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Chapter 8

Robust spin transport in highly irradiated
few-layer graphene

Abstract

Few layer graphene proves to be an excellent channel for spin transport, even when sus-
taining heavy damage to its lattice by H+ ion irradiation. Up to doses of 1x1016 cm−2, at
an energy of 40 keV, micrometer scale spin relaxation lengths can still be achieved at room
temperature. For the highest dose, we observe a strong enhancement of spin lifetime and
suppression of spin diffussion coefficient at low temperature, consistent with the creation
of single point defects and their associated localized magnetic moments. The robustness
of the transport characteristics in few layer graphene make it therefore an interesting
particle-radiation-hard material for practical spintronic applications under extreme con-
ditions, such as in particle accelerators and aerospace.

In preparation as: P.J. Zomer, O. Lehtinen, A.V. Krasheninnikov, B.J. van Wees, I.V.
Grigorieva and I.J. Vera-Marun, Robust spin transport in highly irradiated few-layer
graphene.
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8.1 Introduction

Graphene has become a state-of-the-art material that is nonetheless widely accessible
to reasearchers and has found its way into many applications [1]. The reason for
this is a remarkable set of characteristics, such as its strength, high conductance,
impermeability, optical properties and single atom thickness [2]. One interesting
application of graphene is as the channel in a spintronic device [3]. Here graphene
has proven itself as an excellent material, with the capability of transporting spin
information over micrometer length scales at room temperature [4], opening the path
to practical spintronic applications.

That graphene only comprises a single atomic surface makes it also vulnerable to
damage. Adsorbates and defects may adversely affect the properties of graphene de-
vices, but also offer functionalization enabling graphene as an interesting candidate
for sensor applications. For example, single point defects in graphene induce mag-
netic moments that interact with electron spins [5], allowing for their detection via
spin transport measurements [6, 7]. The vulnerability of an exposed surface can be
prevented by encapsulation in van der Waals heterostructures [8]. This approach has
led to graphene devices with very large electron mobility, which nonetheless might
take a significant effort to translate into practical applications. Alternatively, this ap-
proach may not be required when using few layer graphene. Besides monolayers,
few layer graphene (FLG) has also demonstrated to be a capable spin transport chan-
nel [9], although the number of studies is limited. The multilayer structure of FLG
adds to its robustness, which is particularly relevant for reliable operation under
demanding environments.

In this work we focus on spin transport in few layer graphene devices that were
subjected to H+ ion irradiation, with doses ranging from 1x1014 cm−2 to 3x1016

cm−2. This approach allows to address the role of single point defects created via
irradiation on both charge and spin transport. Whereas measurements on single
layer graphene require the irradiation to be done in situ, to avoid exposure to ambi-
ent conditions of the highly reactive point defects, in FLG the outer layers shield the
point defects in the inner layers [10] enabling their study after exposure to ambient
conditions. Charge transport measurements combined with Raman spectroscopy
give a clear indication of the presence of defects in FLG. Remarkably, spin transport
through the defective FLG is shown to be very robust and is only inhibited at the
highest irradiation dose of 3x1016 cm−2 used in this study. Furthermore, we observe
an enhancement of the effective spin lifetime at low temperature, indicative of the
presence of localized magnetic moments associated to the defects. This demonstrates
that despite taking heavy irradiation damage, FLG based spintronic devices retain
their functionality, an important realization towards their practical application.
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Figure 8.1: a) Optical micrograph of a typical few layer graphene device. The FLG flake has
been irradiated with the highest dose used in this study (3x1016 cm−2). The scale bar is 20
µm. b) Schematic top view of a device showing the FLG (black) with contacts (grey) and con-
tact wiring for charge transport (left side) and spin transport (right side) measurements. c)
Square resistance as function of back gate for all irradiation doses used in his study, measured
at room temperature (solid lines) and 4.2 K (dashed lines). d) Square resistance per layer mea-
sured at Vbg = 0 V as function of number of layers in the FLG. Solid symbols represent room
temperature measurements, open symbols with dashed lines low temperature measurements.

