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Temperature-mediated switching of magnetoresistance in Co-contacted
multiwall carbon nanotubes
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We present temperature-dependent measurements of the magnetoresistance in ferromagnetically
contacted multiwall nanotubes. At low temperature, the resistance increases sharply near zero-field
due to misalignment of the contact magnetizations. As temperature increases, the resistance peak
transforms into a resistance dip, with a peak-to-valley ratio of similar magnitude, but opposite sign.
The resistance switch has a distinct temperature dependence compared with the background
magnetoresistance, suggesting that the two have different origins. We propose that a ferromagnetic
transition near the contact interfaces reverses the polarity of the injected spin, and changes the sign
of the resistance switch. @003 American Institute of Physic§DOI: 10.1063/1.1597965

Spin-polarized electron transport through carbon nanoreported:? Contacts to 20 nm diameter MWNTSs are defined
tubes is of great interest for the development of future spinusing electron beam lithography with a contact separation of
electronic devices.Electrons travel up to 1gm or more  approximately 200 nm. The contact material is a 70-nm-thick
through nanotubes without losing momentum or spincobalt layer deposited using thermal evaporation. Two-
information? This makes large spin-mediated resistanceterminal differential resistance measurements are made for
changes possible. Tsukagostial® showed that the resis- temperatures between 1.5 and 175 K as a function of mag-
tance of a cobalt contacted multiwall nanotudWNT) is  netic field directed perpendicular to the MWNT axis and
dependent on the relative orientation of the magnetization oparallel to the plane of the contacts. This configuration mini-
the ferromagnetic contacts, providing the evidence for spirnizes stray field effects.
polarized transport in carbon nanotubes. The resistance is The differential resistance is shown in Figgaland
low at high field when the magnetizations are paralR})( 1(b) for two Co-contacted MWNTSs, each at three different
and high around zero field when the contact magnetizationé&mperatures. The two devices were fabricated under similar
are antiparallel R,), resulting in a resistance peak nér conditions; however, the zero field resistance of the device in
=0. This result has since been confirmed in measurements of
both singlé and multiwall nanotube’® Recently it has been

shown that for certain ferromagnetically contacted MWNTS, 262 %0

R, can actually be higher thaR,, resulting in the appear- 2.57 255

ance of a resistance dip, rather than a resistance Heh&. .

conditions necessary for this surprising result are not yet un- 252 245

derstood. 946 10K 104 20K

Here we report on an intriguing temperature dependence® A
of the resistance in ferromagnetically contacted nanotubes§ 241 T
that helps shed light on the inverse switching, and spin in- S
jection into carbon nanotubes in general. We observe that the”
resistance switch can change sign from positive to negative , o4 20K 160 50 K
as a function of increasing temperature. Stray field effects
cannot account for this unusual temperature dependence, s 1-90}~
that the results provide strong supporting evidence for spin .
polarized electron transport in carbon nanotubes. We propose 150

190~
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that the sign change is due to the existence of a nonferro- ~ 400 -200 0 200 400 -100 -50 0 50 100
magnetic layer at the contact/nanotube interface whose thick- Magnetic Field (mT ) Magnetic Field (mT)
ness increases with increasing temperature, and that controls (@) (b)

the polarity of the injected spin. FIG. 1. Differential resistance as a function of magnetic field (8®rhigh

Details of our device fabrication have been previouslyresistance andb) low resistance cobalt contacted MWNTs. The dashed
(solid) line shows the forwardreversé sweep direction. Magnetic field is
directed perpendicular to the MWNT axis and parallel to the plane of the
3E|ectronic mail: s.chakraborty@louisville.edu contacts.
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@ T We first discuss the possible influence of stray magnetic
3 n:: 5 k_ field on the nanotube resistance. As the magnetizations of the
2 % ohe ferromagnetic contacts change from the parallel to the anti-
£ i* S e parallel state, the magnetic field in the vicinity of the nano-
x ! © Tk ™ tube decreases, due to the partial cancellation of the stray
& 1 R 3 field. The reduction in stray field can produce a peak in the
D B T * measured resistance, since the MWNT has a background
- ' . negative magnetoresistafi¢seen in Fig. (a)]. According to
bl previously reported magnetostatic calculations, the change in
) stray field is not large enough to produce the relatively large
20 020 o resistance switches observed in our ferromagnetically con-
*. E o5 1,.9"' tacted nanotube devicsThe present data provides addi-
$ 15 > . o 3 tional compelling evidence that stray field effects can be ne-
o A glected. In Fig. 2 we compare the temperature dependences
= 1.0 T(K) in the high-resistance device f@) the resistance switching
% e (ARs/R) and (b) the background resistance change
0.5 . __________ (ARg/R). If stray field effects are the cause of the resistance
L * switching, we expect that the temperature dependencies of
0.0% 10 20 30 40 50 AR¢/R and ARg/R should be identical. A fit to the data
T(K) shows thatARg /R decreases exponentially with increasing

