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Abstract

Next generation of spintronic devices aims to utilize the spin-polarized current injection and
transport to control the magnetization dynamics in the spin logic and memory technology.
However, the detailed evolution process of the frequently observed bias current-induced sign
change phenomenon of the spin polarization has not been examined in details and the underlying
microscopic mechanism is not well understood. Here, we report the observation of a systematic
evolution of the sign change process of Hanle spin precession signal in the graphene nonlocal
spintronic devices at room temperature. By tuning the interface tunnel resistances of the
ferromagnetic contacts to graphene, different transformation processes of Hanle spin precession
signal are probed in a controlled manner by tuning the injection bias current/voltage. Detailed
analysis and first-principles calculations indicate a possible magnetic proximity and the energy
dependent electronic structure of the ferromagnet-graphene interface can be responsible for the sign
change process of the spin signal and open a new perspective to realize a spin-switch at very low

bias-current or voltage.

Introduction

Spintronic technology requires efficient methods for
the creation and utilization of spin-polarized electrons
for faster and low power consumption electronics [1,2].
Such spin currentis utilized for magnetization switching
governed by spin torque and spin—orbit torque
phenomenon in metals-based hybrid devices without
using an external magnetic field [3, 4]. However, the
magnetization switching methods by spin current suffer
from large power consumption due to the requirement
of large current density and the involved spin-to-charge
conversions processes [5]. Therefore, electronic control
of spin polarization by application of a low bias voltage/
current is considered desirable [1]. In this direction, the
efficient creation and control of pure spin current can be
the next big step for the proposed spin-based memory
and logic operations [6].

Over the last few decades, various methods were
discovered for electrical injection, detection and trans-
port of spin polarization in metals [7], semiconduc-
tors [8, 9] and graphene [10] at room temperature.
These comprehensive investigations involved the
optimization of spin transport channel materials,
ferromagnetic source and drain contacts, and tun-
nel barriers for efficient injection and detection of
spin-polarized electrons. More often, a sign change of
spin-polarization with an injection bias current/volt-
age has been frequently observed in a range of channel
materials using different types of ferromagnetic tunnel
contacts [8, 11-18]. The origin of such sign reversal is
mainly ascribed to the energy-dependent spin-polar-
ized electronic density of states (DOS) at the tunnel
interface, magnetic proximity effects at the interfaces
with ferromagnets, resonant tunneling and spin fil-
tering in the tunnel barriers and interfaces [19-21].
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However, the detailed measurement of the sign change
transformation process of spin polarization is still
lacking and its microscopic mechanism is not fully
understood.

Here, we report an observation of a very system-
atic evolution of the sign change process of the Hanle
spin precession signal by utilizing graphene spintronic
devices at room temperature. To investigate this, Hanle
spin signals with different injection bias currents and
angles were probed in devices having different ferro-
magnetic tunnel contact resistances. Analysis of the
results and first-principles calculations reveal that the
magnetic proximity effect at the graphene-ferromag-
net interfaces is responsible for the sign change process
of the spin polarization. This electrically controlled
sign change of spin polarization at such low currents
and voltages provides a new perspective for its practi-
cal utilization as a spin-switch in memory and logic
applications.

Results

The spintronic devices were nanofabricated with
exfoliated few-layer graphene on SiO,/n-Si substrates
with  TiO,/Co ferromagnetic (FM) electrodes.
Different devices were made with the variation of
the contact resistance in the range of type-I: 0.5-1
kQ, type-1I: 1-3 k€2, type-1II: 5-10 k2 (see Methods
for details). Such variations in ferromagnetic tunnel
contact parameters made it possible to investigate the
continuous evaluation of sign change process of Hanle
spin precession signal by controlling the injection bias
current/voltage in a non-local measurement geometry
(figure 1(a)). The EM contacts are used as injector,
detector and reference contacts in the devices presented
in the main manuscript. The devices with reference
Cr/Au contacts and FM injector/detector contacts are
presented in the supplementary information. The spin-
valve measurements were performed at a fixed DC bias
current while measuring the non-local voltage Vy,; with
an in-plane magnetic field (B)) sweep (figure 1(b)).
Hanle spin precession signals were recorded with an
out-of-plane magnetic field (B ) sweep while keeping
Co electrodes in either a parallel (P) or anti-parallel
(AP) configuration (figure 1(c)).

For very low spin-injection bias currents
(|Tbias] < 100 pA), a linear response of spin signal is
observed in devices as shown in figure 1(d) and supple-
mentary figure S1(b) (stacks.iop.org/TDM/6/035042/
mmedia). However, with an increase of the injection
bias current, the spin signal shows strong non-linear
behavior and an anomalous sign change (figure 1(d)).
Figures 1(b) and (c) show measurements of such a sign
inversion of the spin-valve and Hanle signals respec-
tively at a larger bias current in a type-I device. Hanle
measurements in figure 1(c) were performed for paral-
lel orientation of ferromagnetic electrodes. The Hanle
measurements for anti-parallel configuration of fer-
romagnet also showed similar sign change behavior
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with bias current as presented in supplementary fig-
ure S1(a).

Figure 1(d) shows the spin-valve signal ampl-
itude AV, as a function of injection bias current for a
type-I device. For the positive bias current, corre-
sponding to the spin extraction regime, a strong non-
linear spin signal and a sign change is reproducibly
observed. However, no sign inversion is observed for
the negative bias currents corresponding to the spin
injection regime. The spin signal amplitude with
corresponding bias voltage across the injector junction
for type-1, -II and -III devices with different interface
resistances are plotted in Supplementary information
figure S1(c). To demonstrate that such a sign change
behavior can be used as a spin-switch device, a square
wave shape current was applied to the injector elec-
trode in Device 2 (type-II). As expected, a two-state
switching of the spin signal was observed (figure 1(e)),
which offers a practical method to use the low current-
induced switching of the spin signal. The switching
current density is usually in the range 10-10° A m 2
corresponding to the transition point 5-500 p1A of our
devices depending on the resistance of the ferromagn-
etic tunnel contacts.

