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Weak localization and phase interference due to spin-orbit interaction
in metal-doped carbon nanotubes

Junji Haruyama, Izumi Takesue, and Tetsuro Hasegawa
Aoyama Gakuin University, 6-16-1 Chitosedai, Setagaya, Tokyo 157-8572 Japan

~Received 19 March 2001; published 13 December 2001!

Electrode atoms are slightly diffused, with only about 5% volume ratio, into the top end of multiwalled
carbon nanotubes~MWNT’s!, standing in nanopores of porous alumina membranes. Diffusion of light-mass
materials~carbon and aluminum! leads to weak localization in the Altshuler-Aronov-Spivak~AAS! oscilla-
tions, which is qualitatively consistent with previous works on MWNT’s. In contrast, we find that diffusion of
heavy materials~gold and platinum! changes this weak localization into an antilocalization in the MWNT bulk.
This effect is only observable when electrons are injected through the diffusion region and undergo ap-phase
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 molec
nanowires that exhibit a variety of mesoscopic phenome
There is renewed interest in these nanostructures bec
their characteristics are very sensitive to materials depos
onto the tube inner space.1 In contrast, the physical prope
ties of multiwalled carbon nanotubes~MWNT’s! have been
interpreted only in terms of quantum phase interference
fects of electron waves in the diffusive regime at the sing
molecular level@e.g., weak localization~WL!,2–4 Altshuler-
Aronov-Spivak~AAS! oscillations,5–9 universal conductance
fluctuation,2 possible metal-insulator transition,10 and strong
spin coherence11#. The investigation of the correlation o
such interference phenomena with dopant materials in
tube inner space or the MWNT itself has so far received
attention.

AAS oscillations and WL are the typical phase interfe
ence effects of electron waves observed in MWNT’s. Co
structive phase interferences in current paths encirc
MWNT’s with time-reversal symmetry leads to WL, whe
the sample size is smaller than both the phase coher
length and the localization length.12–14 The presence of a
resistance maximum and a negative magnetoresistance~MR!
around zero magnetic field reflect WL in the AA
oscillations.15 Previous works on MWNT’s reported only o
this type of AAS oscillations. On the other hand, the pr
ence of a strong spin-orbit interaction~SOI! in thin metallic
cylinders formed by heavy-mass atoms leads to antilocal
tion ~AL !, reflected by a resistance minimum and a posit
MR around zero magnetic field, in the AAS oscillations16

This is because the SOI causes electron-spin flipp
thereby leading to a change of the electron phase byp.17–19

No group, however, has yet successfully observed
electron-spin flipping and AL in the AAS oscillations i
MWNT’s.

In this paper, we find that the diffusion of heavy-ma
atoms, deposited onto the top end of MWNT electrodes w
only about 5% in volume ratio, drastically changes this W
to AL in the bulk of the MWNT’s. Based on a revised Al
shuler’s theory, we show that the SOI, depending on
diffused atom mass and the diffusion volume ratio, is the k
for understanding the WL into the AL change. We find th
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this phenomenon is observable only when electrons are
jected through the diffusion region and is understood a
spin flipping of electron waves~i.e., phase shift byp),
caused by the SOI in the diffusion region of the bulk
MWNT’s.

In electrical measurements of MWNT’s performed in pr
vious works, an individual MWNT was deposited on
substrate5,6 and gold-~Au-! finger-like electrodes were fab
ricated by lithography over the MWNT. Only the upper ha
part of the MWNT that did not face the substrate had
interface with the electrodes. Hence, it was difficult to d
fuse by annealing the electrode atoms into one entire en
the MWNT along the circumference of the NT~including the
lower half-part facing the substrate!. In contrast, we reported
earlier on a different method to obtain the characteristics
MWNT arrays standing in nanosized diameter pores of
rous alumina membranes.7–9 In this method, after the depo
sition of MWNT’s into the nanopores, the top ends of t
standing MWNT’s were exposed from the surface of alum
membranes@Fig. 1~a!# and, then, a thick electrode was d
rectly deposited on all of the top ends@Fig. 1~b!#. Hence,
diffusion of electrode atoms takes places into the entire
of the standing MWNT’s. For this reason, the diffusion r
gion of the electrode atoms forms the other nanotube
structure on the top end of MWNT’s@Fig. 1~b!#. In fact, our
sample clearly exhibits the diffusion of Au atoms, deposit
as an electrode material, into the top end of MWNT,
shown in Fig. 1~c!.

