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We investigate magnetoresistance in spin valves involving CoPd-contacted carbon nanotubes. Both the
temperature and bias-voltage dependence clearly indicate tunneling magnetoresistance as the origin. We
show that this effect is significantly affected by the tunnel-barrier strength, which appears to be one reason
for the variation between devices previously detected in similar structures. Modeling the data by means of
the scattering matrix approach, we find a nontrivial dependence of the magnetoresistance on the barrier
strength. Furthermore, an analysis of the spin precession observed in a nonlocal Hanle measurement yields
a spin lifetime of 7, = 1.1 ns, a value comparable with those found in silicon- or graphene-based spin-valve

devices.
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I. INTRODUCTION

Low-dimensional carbon systems, such as graphene and
carbon nanotubes (CNTs), are envisaged as promising
candidates for electronic devices beyond the conventional
CMOS technology. In the field of spintronics [1], consid-
erable interest in such systems stems from their inherent
properties: long coherence times manifesting as ballistic
transport of electrons and long spin lifetimes due to low
spin-orbit coupling and hyperfine interaction that can even
be zero, if 12C is used in the synthesis. Spin injection into
two-dimensional graphene is a well-understood phenome-
non, and it is experimentally established that reliable
contacts are formed with MgO or Al,O; as the tunnel
barrier [2—4]. However, there was a strong preceding debate
about the role of the insulator with regard to spin injection
[5.6], and ongoing research strives to improve the tunnel
barrier even further [7].

Understanding the process of spin injection in its one-
dimensional counterpart proves to be far more difficult,
mainly due to two reasons. First, it is difficult to reliably
fabricate low-resistive ferromagnetic contacts to CNTs. As
a result, a substantial variation of the magnitude of the
magnetoresistance (MR) effect between different devices
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has been observed from early on [8]. Second, the under-
lying physics of the MR in CNTs is more complex, since
the transport regime is determined by the strength of the
tunnel coupling between a CNT and the leads. The two
limiting cases are the quantum-dot regime, when the
coupling is weak, and the Fabry-Pérot regime for strong
coupling leading to high transmission [9]. In the former
case, huge variations of the MR effect between —80% and
+120% are observed [10-13]. These occur owing to
changes of the position and the width of the Coulomb
resonances, which, in turn, depend on the magnetic
configuration (parallel or antiparallel) of the magnetic
moments of the contacts and oscillate with gate and bias
voltage [13]. The oscillating behavior with gate and bias
voltage is also found in the strong-coupling regime [14,15],
though with a significantly reduced MR amplitude not
exceeding 9%.

In the present article, we focus on investigating the
barrier dependence of the MR effect in CNT spin valves
with low-resistive contacts. The focus is on devices that
exhibit metallic conductance. Therefore, the devices are
built from double-walled (DW) CNTs, since they have a
larger probability of being metallic compared to single-
walled (SW) CNTs [16,17]. We show that one reason for
the sample-dependent variation of the MR in CNTs is a
difference in the strength of the tunnel barrier that forms

© 2016 American Physical Society


http://dx.doi.org/10.1103/PhysRevApplied.5.054010
http://dx.doi.org/10.1103/PhysRevApplied.5.054010
http://dx.doi.org/10.1103/PhysRevApplied.5.054010
http://dx.doi.org/10.1103/PhysRevApplied.5.054010

CAITLIN MORGAN et al.

PHYS. REV. APPLIED 5, 054010 (2016)

intrinsically between a contact and a CNT. Depending on
the barrier, the MR change can be increased above 10%
even with simple binary alloys used as the contact material
(e.g., CoPd, NiPd, etc.). The identification and optimization
of the barrier are therefore of crucial importance, in order to
fabricate reliable CNT spin valves with large MR effects.
Moreover, we demonstrate a Hanle measurement on a CNT
spin valve that not only corroborates the feasibility of the
spin injection in this case but also shows that such a system
competes with state-of-the-art devices based on graphene
and Si in terms of the spin lifetime and spin accumulation.
The paper is organized as follows: In Sec. II, exper-
imental details of the device fabrication are discussed, as
comparability and reproducibility of the devices are crucial
for this study. To compare the MR effect of different
devices, the measurements have to be performed within the
same transport regime as explained in Sec. III A. Next, in
Sec. III B, we present the experimental results on how the
MR effect depends on the tunnel-barrier strength and
introduce the theoretical model to support the interpretation
of the data. Finally, spin precession within CNTs is
investigated by means of the Hanle effect in Sec. III C.