8.2 Fabrication

As a first step in our fabrication process, few layer graphene (FLG) flakes are me-
chanically exfoliated from highly oriented pyrolithic graphite onto a highly doped



8

108 8. Robust spin transport in highly irradiated few-layer graphene

silicon wafer with a 500 nm SiO2 layer. Flakes selected by optical contrast and atomic
force microscopy, which allow to identify the number of layers in FLG with mono-
layer accuracy, were irradiated using protons. The H+ ions had an energy of 40 keV,
with doses set within the range 1014 to 1016 cm−2 in order to induce single vacan-
cies [11]. In particular, doses of 1x1014 cm−2, 1x1015 cm−2, 1x1016 cm−2 or 3x1016

cm−2 were used, and for comparison an additional group was not irradiated. The
flakes were subsequently fabricated into spintronic devices, where the FLG is used as
a spin transport channel, electrically addressed via magnetic tunnel contacts based
on cobalt electrodes with a sub-nanometer aluminum oxide tunnel barrier, and the
conducting silicon substrate used as an electrostatic backgate [9].

8.3 Measurements

The electronic measurements were done using a low frequency lock-in technique
with currents up to 2 µA. The devices are kept under vacuum in a flow cryostat
for measurement. The cryostat is placed between the poles of a rotatable magnet.
Two distinct measurement schemes are used, as depicted in Figure 8.1(b). First, a
local four terminal geometry, used to extract the square resistance Rsq = VlL/IlW

between contacts 2 and 3, where L and W are the respective length and width of this
region. Second, a four terminal non-local geometry, used specifically for spintronic
measurements [12]. The voltage Vnl is detected between contacts 1 and 2, outside the
path of the charge current Iinj between contacts 3 and 4. This allows for the detection
of spins diffusing across the device, via the non-local resistance Rnl = Vnl/Iinj. This
geometry detects pure spin current while excluding spurious charge contributions
such as Hall effects.

8.3.1 Charge transport measurements

The effect of the irradiation is readily observed in charge transport measurements.
The square resistance as function of applied back-gate bias (Vbg) is determined at
room and at liquid helium temperatures. The square resistance is shown in Figure
8.1(c) for a selection of devices subject to different doses. For non-irradiated devices
we observe the resistance maximum at 0 Vbg, as expected for intrinsic graphene.
After the irradiation, the resistance is affected in two ways. First, the resistance max-
imum no longer appears to be at 0 Vbg, indicating extrinsic doping. For the lower
irradiation doses of 1x1014 cm−2 and 1x1015 cm−2 the resistance maximum shifts to
negative Vbg values, whereas for higher doses it is observed to shift to positive Vbg

values. Second, the resistance continuously increases from the lowest to the highest
irradiation dose. This trend is clearly observed in Figure 8.1(d), which shows the
square resistance per layer, at 0 Vbg, for a larger number of devices with different
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thicknesses.
Previous work on monolayer graphene irradiated with Ne+ ions also showed

a continuous increase in resistance with increasing irradiation dose, while the re-
sistance maximum gradually shifted to higher positive Vbg [13]. Importantly, our
devices have been exposed to air between the irradiation step and measurements,
allowing the damaged top surface to react with the environment, as expected in ap-
plications. As a consequence we relate our results to the competing contributions
between surface defects or adsorbates on the top layer of the FLG, and lattice defects
lying further within the FLG. We expect adsorbates and surface damage to domi-
nate at low irradiation doses, whereas higher doses will be dominated by formation
of vacancies in the inner layers. This interpretation is supported by our observed
shift in resistance maximum to higher positive Vbg for higher doses, as previously
observed in monolayer graphene [13].

8.3.2 Spin transport measurements

Next we turn our attention to spin transport. The current injected into FLG, Iinj (Fig-
ure 8.1(b), is spin polarized due to the spin imbalance in the ferromagnet. If this
imbalance does not fully relax before reaching the detector contact, we can measure
the non-local resistanceRnl. By sweeping the value of an external magnetic field par-
allel to the contacts, we can control the relative magnetization orientation between
the injector and the detector. The anti-parallel and the parallel states show up as
two distinct Rnl values, with their difference yielding the spin resistance, ∆Rnl. A
set of such spin valve measurements for various irradiation doses is shown in Figure
8.2(a). Even up to a dose of 1x1016 cm−2, we clearly observed the switching between
parallel and anti-parallel configurations, with a typical response of ∆Rnl ≈ 1 Ω. This
demonstrates successful spin injection, transport and detection in highly irradiated
FLG. For a dose of 3x1016 cm−2 we could no longer detect spin transport in any of
the five measured devices.