Figure 2 shows typical MR oscillations characteristics o
served in the samples with four different electrode materi
In this work, we measured a large number of MWNT’s
one array sample at the same time. However, although
smears MR oscillations in some cases, we assumed tha
observed characteristics were the simple superposition o
characteristic of each MWNT for the following three re
sons:~1! the uniformity of the tube diameter was extreme
high ~e.g., half-width of distribution was less than 13%!, ~2!
the spacing between the MWNT’s was relatively large, a
~3! according to Ref. 20, the characteristics of the individu
MWNT’s and the MWNT arrays fabricated by this metho
were basically consistent.
©2001 The American Physical Society02-1
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Since Fig. 2~a! exhibits the MR maximum atB50 T and
negative MR, the localization type is WL. This is qualit
tively consistent with the previous works on AAS oscill
tions in MWNT’s. Figure 2~b! also exhibits a MR oscillation
with WL, although the decrease of MR saturates aroundB
50.5 T. On the contrary, the MR oscillations shown in Fig
2~c! and 2~d! clearly reveal the MR minimums atB50 T

FIG. 1. ~a! SEM overview image of the exposed top part of
multiwalled carbon nanotube~MWNT! array, exhibiting a high
regularity.~b! Schematic cross section of the MWNT array samp
~c! Cross sectional TEM~CSTEM! image around the top end of th
MWNT array with the top electrode~gold: Au!. White parts mean
the tube inner spaces.~d! Distribution of the diffusion volume-ratio
of Au electrode, obtained from CSTEM images of one array. T
total number of the MWNT’s investigated is 41.

FIG. 2. Dependence of magnetoresistance~MR! oscillations on
the top electrode materials. Four samples with different electr
materials@i.e., ~a! carbon,~b! aluminum,~c! gold, and~d! platinum#
were measured. The magnetic field was applied in parallel with
tube axis. We basically plot the three times measurement resu
each magnetic field. Dashed and dotted lines are the calcula
results by Eqs.~1!–~4!.
03340
.

and positive MR’s which imply the presence of AL, althoug
the oscillations themselves are not clear in comparison w
~a! and ~b!. The positive MR is in contradiction with previ
ous works.5,7–9

In order to confirm the correlation between the observ
MR oscillations and the AAS effect, we investigated the d
pendence of the oscillation periodDB, on the MWNT radius
r. Figure 3~a! shows the result, which is a linearDB vs r 22

relation with the slope value of 2.5310216 ~J S/C!. This is
quantitatively in good agreement with the relationDB
5(h/2e)/(pr 2) given by the AAS oscillation theory, with
(h/2e)/p;6.5310216.

Next, we discuss the influence of the electrode mater
on the type of localization observed in the AAS oscillatio
as suggested by the results on Fig. 2. The atomic numbe
Pt and Au are 78 and 79, respectively, whereas those o
and Al are 6 and 13. This indicates that the emergence of
or AL strongly depends on the mass of the electrode-mate
atoms. Since AL is observable only in the samples w
heavy-mass electrode materials~Pt and Au!, this is qualita-
tively consistent with the previous works on thin Mg and
cylinders,15,16which emphasizes the contribution of the SO
However, it should be noticed that the diffusion region of o
electrode materials is only about 5% of the volume ratio
our MWNT’s. Hence, one deals with a qualitatively differe
phenomenon from any previous observations in thin meta
film systems, although nothing of this kind has been repor
in MWNT systems.

In order to resolve this issue, we carry out a data fitti
procedure based on Altshuler’s equations for AA
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FIG. 3. ~a! MR oscillation period vs square of mean tube rad
Mean tube radii of the array samples are confirmed by TEM a
SEM images.~b! NormalizedLw /Lw8 vs diffusion volume-ratio of
Au atom to the MWNT. EachLw /Lw8 was obtained from the bes
data fitting to~c! and ~d! by Eqs.~1!–~4!, and then normalized by
that for line A of the Fig. 2~c! sample with 5% ratio.~c! MR oscil-
lation in the sample with the diffusion volume ratio 2 times high
than the Fig. 2~c! sample. Dotted line means the calculation res
from Eqs. ~1!–~4!. ~d! That with the diffusion-volume ratio 0.6
times smaller than the Fig. 2~c! sample. The smaller oscillation
period is due to the larger tube radius caused by the fabrica
process to get the longer tube length.
2-2
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BRIEF REPORTS PHYSICAL REVIEW B 65 033402
oscillations.15 In Ref. 15, the equations for AAS oscillation
including the contribution of the SOI can be rewritten
follows:

dG52~e2/ph!~2pr /Ls!@~1/21b!ZF„Lw~H !…

23/2ZF„Lw8 ~H !…#1a~H !, ~1!