II. EXPERIMENTAL DETAILS

All devices discussed in this work are fabricated on
heavily p-doped Si(001) substrates with a 200-nm layer of
thermally oxidized SiO,. Nanotubes are subsequently
grown from patterned islands by chemical vapor deposition
(CVD) with an iron-based catalyst [18]. The contacts are
patterned by using electron-beam lithography. Recently,
permalloy and ferromagnet-Pd alloys have shown promis-
ing results [14,19,20]. At present, we focus our research on
CoPd, which is demonstrated to exhibit a large in-plane
magnetization and can form low-resistive contacts to CNTs
[21,22]. Co and Pd are coevaporated via molecular beam
epitaxy to create nanofabricated contacts, while Au is
deposited via standard metal evaporation to provide coarser
leads. A typical resulting lateral spin-valve structure is
shown in the inset in Fig. 1. The distance between the CoPd
contacts is 150 nm, and the width of the contacts is 150
and 400 nm, respectively, which in turn leads to different
aspect ratios for the two contacts and in consequence to
different coercive fields due to shape anisotropy. A non-
trivial temperature dependence of the coercive field is
found and attributed to the interplay of the shape anisotropy
and the magnetoelastic effect [22]. The influence of this
effect on the switching in magnetoresistance measurements
is analyzed and discussed below (see Sec. III A).

The CVD process results in CNTs of mixed chirality, so
that both semiconducting as well as metallic tubes are, in
general, expected to be present. Since the aim is to compare
similar devices, we choose a growth temperature of 920 °C
that yields mainly double-walled CNTs [23] and, thus,
enhances the probability of fabricating metallic devices. All
devices compared in this work show linear current-voltage
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FIG. 1. Current-voltage characteristics of a typical device under

consideration, which exhibits metallic behavior at room temper-
ature (black circles), whereas the formation of a potential barrier
at 4 K (red squares) is observed. The inset shows an image of a
typical device taken by a scanning electron microscope. The
position of the tube has been redrawn to enhance visibility.

characteristics at room temperature, while at 4 K a potential
barrier becomes apparent, as one can see in Fig. 1. Note
that, while these data correspond to one sample (device 6;
cf. Table I), they are in fact representative for all devices
reported, although the height of the potential barrier varies
between different devices. This intrinsic tunnel barrier is
crucial for measuring a magnetoresistance effect in CNTs,
because otherwise the spin polarization would be lost due
to the conductivity mismatch [24].

The interface between the ferromagnetic contact and the
CNT is crucial for transport applications. To begin with, we
note that the contact interface is quite small, which is a
consequence of the fact that DW CNTs have diameters of a
few nanometers (cf. Table I for the diameters of the CNTs
in the devices presented in this paper). Furthermore, since
the injection of charge carriers occurs only at the point
where the contact ends [25], the local magnetic environ-
ment has a strong influence on the MR measurements.
Importantly, the pinning and moving of domain walls in
contacts that incorporate several magnetic domains leads to
unstable switching behavior of the contacts and a nontrivial
MR signal [26]. For this reason, we optimize the shape of
the contacts in such a way that the magnetization is in-plane
along the long axis with a single or at most two domains
[22]. The magnetic field in all magnetoresistance measure-
ments presented in this work is applied in the direction of
the long axis of the contacts unless specified otherwise.

All measurements discussed here are performed at a
temperature of 7 =4 K unless specified otherwise. The
substrate serves as a back gate, and the back-gate voltage is
kept constant for all measurements on the same device, as
the gate voltage can strongly influence the MR effect
[14,15]. In order to be able to compare the magnitude of the
MR effect of different devices, measurements presented here
are carried out in a regime where the current showed no, or
only very weak, dependence on the back-gate voltage.
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III. RESULTS AND DISCUSSION

