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Electrical spin injection in multiwall carbon nanotubes with transparent
ferromagnetic contacts
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We report on electrical spin injection measurements on multiwall carbon nandtdieéN Ts). We

use a ferromagnetic alloy PgNi, with x=0.7 which allows us to obtain devices with resistances
as low as 5.6 R at 300 K. The yield of device resistances below 10D, kt 300 K, is around 50%.

We measure ta2 K a hysteretic magneto-resistance due to the magnetization reversal of the
ferromagnetic leads. The relative difference between the resistance in the antipgk&lel
orientation and the paralldP) orientation is about 2%. @005 American Institute of Physics
[DOI: 10.1063/1.1882761

How the spin degree of freedom can propagate and bb.6 k(). The yield of devices with resistances below 130, k
manipulated in low-dimensional devices is a question of bottat 300 K, is around 50%. In the linear conductance regime,
fundamental and technical interest. On the one hand, proposre find that the resistance switches hysteretically when
als for a spin field-effect transistc(SpinFE'I),1 which one  sweeping the magnetic field. The relative difference between
can consider as a generic spintronic scheme, rely on electrihe resistance in the antiparalleéAP) orientation and the
cal spin injection in one-dimensional channels. On the otheparallel (P) orientation is about 2%.
hand, spin transport is expected to provide new information  Giant paramagnetism is a well-known feature of Pd and
on the peculiar nature of an electronic fluid, as electron-few magnetic impurities added to its matrix can drive it into
electron interactions are enhanced when one reduces the dive ferromagnetic stafé. Therefore, as Pd alone makes
mensionality. Within the framework of the Luttinger liquid quasi-adiabatic contacts on Ngrsferromagnetic Pd alloys
model, for example, Balents and Egger showed theoreticallgre expected to keep the same contacting properties as Pd,
that spin-charge separation modifies qualitatively spin transprovided the concentration of magnetic impurities is low
port in quantum wire$. enough. However, as the spin signal is proportiondbp P

Carbon nanotubegNTs) can be considered as one- being the spin polarization of the alld§,the concentration
dimensional1D) or zero-dimensionalOD) conductors, with  should not be too small to ensure that the current which is
important Coulomb interactioh? Spin transport is thus a driven in the MWNTs is enough spin polarized. As we will
powerful tool for the study of their intrinsic properties. Inter- see below, the contacting properties of, PNi, on NTs re-
estingly, in view of the conventional Elliot mechanidfior  main very similar to pure Pd even in the case of high Ni
spin relaxation in metals, one expects a relatively long spirtoncentration. Therefore, we chose to use the alloy in the
relaxation length(severalum), because of the expected low concentrated limi{x=0.7) to ensure high enough spin po-
spin—orbit coupling. This makes carbon nanotubes potengrization of the source-drain current.
tially attractive for device applications. The MWNTSs used in this work are grown by arc dis-

The main problem encountered in previous studies otharge and stored as a suspension in chloroform. We first
electrical Spin injeCtion in NTs was to find ferromagnetic pre-pattern Au bonding pads and a|ignment marks on a ther-
metals which can contact reliably the NTs, with a low ohmic mally oxidized highly doped Siresistivity of <5 mQ.cm at
device resistanc&® A low device resistance is nat priori 300 K), used as back-gatSiO, thickness=400 nm). We
needed in a macroscopic spin valve, where the conductanGgread the MWNTs on this substrate and localize them under
is controlled by the relative orientation of the magnetizationg ggm (Philips FEG XL30 or LEO Supra 35Using con-
of two ferromagnetic electrodes around an insulating barriefyentional e-beam lithography techniques, we write and de-
However, transparent ferromagnetic contacts on NTs are €$elop the structure shown after lift-off in Fig. 1. In a vacuum
sential for the study of spin dependent transport at low teMgystem with a base pressure of about 53fbar, we first
peratures, to avoid quenching transport because of Chargi’lﬂaposit a layer of Pd,Ni, with x=0.7 of 600 A, at a pres-
effects. _sure of about 10° mbar. We use angle evaporation to obtain

In_this letter, we present a scheme for contactingisolated ferromagnetic electrodes. We finally deposit 400 A
MWNTs with a ferromagnetic alloy, RdNi,, with x=0.7. o p to connect the device to the pre-patterned Au bonding
Shape anisotropy is used for controlling the coercive field Obads (not shown in Fig. 1 This Pd—PdNi bilayer is also
the ferromagnetic contacts. This scheme allows us to aChieV&/aporated on a bare substrate placed nearby in order to
contact resistances of, on average, 8D & room tempera-  cparacterize the alloy by SQUID and vibrating sample mag-
ture. The minimum devices resistance measured so far ISetometry and Rutherford backscattering spectrometry
(RBS). For all the samples for which we could study spin
¥Electronic mail: takis.kontos@unibas.ch injection (six samplep the spacing of the ferromagnetic pads
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FIG. 3. Magnetic-field dependence of the linear resistance at 1.85 K as a
function of an in-plane magnetic-field parallel to the axis of the ferromag-
netic electrodes, for gate voltag®¥g=2.0 V andVz=0.0 V. A hysteretic
behavior characteristic of a spin valve is observed\Vigr2.0 V.

