' g . Z 'p";tel:fe’e“ce MR (i.e., AL) emerge. This strongly supports the contribu-
§ %B@i ¢ @Eg . tion of the SOI caused in the diffusion region. As shown in
% EA Oéigggoa ogﬂ Og‘ Fig. 4b), when the electrons are injected through the Au
g E @ ° oé’ﬁzm » S“Jbstrate ) diffusion region, the electron phases are spin flipped by the
SR S i strong SOI right after the injection, and then they cause

0 1 2 Al substrate

phase interference. Since the spin coherence is strongly con-
served in all the phase interference paths of electron waves
. .. encircling the MWNT! it leads to the AL in the bulk of the
FIG. 4. (a) MR features when electrons are injected from differ- MWNT's. In contrast, when the electrons are injected from

ent electrode sides. Open and solid symbols are the MR’s for th S . e .
electron injection from the Al substrate and the Au electrode, re-(tahe Al substrate, they are spin flipped in the diffusion region,

spectively.(b) Schematic figures of MWNT'’s with the phase inter- after most of the interference procedure is Comple(iaﬂ.,

ference path, encircling the MWNT, for AAS oscillations and the after the interference paths were already closedishown in

direction of electron injection. Left and right figures mean the elec-(P)- Such electrons no longer contribute to the phase inter-

tron injections from the Au-diffusion region and Al-substrate sides,feérénce. These phenomena are the direct evidence of an im-

respectively. portant role played by the small diffusion region in the phase
interference in the bulk of the MWNT's.

Magnetic field [T]

lines A andB (~1.013). However, the reason why they in-  We thank C.M. Marcus, L.P. Kouwenhoven, J.P. Lebur-
dependently emerge in the different magnetic-field regions ison, and W. Oliver for useful discussions and suggestions,
still unclear. the MST for the clear TEM image, and J.M. Xu group for the

Finally, we show why such a small diffusion region only SEM image preparation. This work was financially supported
at the one end of the MWNT drastically changes the phasey the MST foundation and the research project grant-in-aid
interference in the bulk of the MWNT. Figure(&@ shows for scientific research of the Japanese Ministry of Education,
MR oscillations when electrons are injected into theScience, Sports, and Culture.
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