A. Temperature and bias dependence
of the magnetoresistance

Figure 2 shows typical MR measurements taken on a
CoPd-contacted CNT in a temperature range from 3.4 up
to 75 K with a constant bias V;,, = 2 mV. For the sake of
clarity, results for downward and upward field sweeps are
plotted separately in Figs. 2(a) and 2(b). The data clearly
reveal switching between low- and high-resistive states for
parallel and antiparallel configurations of the magnetiza-
tion directions of the contacts. As for all devices presented
in this work, the MR effect is positive under the given
circumstances. The overall resistance is shown to decrease
with rising temperature, as expected for electrons tunnel-
ing through a barrier [27], resulting in the offset observed
between the curves. The MR signal decreases in magni-
tude along with the resistance, all in agreement with
previous measurements on Fe-contacted CNTs [11].
Along with the amplitude of the MR switching, the width
of the feature is also reduced with increasing temperature
from AH. = +£13 mT at 3.4 K to AH. <4 mT at 50 K.

temperature-dependent SQUID data of CoPd [22], which
shows that, at 50 K, magnetoelastic anisotropy strongly
affects the magnetization of nanocontact arrays, resulting
in a lowered coercive field. This effect is different for the
two contacts because of the interplay of shape anisotropy
and magnetoelastic anisotropy. The reduced magnitude of
the MR signal at elevated temperatures cannot be attrib-
uted to a decrease in the magnetization of the CoPd
contacts, since their saturation magnetization is constant
within this temperature range [22]. Therefore, this is an
indication that the MR effect is due to tunneling, and we
refer to it as tunneling magnetoresistance (TMR) in the
following.

Figures 3(a) and 3(b) show MR measurements of another
device at 4 K using different bias voltages Vy;,,. Though the
background of the traces and the details of the TMR
switching vary from sweep to sweep and, in particular,
between different thermal cycles, the coercive fields and
the size of the MR effect observed remain the same.
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FIG. 2. The dependence of local magnetoresistance curves on
temperature investigated in a temperature range of 3.4-75 K at
Viias = 2 mV. The left (right) panel shows results for a field
sweep in the negative (positive) direction as indicated by the
dashed arrows. The presented data set corresponds to device 2
(cf. Table I). Solid arrows represent the magnetization direction of
the two contacts.

FIG. 3. Magnetoresistance measurements of the sample pre-
sented in Fig. 1 obtained at bias voltage: (a) Vy;,s = 35 mV with
TMR = 15% and (b) Vi = 15 mV with TMR = 6%. Arrows
indicate the sweep direction of the magnetic field. (c) The
In(1/V?) —1In(1/V) plot of the current-voltage characteristics
at T =4 K and with B = 0 T reveals that the different sizes of
the MR effect can be attributed to different tunneling regimes.
The gray shaded region marks the transition regime between
direct tunneling (right) and Fowler-Nordheim tunneling (left) that
is targeted for the following measurements.
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Introducing the definition of the size of the tunneling

magnetoresistance effect

Gp — Gap
Gap

TMR = (1)

with Gp (G,p) referring to the conductance in the parallel
(antiparallel) magnetic configuration of the contacts, and
averaging the backgrounds, we obtain TMR = 15% for the
measurement with bias voltage Vy;,c = 35 mV [Fig. 3(a)]
and TMR = 6% for the measurement with V;,; = 15 mV
[Fig. 3(b)]. At first glance, this seems to contradict
the general observation that the size of the MR effect in
CNTs decreases with increasing bias voltage [10,15].
Interestingly, the In(//V?)—In(1/V) plot shown in
Fig. 3(c) reveals that the two measurements correspond
to different tunneling regimes: The low-bias measurement
corresponds to the direct tunneling regime, while the high-
bias measurement corresponds to the Fowler-Nordheim
(FN) tunneling regime [28]. In the direct tunneling
regime, the bias voltage applied is smaller than the average
barrier height. On the other hand, in the case of FN
tunneling, the bias voltage exceeds the average barrier
height. As a consequence, the effective barrier width is
reduced and the probability of tunneling enhanced. Usually,
a In(1/V?*)—=1/V plot is used to analyze FN tunneling
through an oxide barrier [29]. However, the double-
logarithmic plot serves to emphasize the transition between
the tunneling regimes as the change of slope becomes
clearly visible [30]. Note that we do observe oscillations of
the conductance with gate voltage at low bias voltage
V — 0 mV. In contrast to Man, Wever, and Morpurgo [15],
the data in this work are acquired at an elevated bias
voltage, where we do not observe strong oscillations of the
conductance. The fact that we work with larger bias
voltages is owed to comparably stronger tunnel barriers,
which might also explain why in Ref. [15] the MR signal
vanishes at a bias voltage of 20 mV while our measure-
ments show a large TMR signal at similar bias voltages.