temperature. The magnitude &R, /R, on the other hand, is
Ff'G- 2.(a) The ffSiS'f'a“ﬁ_e rf]atiﬁ_Rs/ R=2§Ra_— R;JIL/A(Ra;LRRp) ana fUtr_lCtiOV} approximately constant at low temperature, and then drops
?e%eprgfai[Jarteurfirct);; I?)WI%esriitsalSnt({;lerz1 (iieevi%\g.c%\e méetlsgnitl{jljeamEJ ?r?elobnagk- off rapidly near 30 K(a sharp drqp—off ImRS/R at a critical
ground  resistance ARg/R=2[R- 100 mr— Rz-soomnl/[Re-100mn  EMPErature was also reported in Ref. Bhe sign ofARs/R
+Rs=s00 mry] @S @ function of temperature for the high resistance device meanwhile changes from positive to negative. The two dis-
For each temperaturéRg /R is averaged over the two sweep directions. tinctly different temperature dependences strongly suggest
Inset: The dlﬁerentlal co_nductance gsafunctlon of temperature measured ?ﬁat stray field effects are not responsible for the resistance
100 mT for the high resistance device.
switching.
Within the spin injection picture, a resistance dip around
Fig. 1(a) is approximately one order of magnitude higher zero field implies that electron transmission in the parallel
than the resistance of the device in Figb)l This sample-  spin configuration is lower than in the antiparallel
to-sample variation is typical for nanotube devices, and sugconfiguratior® Recent theory has shown that this counterin-
gests that tunnel barrier contacts are formed, in which smalitive situation can be brought about by establishing the
local variations in the interfacial barrier determine the tOta'appropriate contact interface conditiofisin cobalt, nega-
contact resistanceAt low temperatures, we observe a hys- tively spin polarized d electrons and positively spin-
teretic resistance peak as the magnetic field sweeps#8m polarizeds electrons coexist at the Fermi energy. The rela-
to —B and back to+B. This can be understood using the tive coupling strength of the two electron populations across
spin injection picture that has been described for magnetighe ferromagnetic/nonferromagnetic interface determines the
tunnel junctionsMTJs).>’ NearB=0, the magnetization of sign of the injected spin polarization. Experimentally, a thin
the ferromagnetic contacts becomes misaligned. This result3y interface layer has been shown to reverse the polarization
in a decrease in the overlap of the spin populations betweesf spin injected from a cobalt contact leading to an inverse
the two contacts, causing the resistance to increase. As thesistance switch in MTJS,while MTJs made with SrTiQ
field increases, the contact magnetizations realign, loweringr Ta,Og tunnel barriers show inverse resistance switching at
the resistance back to the high field value. The result is gow bias!?
resistance peak at zero magnetic field. The hysteresis in the |n our samples, the contact interface conditions trans-
resistance peak reflects the hysteresis in the contact magn@rm to cause the resistance ratio to change sign as a function
tizations. of increasing temperature. We propose that this is due to a
In Fig. 2(a) and the inset to Fig.(d), the resistance ratio ferromagnetic transition of a mixed composition layer at the
ARs/R=2(R,—R,)/(Ry+R,) is plotted as a function of nanotube-contact interface. Since cobalt oxidizes readily at
temperature for the high- and the low-resistance device, recoom temperature, the interface between the cobalt contact
spectively. The maximum R4/R is found to be 2.5% for the and the nanotube consists of a mixture of cobalt—oxide and
high-resistance device and 9% for the low-resistance deviceobalt. Although on its own cobalt—oxide is antiferromag-
As the temperature increases, the resistance peak progrestic, cobalt/cobalt—oxide mixtures can be ferromagnetic at
sively changes over into a resistance dip, after which théow enough temperature. Magnetization measurements show
magnitude of the resistance dip gradually decreases to zerthat the spins in cobalt—oxide align with the ferromagnetic
The changeover from a peak to a dip occurs at approximatelgobalt  constituent, producing a large saturation
10 K for the high-resistance device and at approximately 3Gnagnetizatiort® The saturation magnetization disappears at
K for the low-resistance device, while the resistance switcha transition temperature that decreases with increasing per-
ing survives up to 175 K for the low-resistance device and 5&entage of cobalt oxide. In our samples, the percentage of

K for the high-resistance device. cobalt oxide is highest at the nanotube interface, and de-
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AR /R gradually goes to zero. As shown in Fig. 3, the cal-
Non-Ferromagnetic culation is in good qualitative agreement with our data. To
{Co¥Co:0) quantitatively determine the resistance ratio—including the
influence of the carbon nanotube electron state distribution
on the sign of the injected spin—a detailed theory of the type
] M anotube | described in Ref. 10 for ferromagnetic/nanotube junctions is
1t J needed. Nevertheless, our simple calculation demonstrates
idie “Hdte that an increase in the thickness of nonferromagnetic layers
at the contacts as a function of increasing temperature could
e BB B B @B in fact produce the observed transition.
, In summary, we have studied the temperature depen-
0 o dence of spin injection from ferromagnetic contacts into car-
o _ . . bon nanotubes. The resistance switching is observed to
0 2 4 6 8 10 change sign as a function of increasing temperature, indicat-
. ing the existence of a nonferromagnetic interfacial layer that
d(A) modifies the polarization of the injected spin. This implies
FIG. 3. The resistance ratibRs/R=2(T,—T,)/(T,+T,) calculated using that to F’bser"e larger and mor.e reD.rOdUCIble spin _medlated
a one-dimensional Schinger equation for a ferromagnetically contacted €ffects in carbon nanotube devices, improvements in the pu-
armchair nanotube, as a function of the width of non-ferromagnetic interfacqrity of the ferromagnetic interface |ayer are required_
layers. In the cobalt contacts, the energy splitting between the spin-up and
spin-down electrondAE=1.45 eV, the Fermi energf-=2.2 eV and the The authors thank R. W. Cohn, S. Y. Wu, and C. S.

effective massm* =1m, (see Ref. 1§ Each nonferromagnetic region is ; ; : ; :
divided inton=d/d, small sections witldy=1 a.u=0.529 A. AE is taken Jayanthi for useful discussions. Funding provided by NASA

to be constant in each small section but to decrease to zero in such a waNO. NCC 5-573 and NSF(No. ECS-0224114 and No.
that k changes linearly across the width of the nonferromagnetic regionsDMR-0112824.

while Er andm* are kept constant as in the cobalt contacts. For the nano-

tube, the length. =200 nm,k=0.8509/A andn* =1m, are taken.

ARg /R (%)
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