In order to gain further insight we performed spin precession (Hanle) measure-
ments, by applying a magnetic field perpendicular to the FLG. By varying the mag-
netic field, the average spin projection at the detector is modulated, showing the
effects of coherent spin precession plus the decay induced by diffusive broadening
and spin relaxation. Representative precession curves are shown in Figure 8.2(b),
fitted with the one-dimensional Bloch equation [12]. This allows for the extraction
of the contact polarization, P , spin diffusion constant, Ds, spin relaxation time, τ ,
and spin relaxation length, λ =

√
Dτ [4]. Hence these curves give a detailed insight

into two separate processes: the spin injection and detection at the contacts (P ) and
the spin transport properties of the FLG channel (Ds, τ, λ). To clarify the role played
by the irradiation-induced single point defects, it is key to study the evolution of
spin transport with irradiation dose. In Figure 8.3 we summarize all spin transport
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parameters extracted over several devices.

Figure 8.2: a) Room temperature spin valve measurements for the various irradiation doses
used; starting from 0 dose going up, lengths/width and number of layers are: 6 µm/5.35 µm
7, 7 µm/2.8 µm 7, 3 µm/1.25 µm 4 and 3 µm/1.7 µm 5. Arrows underneath the spin valves for
0 dose indicate the magnetic field sweep direction. b) Hanle precession data and fits at room
and low temperature, for irradiation doses of 1x1014 cm−2 and 1x1016 cm−2 at 0 Vbg. Plots are
normalized with respect to the maximum of each respective fit. The spacing between injector
and detector was 3 µm in both cases. Room temperature data is offset by 2 with respect to LT
data.
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8.4 Discussion

Let us start discussing the results obtained at room temperature, presented as the
red data points in Figure 8.3(a–d). The spin diffusion constant, Ds, in Figure 8.3(a)
exhibits values on the order of 10−2 m2 s−1, from the pristine devices up to the
intermediate dose of 1015 cm−2, with a strong decrease by one order of magnitude
for the largest dose where we were able to observe spin transport, 1013 cm−2. These
results, in agreement with the charge diffusion constant, Dc, are direct proof that
large irradiation dose leads to the formation of single point defects that introduce
intervalley scattering [13]. Interestingly, the irradiation damage observed from Ds

seems to be limited for low to medium doses. The room temperature spin relaxation
time, shown in Figure 8.3(b), covers the range of 100 ps to 1 ns with a significant
device to device variation, typical for (few layer) graphene devices supported on
SiO2 [4, 9], and no definite trend with irradiation dose. The spin relaxation length
in Figure 8.3(c) remains in a favorable range of 1–4 µm, with a downward trend
primarily determined byDs. Remarkably, we still observe spin lifetimes close to 1 ns
even for high irradiation, where we had observed a reduced Ds. This trend is also
seen in the Ds and τ for the Hanle curves in Figure 8.2(b). Therefore, single point
defects, while limiting charge diffusion, do not hinder the spin lifetime in FLG at
room temperature.

Another technologically relevant observation in Figure 8.3(d) is that the con-
tact polarization, P , at room temperature is significantly enhanced (up to 30%) for
low and intermediate doses, and remains comparably high (10%) at high irradiation
dose. This is also consistent with the spin valve results in Figure 8.2(a), where the
spin signals for low and intermediate irradiation doses are one order of magnitude
larger. We associate this increase in P with an improved structural quality of our
aluminum oxide tunnel barrier, leading to a higher tunnel spin polarization. This is
rationalized by the damage created at the surface of FLG, where defects on the sur-
face pose as anchoring points to form a more uniform aluminum film, and therefore
a pinhole-free oxide barrier [14, 15]. We note that a creation of surface defects for the
initial stages of irradiation at low doses, rather than bulk defects, offers a consistent
picture to understand the trend observed in both P and Ds. The achievement of a
large P , comparable with state of art results in monolayer graphene [14], and the
permanence of favorable values ofDs and τ for low and intermediate irradiation, of-
fers the promise of FLG as a robust and practical material [15] for room temperature
spintronics.

Further insight into device performance and its microscopic origin is gained by
looking at the temperature dependence of the spin transport. Here we compare the
extracted spin transport parameters obtained at 4.2 K (LT), presented as the blue
data points in Figure 8.3(a–d), with the ones at room temperature (RT), in particu-
lar we consider the ratio between these measurements as shown in Figure 8.3(e–h).
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Figure 8.3: a), b), c) and d) show an overview of the spin transport data; e), f) g) and h) show
ratios of low temperature over room temperature data for respectively the diffusion constants,
spin relaxation time, spin relaxation length and contact polarization as function of irradiation
dose. The dashed lines pass through the average values, the bars show the standard deviation.