TABLE 1.

A decreasing MR effect with increasing bias voltage is
typical for conventional magnetic tunnel junctions and
organic spin-valve structures in the direct tunneling regime
[31-34]. Spin-selective processes can play a role in the FN
tunneling regime due to either band alignment [35] or trap-
assisted tunneling [36] and lead to an increase in TMR
[30,37]. Before we can understand how these effects might
be influenced by the tunnel barrier between the metal
contact and a carbon nanotube, we need to find a way to
reliably characterize and understand the general influence
of this tunnel barrier on the MR effect in CNTs. To exclude
an influence of the bias voltage on the signal, we compare
the TMR values of different CNT devices measured in the
very narrow transition region between these two tunneling
regimes, as represented by the gray shaded area in Fig. 3(c).
This, of course, results in different absolute values of
the applied bias voltage, since the conductances of the
investigated devices differ. The absolute current through all
the devices within this regime, however, is the same
with [ = 1 nA.

B. Dependence of magnetoresistance on the
strength of the tunnel barrier

Table I lists the devices used for TMR measurements,
and it reveals that these devices differ significantly with
respect to the tube diameter and resistance. First of all, one
should note that Pd contacts generally possess a high
transmission, which is also known to increase with the
diameter of the nanotube even for metallic CNTs [38].

Indeed, the CoPd-contacted devices under investigation
exhibit a similar behavior. Devices 1 and 2, characterized
by the largest CNT diameters, show a high transmission,
though the theoretical minimal value of the resistance
1/G = h/4e? for a single-walled CNT is not reached. A
general trend can be observed that the value of the
resistance at room temperature is inversely proportional
to the CNT diameter. However, we note that the resistances
of devices 5 and 6 appear to be too high compared to

Summary of CNT diameters and electronic transport data for the CoPd-contacted CNT devices

discussed in this work. In the case of non-Ohmic current-voltage characteristics at 4 K, the resistance listed is
determined for the bias voltage used in the transport measurements. Note that the TMR [see Eq. (1)] is determined at
T = 4 K. The error for the TMR value as well as for the barrier strength Z [see Eq. (2)] is given for the last digit in
brackets. The error for the barrier strength is due to an underestimation of the barrier caused by the temperature
dependence of the conductance between room temperature and the temperature where the tunnel barrier forms.
Though 1/G(T) data exist for all devices, in some cases they are taken at a different bias voltage than the TMR

measurement.

Device ~ CNT diameter (nm) 1/G(300 K=RT) (kQ) 1/G(4K)=1/G, kQ) TMR (%) Z

1 5 35 30 00.5  —0.1(+3)
2 8 25 32 205  0.3(+4)

3 1.6 150 210 5(0.75) 0.40(+6)
4 0.7 3700 11 000 6.4(0.5) 1.972(+43)
5 3.2 1000 9000 12(2) 8.00(+1)
6 3 350 100 000 15(1) 24.71(+3)

054010-4



IMPACT OF TUNNEL-BARRIER STRENGTH ON ...

PHYS. REV. APPLIED 5, 054010 (2016)

device 3. This deviation can be explained regarding the fact
that most of the CNTs used in the present study are DW or
even multiwalled, with device 4 being the only exception of
a SW CNT. Though devices exhibiting metallic behavior
were specifically selected, one should remember that DW
CNTs can also be composed of outer semiconducting
CNTs, with the inner tubes being metallic. Such a situation
would manifest itself in a higher contact resistance and,
in particular, as a higher device resistance in the case of
our two-terminal device. Moreover, the strong increase in
resistance with decreasing temperature supports this argu-
ment, as such a device should form a rather strong tunnel
barrier. At a low temperature, individual CNTs exhibit
intrinsic tunnel barriers of different strength to metal
contacts [39], and this process depends largely on their
chirality. Electrons experience a potential barrier at the
contact-CNT interface as a result of local hybridization and
a local dipolar moment [40,41].

Figure 4 shows how the magnitude of the TMR signal
changes with respect to the strength of the tunnel barrier
formed between the CNT and the CoPd contacts. We define
the dimensionless effective barrier strength Z of a device
by directly comparing the resistance 1/G at 4 K and at
room temperature (RT) as follows (see also rightmost
column of Table I):

7 =

1/G(T) = 1/GRT) _ (Eb> E,
= exp
kyT

1/G(RT) “lrer @

5 . .