400 A of Pd. The magnetic-field dependence of the magne-
tization displays a hysteresis loop with a coercive field of 50
mT (the field is parallel to the laygr The magnetization
saturates at around 0.2h; per total number of atoms and
FIG. 1. A SEM picture of a device. The PgNig ; electrodes have different decreases rapidly &_‘bo"e 270 K. Note that, althoth. this is
shapes, 14imx 0.1 um and 3umx 0.5 um for the left and the right elec-  €NOUgh to study spin transport below 100 K, the Curie tem-
trode, respectively. They are spaced byni. The black arrows indicate the perature and the saturation magnetization are 50% smaller
direction of the magnetization in the AP or tReorientation. than the known bulk characteristics for this Ni
concentratiort> We think that this might be due to partial
oxidation of the Ni during evaporation. Evaporating the alloy

was either lum or 500 nm. As shown in Fig. 1, the ferro- t a lower pressure could allow us to achieve room tempera-
magnetic electrodes have different shapes. This is to achie® P . : om temp
tire ferromagnetic contacts. The Ni concentration in the Pd

different coercive fields for the two electrodes, by shape an- - trix is measured on the same thin film by RBS
isotropy, in order to produce a spin valve. Typical dimen- y ’

sions are 14um> 0.1 um and 3um>x 0.5 um for the left . o 35 90,R B ISR I et s
and the right electrode, respectively. ¥ !

In Figs. 2a) and 2b), we show the magnetic character- Zisssrfltg\lzn‘lgnoggiﬁt\g'th a device resistance below 100 k
- - ST gram, tlaveragedevice resistance of
ization of a thin film of 600 A of P¢g,Ni, with x~0.7 under these 46 samples is around 30 kat 300 K. The lowest
device resistance was found to be 5@ kt 300 K and the
(@ (b) most probable one is 20k All of these resistances are mea-
sured for a gate voltagé;=0.0 V in the linear regime. At 2

o0 ] g: K, the linear resistance remains typically below 1d0 k
05| L o when sweeping the gate, which allows us to study spin trans-
3 00 port.
S_m I S X The dependence of the linear resistads&dl of a de-
\ 02[- vice versus an applied magnetic-fieltl for two different
sl oo N0, . gate voltage¥;=2.00 V andvV;=0.00 V is shown in Fig. 3.
0”50 00 150 700280 03 02 01 :(:) o1 02 03 In order to take advantage of shape anisotropy, the field is
(© kept parallel to the axis of the ferromagnetic pads. The over-
10 . . . . . all behavior is a decrease of the resistance as one increases

the magnetic field, as previously reporﬁg&?’ In addition,

for Vg=2.00 V, the resistance displays a hysteretic behavior.
Around 0 mT, it gradually increases further upon reversing
the sign of the magnetic field and switches to a lower value
around 100 mT. As expected for a spin valve, the two curves
dV/dI(H) obtained when sweeping down or up match at high
field and are roughly mirror-symmetric. Therefore, when re-
versing the sign of the magnetic field, the region between 0
and 60 mT corresponds to an antipara{l®P) orientation of

the magnetizations of the electrodes, whereas all the other
regions of field correspond to the parall®) orientation. We
define the TMR as

FIG. 2. (a) Temperature dependence of the magnetization of a thin film of
Pd, 3Niy; of 600 A coated by 500 A of Pd, obtained while evaporating the

contacts on the NT. The Curie temperature of the alloy is around 276)K. Rio— R
Magnetic-field dependence of the magnetization of thgsR@ ; film at T TMR = 2M
=2.7 K. As expected, a hysteresis is observed. The saturation magnetization Rp + RAP

is about 0.25u5. (c) Histogram of the contacting properties of PdNi on i i i . X
MWNTSs at 300 K. The mean resistance is 30 &nd the most probable one WhereRap is the resistance in the AP orientation at 50 mT

is 20 K. andR is the resistance in the orientation at the same field.
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For Vg=2.0 V, the TMR is positive, around 2.05%. Even In conclusion, we have demonstrated reliable contacting
though the exact spin polarization of the alloy is not known,and spin injection in MWNTSs with transparent contacts. Us-
one can roughly estimate it comparing the magnetization ofing a Pd_Ni, alloy with x=0.7, we can have device resis-
the actual alloy with that of pure Ni. Taking the known value tances as low as 5.@kat 300 K. At 2 K, we observe a TMR
for the spin polarizationPy; of Ni,** one obtainsPpgy  Of about 2%. We think that this contacting scheme will allow
=~ upaniPnil ni = 0.25%23/0.6=9.58%. This spin polariza- extensive studies of spin effects in NTs in the OD or the 1D
tion would yield a TMR of 1.85% for a tunnel junction regime and can be used in principle for device applications.
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ergy dependent scattering in the nanotube. For exampl
charging effects could be important. They are indeed ob
served in the spin independent part of ReersusVg char-
acteristic.
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