ZF„Lw~H !…5 ln~Lw / l !12( k0„n~2pr /Lw!…

3cos@2pn„F/~hc/2e!…#, ~2!

1/Lw
251/Dtw , ~3!

1/Lw8
251/Lw

212/Dtso ~4!

whereLs , b, Lw , andLw8 in Eq. ~1! are the tube length, the
constant depending on the electron-electron interaction,
the phase coherent length without and with the SOI, resp
tively. l, k0, and F in Eq. ~2! are the mean free path, th
Macdonald function, and the magnetic flux (pr 2H), respec-
tively. D, tw , and tso in Eqs. ~3! and ~4! are the diffusion
constant, the relaxation time for inelastic scattering, and
relaxation time for the SOI, respectively. Here,a(H) in Eq.
~1! represents the increase or decrease of the mean val
the conductance, depending on magnetic fieldH. We also
neglected the contribution of magnetic field onLw in Eq. ~3!.

Equation~1! has very simple physical meaning: The fir
term related toZF„Lw(H)… basically represents the AAS os
cillations without the SOI~i.e., WL!, whereas the secon
term withZF„Lw8 (H)… reveals the influence of SOI~i.e., AL!
on the AAS oscillations, using Eq.~4!. Equation~4! includes
the term 1/Dtso as the contribution of the SOI. If the SOI i
very weak, tso diverges to an infinite value and, henc
Lw /Lw8 becomes ‘‘1’’ because of (Lw /Lw8 )251
12(Lw

2)/Dtso , leading to WL. On the contrary, iftso has a
finite value, Lw /Lw8 becomes larger than ‘‘1’’ because o
2(Lw

2)/Dtso.0, leading to the increase of the oscillation am
plitude of the second term of Eq.~1! and, thus, AL. There-
fore, the contribution oftso can be represented byLw /Lw8 .
We selected thisLw /Lw8 as the fitting parameter.

As shown by the dashed line in Fig. 2, the measurem
and calculation results are in good agreement in all
samples. This is interpreted as strong evidence for AAS
cillations. The best fittings to Figs. 2~a! and 2~b! give
Lw /Lw851, assumingLw51025 m andb52. This strongly
supports the absence of the SOI and the presence of WL
the reason mentioned above. In particular, the measurem
and calculation results are in excellent agreement in F
2~a!. On the other hand, both Figs. 2~c! and 2~d! are fitted by
two independent oscillation modes depending on the m
netic field ~i.e., bimodal behavior! as shown by linesA and
B, assuming finite values fortso . Compared with the value
of Lw /Lw8 of the carbon electrode sample, the best fittin
give Lw /Lw859.18 andLw /Lw859.3 for linesA andB in Fig.
2~c! andLw /Lw859.28 andLw /Lw859.4 for linesA andB in
Fig. 2~d!, respectively. These values ofLw /Lw8;9(.1) are
strong evidence for the contribution of the SOI and, hen
03340
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the emergence of AL, also for the reason explained abo
The comment for the bimodal behavior is mentioned in
later part of this paper.

The central issue of this report is the physical relevance
Lw /Lw8 , as obtained from the best fit shown in Fig. 2, b
cause Eqs.~1!–~4! do not relate to actual material param
eters. Two facts make it possible to physically identify th
Lw /Lw8 : ~1! there is a correlation with the atomic numbers
the electrode materials~i.e., mass of the atoms! ~2! also with
the volume ratio of the diffusion region to the MWNT.

From the view point of correlation~1!, the atomic num-
bers~Z’s! of C and Pt are 6 and 78. Reference 15 indica
that tw /tso is given by (3Lw

2/al)(aZ)4, wherea is the fine
structure constant ('1/137). In the case of carbon,tw /tso
can be estimated to be on the order of 1026 in our system
from this equation. This is nearly consistent withtso5` ~i.e.,
Lw /Lw851) obtained from the best fits in Figs. 2~a! and 2~b!.
In contrast, in the case of Pt,tw /tso can be estimated to be o
the order of 1022. This does not quantitatively agree wit
tw /tso'5 estimated fromLw /Lw8'10 obtained from the data
fitting. In this case, only the increase oftw /tso with the
atomic number is in qualitative agreement. Hence, ba
only on Ref. 15, the physical meanings ofLw /Lw8 cannot be
quantitatively identified from the atomic numbers.