.
0 1 = L
0 20 40 60

0 Current (nA)

0 5 10 15 20 25 30
Tunnel Barrier Strength Z

FIG. 4. Evolution of TMR as a function of the tunnel-barrier
strength Z at T = 4 K. Experimental data (red squares) corre-
sponding to different devices (see Table I) are accompanied by
theoretical calculations (solid lines) for several values of the
magnetic polarization parameter P of injected charge carriers at
fixed gate voltage (E, = 6 meV) based on the model explained in
the text. Error bars represent deviations in TMR between multiple
measurements. The inset shows the magnitude of TMR with
respect to the current through the different devices presented

with 7 =4 K. Here, we assume that the change in
resistance 1/G with temperature is dominated by tunnel
barriers that are overcome at an elevated temperature
(T > 4 K) by thermal activation of the charge carriers.
This is valid, since all devices investigated exhibit relatively
weak temperature dependence during cooldown before the
tunnel barrier becomes visible at 7 ~ 50 K. Physically, the
dimensionless barrier strength Z describes the relation
between the energy Ej, required to overcome the potential
barrier and the kinetic (thermal) energy of electrons
incident at the contact-CNT interface. We note that when
an electron traverses the device it actually encounters two
barriers, that is, when it enters and leaves a CNT. These are,
however, experimentally indistinguishable, and Z includes
the overall effect of both tunnel barriers, though essentially
Z is determined by the larger one. The normalization with
respect to room-temperature resistance allows for a direct
comparison with the definition of the barrier strength in the
model used to interpret our data (see below).

The data indicate that the tunnel-barrier strength Z does
indeed influence the magnitude of the TMR as suggested
by Slonczewski for conventional TMR [42], with devices
characterized by low barriers unable to achieve an effect
larger than a few percent. Once the barrier reaches a certain
strength, a further increase will no longer affect the TMR.
The inset in Fig. 4 shows a plot of the TMR vs the current
of the same devices that is usually used to analyze the
performance of spin valves. Since this type of plot does not
account for different tunnel barriers and bias-voltage
regimes, it is clear that for our devices a general trend
cannot be expected.

To support our interpretation of the dependence of the
TMR on the tunnel-barrier strength, we compare our results
to model calculations of the TMR for a CNT, approximated
as a ballistic and noninteracting one-dimensional (gated)
quantum wire [43-45] interconnecting two ferromagnetic
leads. In essence, such a model corresponds to an electronic
interferometer studied previously both in experiment
[14,46,47] and theoretically [45,48]. Here, the key element
of the model, which has not been addressed so far in full
detail, is the effect of the strength of tunnel barriers
occurring at the CNT-lead interfaces on spin-dependent
transport through the device. As the exact shape of each of
the two tunnel barriers is unknown, we describe scattering
of tunneling electrons at the CNT-lead interface by means
of a repulsive Dirac-delta potential Uy5(x), the same at
both ends of the CNT. This approach is already proven
sufficient to capture some key transport features of the
interface for other material systems [49-52].

In general, within the scattering matrix approach the
expression for linear-response conductance of a device at
temperature 7 takes the form [53,54]

GP/AP__;/CZJP/AP < 3J;(£)> (3)
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where JH/2 P(é‘) denotes the transmission coefficient for an
electron of spin ¢ traversing a device through its nth channel
in the case when the spin moments of the leads
are oriented parallel (P) or antiparallel (AP) and f(e) =
{1 +exple/(kzT)]}~" is the Fermi-Dirac distribution.
Furthermore, we limit our considerations to the case of
a CNT, which can support only two orbital channels (n = 2)
—a generic property inherited from graphene which stems
from the presence of two inequivalent carbon atoms in a
primitive cell [43,55]. Without losing generality, as long as
one assumes two identical and uncoupled channels, a CNT
can be approximated as a one-dimensional wire with

o(€) = T5(e) for ¢ = P, AP [45]. Next, the transmission
coefficient J5(¢) is derived in a standard manner by means
of the scattering matrix approach [48,53,56]:

Je (8) _ TO'TC(O')
T == T = Ty explies (e

. (4)

with 7, representing the square of the absolute value of the
complex transmission amplitude. Note that when writing the
equation above we assume that both leads and interfaces
(represented by the parameter U,) are identical. The action
of the magnetic configuration index ¢ on a spin index o is
defined as P(6) = ¢ and AP(c) = 6, where one should
understand the notation 6 as 1 =] and | =1. In the
absence of a magnetic field, the phase factor ®§(e) =
26(€) + @, + @c(s) consists of two terms: first, 5(e) =
£k (¢), corresponding to the quantum-mechanical phase
acquired by a free electron propagating with a wave vector
k"(e) in a wire of length #, and, second, @, + @c(s),
representing the spin-dependent phase shift [48] gained
by an electron when it is scattered at the interface back
into the wire. If the electrostatic potential energy |E,| of the
gated wire is small relative to its Fermi energy EY, one gets
k¥ (e) = kp + (e = E,;)/(hv}), where energy & is defined
relative to the Fermi level, k% = 8.5 x 10° m~! is a typical
value of the Fermi wave vector for electrons in a SW CNT
[46], and v = 8 x 10° m/s is its Fermi velocity.

Using standard quantum-mechanical methods and noting
that in the low bias-voltage limit only electrons in the
vicinity of the Fermi level of the contacts participate in
tunneling, one obtains [57]

2,/k, k" (0) 2

k, + k*(0) + iZ,

T:

o

(5)

k¥ (0)x

and

(—k(, +04(0) = iZ,
Ps = ar

k" (0)x
ky + k¥ (0) + iZ, ) (6)

k¥ (0)x

Here, the spin-dependent wave vector of free electrons in

the leads, ky() = \/2m,Ep(1 £ 2P)/h, is parameterized

by the Fermi energy E (assumed here E = 8.5 eV) of the
contacts, and the spin-polarization coefficient defined as
[50]1 P = (ky — k})/(ky + k), with P < 0.5. Furthermore,
K = 2Ep/<flUPFV) and ZO :kOUO/EF with ko = \/2meEF/fl
is the dimensionless barrier strength, defined as the ratio of
the potential energy of the barrier k U, and the energy of
incident electrons from the Fermi level of the contacts, so
that it is related to the experimental definition of the barrier
strength [Eq. (2)] as Z = Z,. In consequence, it can be
noticed that the only two free parameters of the model are
E, and P.

The fit of the theoretical model to the experimental data
points for a specific value of E, and different degrees of
spin polarization P of the contacts is shown as solid lines in
Fig. 4. The value of E, is chosen so that it matches the
experimental finding of only positive values for the MR
effect for small Z. It is to some extent arbitrary, since the
MR shows an oscillatory behavior with E,. Moreover, the
temperature used for the fitis 7 = 3.5 K, and the length of
the CNT is taken as £ = 130 nm. Though both these values
deviate slightly from those observed in the experiment, they
yield better fits. Nevertheless, this seems reasonable, since,
first, lithography of various devices is usually not exact, so
that it is expected that they are characterized by a somewhat
different CNT length, and, second, for a given value of E,
and large Z, the model is sensitive to the interplay of values
of temperature and length [57].

Comparing the results of the calculations and the
experimental data, we find that the spin polarization of
the charge carriers injected from the CoPd contacts is
24 4 2%. This is rather large compared to CNTs contacted
with NiPd, where the spin polarization is estimated to be
=10% [15]. Nevertheless, this is a very reasonable value
considering the fact that the polarization of charge carriers
injected from pure Co is found to be between 21% and 35%
[58] combined with the relatively large polarization of Pd
induced by Co [59]. Furthermore, the model is based on a
single transport channel, while most of the CNTs used in
the devices contain two walls and thus likely more transport
channels. While the qualitative effect remains unchanged if
more channels are included in the model [57], this might
result in a deviation of the contact polarization. On the other
hand, interaction between a CNT and contacts can block
channels in a CNT with more than one wall [60] and cancel
contributions from other channels. The good agreement of
the experimental data with the model further proves the
importance of the tunnel-barrier strength in optimizing
TMR in a CNT-based device.