For pristine FLG devices and for low and medium irradiation doses, no significant
change was observed when comparing room temperature data to low temperature
data, with the ratio for all figures of merit mostly within the range 0.5–1.5. This sce-
nario of temperature independent parameters is consistent with previous work on
pristine FLG [9]. Interestingly, for high irradiation dose we observe thatDs and τ are
significantly and oppositely affected by temperature. Here, Ds decreases from room
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temperature to low temperature, whereas τ increases at low temperature. The re-
sult is a set of inversely related ratios of τLT/τRT ∼ Ds,RT/Ds,LT ∼ 3, evidenced in the
highlighted regions in Figure 8.3(a,b). This opposing behavior leads to a temperature
independent λ for all doses (see Figure 8.3(g)).

The distinct behavior ofDs and τ for high irradiation dose may be associated with
the role of magnetic moments present at single point defects [5]. Within this picture,
each defect contains a paramagnetic moment that is partially oriented by an exter-
nal magnetic field only at low temperature, which is reflected in Hanle precession
experiments as an effective increase at low temperature of the g-factor [6, 7, 16]. Our
data is consistent with this hypothesis. In particular, note that the ratios observed for
the spin lifetime (see Figure 8.3(f)) show narrow distributions of τLT/τRT ∼ 1 for both
pristine and low irradiation devices, plus a gradual increase of this ratio to ∼ 1.4 for
medium irradiation up to its value for high irradiation. This consistent trend is sig-
nificant when compared to the device-to-device variation observed in Figure 8.3(b).
Furthermore, in Figure 8.3(e) we have also included the ratio for the charge diffusion
constant,Dc, which shows a value of 0.5–1.5 for the whole range of irradiation doses,
contrary to the behavior of Ds. This significant difference between the behavior of
Dc and Ds, in particular at high irradiation dose as highlighted in Figure 8.3(e), is
used in the literature to account for the enhancement in g-factor [7, 17] and provides
further evidence for the presence of magnetic moments in highly irradiated FLG.

Overall, the practical performance of the FLG spintronic devices is independent
of temperature and surprisingly robust. We observed sizeable values of λ & 1 µm
and P & 5% over the broad range of irradiation doses explored here. This is an im-
portant realization, when considering specialized applications under extreme condi-
tions where heavy irradiation is present. Ultimately, excessive irradiation prevents
the detection of spin signal in our devices, but not until reaching a dose of 3x1016

cm−2. Note that this is hampered by the diffusion process, as a combination of a
short relaxation length and a highly resistive (noisy) spin channel. Still, this does
not rule out the presence of a significant spin lifetime even at such a high irradiation
dose.

To further support the notion that defects were introduced in the FLG, Raman
spectra were taken using a 633 nm laser for various devices, after measuring their
transport properties. A comparison between the three highest doses is shown in
Figure 8.4(a). The ratio between the ID and IG peaks has been used to quantify the
defect density in graphene [18, 19]. We observed an increase of ID/IG with increasing
irradiation dose (see Figure 8.4(b)), providing support for the successful creation of
defects. Molecular dynamics (MD) simulations were used to quantify the probability
of creating a defect for the energy used in this work. The best agreement between the
simulation and measured data is obtained when scaling the defect density down by
a factor 20. A possible explanation for discrepancy between MD simulations and the
Raman results is the recombination of defects. To gain information about the nature
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Figure 8.4: a) Raman spectra for the 3 highest irradiation doses used. The spectra are scaled
to have identical intensities for the G band and the number of layer was 5 for all flakes. b)
Ratio of the intensities of the D and G bands as function of irradiation dose. The inset shows
ID/IG analysis used to estimate the defect density (include fits in main figure).

of the defect (sp3 vs vacancy) with Raman, we use the ratio of peaks D/D′, which
decreases for vacancies to values of ∼ 7 [20] and can go down to ∼ 2 [21]. For the
highest two doses used in this study we obtain a ratio ∼ 3, indicating the presence
of point defects.
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8.5 Conclusion

In conclusion we have shown that the capability for spin transport in few layer
graphene is very robust with respect to irradiation damage to the flake, which is
an important find for the development of graphene based spin-logic devices. Like
single or bilayer graphene, FLG is an excellent medium for spin transport. How-
ever, single and bilayer graphene proved more vulnerable to irradiation, evidencing
enhanced signatures of damage and lack of spin signal.The outer layers in FLG ef-
fectively shield the inner layers from the environment, allowing for devices that are
less sensitive to the environment, and are more practical for applications than the
more complex hBN/graphene heterostructures. Even highly defective FLG devices
are still capable of transporting spin information over micrometer length scales with
nanosecond lifetimes. The latter offers a practical platform to study single point de-
fects, and their associated magnetic moments, while shielded by the outer layers in
FLG.
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