In order to clarify correlation~2!, we varied the diffusion
volume ratio by changing the MWNT length with a consta
diffusion length in the same electrode-material samp
Lw /Lw8 was obtained from the best fit of the experimen
data in Figs. 3~c! and 3~d! by Eqs. ~1!–~4!, by identifying
each MWNT length withLS in Eq. ~1!. As shown in Fig.
3~b!, the relation between theLw /Lw8 values and the diffusion
volume ratio is mostly linear. This is the strong evidence t
the factor of two is the key to determineLw /Lw8 ~i.e., the
contribution of the SOI! and Lw /Lw8 has a correlation with
actual systems. It implies that the contribution of the SOI
AL is linearly proportional to the volume ratio of the dif
fused Au atom.

Consequently, the diffusion of heavy-mass atoms, dep
ited as the electrode materials on MWNT’s, at only about 5
in volume ratio can drastically change WL to AL in the bu
of NT’s. This can be shown by a phase shift of the electr
waves byp, caused by spin flipping due to the SOI in th
diffusion region of MWNT bulk. However, which conju
gated conditions are formed between the atom of Au or
and the carbon nanotube by annealing and how it leads to
SOI is still an open question. Further investigation is ind
pensable to clarify this issue.

Based on the linear relation mentioned above, the bimo
behaviors and the two differentLw /Lw8 values obtained in
Figs. 2~c! and 2~d! suggest the presence of two differe
distribution peaks in the diffusion volume of Au and Pt a
oms in one array sample. The equal ratio ofLw /Lw8 from line
B to line A (;1.013) in both~c! and ~d! also supports this
conclusion. As a confirmation, we exactly investigated
distribution of diffusion volume ratio in an array. As show
in Fig. 1~d!, we could actually find two peaks at 4.9% an
5.1% of the volume ratio. Since the ratio of 5.1%/4.9%
1.041, this is nearly consistent with theLw /Lw8 ratio between
2-3



n-
s

ly
as

he

It
s

ive
u-
in

Au
the
se
con-
ves

m
n,

ter-
im-

se

ur-
ns,
e

ted
aid
on,

r-
th
re
r-
he
ec
es

BRIEF REPORTS PHYSICAL REVIEW B 65 033402
lines A andB (;1.013). However, the reason why they i
dependently emerge in the different magnetic-field region
still unclear.

Finally, we show why such a small diffusion region on
at the one end of the MWNT drastically changes the ph
interference in the bulk of the MWNT. Figure 4~a! shows
MR oscillations when electrons are injected into t

FIG. 4. ~a! MR features when electrons are injected from diffe
ent electrode sides. Open and solid symbols are the MR’s for
electron injection from the Al substrate and the Au electrode,
spectively.~b! Schematic figures of MWNT’s with the phase inte
ference path, encircling the MWNT, for AAS oscillations and t
direction of electron injection. Left and right figures mean the el
tron injections from the Au-diffusion region and Al-substrate sid
respectively.
ev
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MWNT’s from either the Au electrode or Al substrate.
reveals a polarity of AL and WL; i.e., only when electron
are injected through the Au diffusion region does a posit
MR ~i.e., AL! emerge. This strongly supports the contrib
tion of the SOI caused in the diffusion region. As shown
Fig. 4~b!, when the electrons are injected through the
diffusion region, the electron phases are spin flipped by
strong SOI right after the injection, and then they cau
phase interference. Since the spin coherence is strongly
served in all the phase interference paths of electron wa
encircling the MWNT,11 it leads to the AL in the bulk of the
MWNT’s. In contrast, when the electrons are injected fro
the Al substrate, they are spin flipped in the diffusion regio
after most of the interference procedure is completed~i.e.,
after the interference paths were already closed! as shown in
~b!. Such electrons no longer contribute to the phase in
ference. These phenomena are the direct evidence of an
portant role played by the small diffusion region in the pha
interference in the bulk of the MWNT’s.
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