The fact that the nature and the strength of the barrier
significantly affect the TMR signal is observed in
“classical” metallic tunnel junctions (MTJs) with MgO
as the insulating barrier. Generally, the TMR effect
increases with increasing MgO thickness [61]. However,
pronounced oscillations are observed in MTJs with Heusler
alloys [62,63] or Fe [61] as the contact material. This is
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usually attributed to different wave vectors k of the A; and
the As; band of MgO at the Fermi level that lead to
interference effects [64]. Investigations of graphene spin
valves, on the other hand, suggest a monotonic increase of
the MR and saturation for strong barriers [4]. Moreover, the
rather small TMR signal previously found in CNT spin
valves with permalloy contacts and the small contact
polarization deduced by using Juliere’s model [65] might
in fact be explained with a weak tunnel barrier in the
framework of our model.

Finally, it should be pointed out that, although the
proposed model describes the experimental results rela-
tively well, one should still bear in mind its limitations. The
model assumes free (s-band) electrons in the contacts, and
the CN'T-contact interface is approximated by a Dirac-delta
potential. In reality, the energy barrier at the interface can
be much more complex, with a potential profile depending
on many factors, such as the interface roughness or
adsorbates. Also, the free-electron model should be applied
to transition metals and their alloys with great care, as in
principle one should expect a more complicated band
structure to be responsible for electron tunneling [66].
To account for all these details, a model from first
principles should be developed [67], a task which is way
beyond the scope of the present paper.

Within these limitations, it iS nevertheless obvious that
the tunnel barrier has a significant effect on the TMR found
in CNT spin valves. Furthermore, CoPd-CNT devices form
sufficiently low barriers that the addition of tunnel barriers
from spin-selective insulators becomes feasible. This
would also enable one to study the FN tunneling regime
more closely, which may lead to significantly larger TMR
values.

C. Spin precession within carbon nanotubes

As the results discussed above correspond to local
measurements, there is the possibility of several spurious
effects, such as the Hall effect, anisotropic magnetoresist-
ance (AMR) [68], or other Ohmic effects [47] influencing
the magnetotransport. One important contribution to the
local MR signal can be caused by the magneto-Coulomb
effect [69—71]. However, the measurements presented in
this work are not taken in the Coulomb blockade regime.
For this reason, the influence of the magneto-Coulomb
effect should be weak at least. Another effect is the
tunneling anisotropic magnetoresistance (TAMR), which
can completely mimic the MR effect [72]. TAMR is an
effect solely related to the anisotropic density of states in
the ferromagnetic contacts and is usually found in materials
with strong spin-orbit coupling that lack inversion sym-
metry and show AMR, like lanthanum strontium manganite
[73]. Though we measure no significant AMR in our CoPd
contacts, TAMR might be related to the barrier, as shown
for fcc Co(111) contacts on Al,O5 [74]. Since our contacts
have a similar structure [22] and the exact nature of the

barrier in our devices is unknown, we have to make sure
that spin-polarized charge carriers are indeed injected into
the CNTs.

To prove spin injection into and spin precession within
the CNTs, Hanle measurements are performed on a device
with a nonlocal three-terminal configuration. Figure 5(a)
presents an atomic force microscope image (AFM) of a
device prepared for nonlocal measurements, in which a
nonlocal voltage is measured along a separate path from the
applied current, using three contacts as indicated. The
device displays a local TMR signal of 15% and, thus, is an
example for the strong barrier case as discussed above. For
the Hanle measurements, all contacts are magnetized in-
plane in the same direction. The sample is then rotated at
zero applied field. Subsequently, a magnetic field is applied
perpendicular to the plane, which leaves the magnetization
of the contacts unaffected due to the shape anisotropy [22].
The resulting Hanle signal is presented in Fig. 5(b). Note
that this signal is recorded at a bias of I;,; = 10 nA and
thus outside the Coulomb blockade regime. The voltage
difference AV ,;(B) measured between the injector and the
detector contact at B =0 is due to an imbalance of the
electrochemical potentials ' and u of spin-up and spin-
down electrons, respectively. It is reduced as the spins
dephase while precessing about the perpendicular magnetic
field with the Larmor frequency w; = gugB/h. The data
are fitted with a Lorentzian peak (blue line), and the
magnetic field at the full width at half maximum of the
peak is measured to be approximately 5.2 mT. Following
Ref. [75], AV (B) = AV4(0)/[1 + (w.7,)?], where 7, is
the spin lifetime. Taking the g factor g =2 for a CNT in a

(a)

0.05

0.00

7,=1.1ns
-0.05 L 1

-100 0 100
Magnetic Field (mT)

FIG. 5. (a) AFM image of the three-terminal device used in a
nonlocal configuration. The CoPd terminals are shaded in
green; the gold coarse lines are shaded yellow. The position
of the tube has been redrawn for better visibility. The current
flow and voltage measurement of the nonlocal signal are
schematically indicated. The terminal on the left does not
switch its magnetization up to fields as large as 2 T and is left
floating. (b) The Hanle measurement (red dots connected by a
line that serves merely as a guide to the eyes) is taken at a bias
of I;as = 10 nA. The fit (blue) with a Lorentz curve yields the
spin lifetime of 7, = 1.1 ns.
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perpendicularly applied magnetic field [76], we obtain
7, = 1.1 ns. This is a lower bound for the spin-coherence
time 7, since the Hanle effect in combination with spin
injection probes the (coherent) dephasing of the conduction
electrons [1]. The value of AV,;(0) is directly related to the
spin accumulation Au(0) = ' —ut = 2eAV,,(0)/TSP,
with TSP denoting the tunneling spin polarization of the
ferromagnet-barrier interface of 0.24 as obtained in the
previous section, which yields Au(0) ~ 1.45 meV. This
value is rather large and of similar magnitude to the one
found in Si-based spin valves at room temperature [75].
The spin lifetime is long compared to the spin lifetime of
0.1-0.2 ns typically found in graphene lateral spin valves
on substrates [77,78]. Only very recently, lifetimes of
nanoseconds are reported in high-mobility graphene devi-
ces sandwiched in hBN [79] and in suspended graphene
devices covered with a layer of BN [3].

As discussed above, our CNT lateral spin valves compete
very well with state-of-the-art silicon- or graphene-based
devices. Because the performance of devices considered in
this paper relies on the tunnel barrier that forms intrinsically
between the metal contact and the CNT, the measurements
have to be conducted at low temperatures. On the other
hand, the spin lifetime in graphene devices is known to
exhibit no, or only very little, temperature dependence [78].
Since we now understand the influence of the tunnel barrier
in CNT-based devices, tunnel-barrier engineering becomes
possible. Spin-selective insulators like EuO can be used to
increase the temperature for spin injection. The spin life-
time is very likely still influenced by charge traps in the
Si0,. Suspending the CNTs or low-dose gamma irradi-
ation, which is known to remove traps in the oxide and to
improve the performance of CNT-based field-effect tran-
sistors [80], would be expected to enhance the spin lifetime.
The diameter of the CNT used for the Hanle measurements
is 1.5 nm, giving rise to a spin-orbit coupling strength on
the order of 1 meV [81]. Since spin-orbit coupling is
another source of decoherence, using CNTs with a larger
diameter might increase the spin lifetime as well. Recently,
a coherence time of 60 ns was found in a CNT-based double
quantum dot coherently coupled to microwave cavity
photons [82] that indicates the potential of the spin
coherence in CNT spin valves. However, electron spin
resonance suggests that the electron-electron interactions
in a Tomonaga-Luttinger liquid might severely reduce
the spin-coherence time of one-dimensional metallic
devices [83]. Hanle measurements on improved devices
will advance the quantitative understanding of the spin-
relaxation properties of CNTs.

IV. CONCLUSION

In this article, we analyze the TMR effect in lateral spin-
valve devices based on CNTs. We show that the strength of
the tunnel barrier forming intrinsically between ferromag-
netic contacts made out of CoPd and CNTs has a significant

influence on the size of the TMR signal. Approximating a
CNT as a ballistic and noninteracting one-dimensional
quantum wire, we model the experimental data and find
that the spin polarization of the injected electrons is about
24% and that the TMR effect exhibits a nonmonotonic
dependence on the barrier strength. Importantly, the usage
of CoPd as the contact material allows for achieving
rather high transmission coefficients, with great perspec-
tives for further optimization of the properties of the barrier,
for instance, by introducing spin-selective insulators.
Moreover, Hanle measurements in a nonlocal three-
terminal configuration serve to confirm the injection of
spin-polarized electrons into a CNT. In particular, spin
accumulation and spin lifetime extracted from the Hanle
effect turn out to be of similar magnitude as in state-of-the-
art spin-valve devices based on Si or graphene. Our study
provides a deeper understanding of the barrier dependence
of the TMR in CNTs, facilitating the development of
applications of this one-dimensional material in spintronic
devices.
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