Although such sign change of the spin signal has been
reported previously in different spin transport devices,
the detailed evolution of sign change process of the spin
polarization at the transition bias current/voltage region
has never been detected experimentally. In order to
investigate the detailed sign change process in the trans-
ition region, Hanle spin precession measurements were
performed as shown in figure 2(a) for a type-I device.
Surprisingly, we observed drastically different Hanle
line shapes at these transition bias current (between
Ibias = 300—400 12A), which are in contrast to the standard
spin precession signals [ 10]. In these transient Hanle data,
a dip appears at zero magnetic field and grows until the
complete sign change occurs in the Hanle curve.

To phenomenologically extract the magnitudes
of the competing mechanisms, a simple model is
adopted (see details in Notel). From the data fitting,
we roughly extract the magnitude for both comp-
onents of Hanle spin signals as shown in figure 2(c).
While one component of the spin signal increases with
injection bias current, the other decreases. We notice
the different half-line widths between the two Hanle
curves of opposite sign, like for I = 200 pA and 500 pA
in figure 2(a). According to the previous studies, not
only the spin lifetime of the graphene, but also con-
tact resistance, graphene channel length, spin diffu-
sion constant, and DC bias induced drift and thermal
effects can affect the half-line width of the measured
Hanle curve. Here, considering the fact that all the
Hanle curves were obtained from the same device, we
can rule out all factors mentioned above in our experi-
ment except the DC bias related effects. Considering
these multiple bias related drift, diffusion and thermal
effects, the exact estimation of spin lifetime from these
Hanle curves are not possible, as a proper model and
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Figure 1. Sign change of spin signal and spin-switch operation in a graphene device at room temperature. (a) Schematic of the
graphene spintronic device with ferromagnetic tunnel contacts (TiO,/Co) in a non-local measurement configuration. (b) and

(c) Nonlocal spin-valve and Hanle signals measured with different DC bias currents in the non-linear regime showing a sign change
for Dev 1. Hanle measurements were performed for parallel orientation of ferromagnetic electrodes. Here we used a type-I device
with contact resistance is ~0.5-1 k(2. (d) The measured spin-valve signal magnitude AV, = V(AP) — Vyy(P) for Dev-1asa
function of bias current, showing non-linear behavior and an anomalous sign change at a larger positive bias current range. (e) A
spin-switch signal of the Dev-2 with an application of a square wave shape injection current (at Ipi,s = 30 A and 100 pA), due to
sign change of the spin signal. The plots show—upper panel: the applied current wave, middle panel: measured AV, and the lower

understanding of the transition Hanle curves is still
lacking. To be noted, for devices with higher contact
resistances of type-II and III, the sign change behavior
is also observed. However, no Hanle signal is observed
at the transition bias points within the measurement
noise level (see supplementary figures S1(c) and S2).
The transition bias current for the sign change is found
to decreases with increasing contact resistance. We
would like to note that one can also expect the con-
tinuous evolution of Hanle signal and its anomalous
behavior with bias current where the ferromagnetic
contacts are also used as a reference electrode in the
non-local injector circuit. However, the sign change
phenomenon of the spin signal is present even with the
devices with nonmagnetic Cr/Au reference contacts.
For a detailed discussion see supplementary note 4.

To further examine the behavior of the spinsinjected
at the transition states, angle dependent measurements
of the Hanle effect were performed at different magn-
etic field orientation at a constant injection bias cur-
rent (figure 3(a)). A clear decrease of the Hanle signals
at the transition bias current was observed when the B
field approached to lower angles, because no more pre-
cession is expected when B field is aligned with injected
spins (figure 3(b)). These measurements indicate that
spin orientations at the transition stage are in the gra-
phene plane. The angle dependence of the spin preces-
sion signal at different bias currents before and after the
transition bias current are shown in figures 3(c) and (d).
As expected, the Hanle signals disappear when the spins
and B field are in the same orientation. Analysis of aniso-

tropic spin relaxation in graphene for the Hanle curves
at different bias currents gives £ ~ 1 (figure 3(e) and see
details in supplementary note 2). This implies that the
transition Hanle curve is not due to an anisotropy [22—
24] of the spin lifetime in the graphene channel.

We also performed control experiments to under-
stand the origin of the sign change process of the spin
signals. The bias current-induced spin drift effect
[25, 26] should be considered, as it can also enhance
or suppress the spin signal magnitude depending on
the spin injection or extraction process giving rise to
an asymmetric bias-dependent behavior. Although,
the non-linear behavior of the spin polarization with
a bias current has been observed due to electric field
drift contribution to the spin accumulation, the sign
change of the signal due to drift is not expected [25, 26].
Secondly, thermal effects due to large bias current
should be taken into consideration, such as thermal
spin injection at the injector [27] and thermoelectric
spin voltage [28] in the channel, which can also con-
tribute to enhancement and suppression of spin signal
and can also cause sign inversion of the spin signal. In
the supplementary figures S3 and S4, control experi-
ments are shown for heating of graphene channel and
also the ferromagnetic electrode (see details in Sup-
plementary Note 3 and Note 4). We observe neither
any noticeable change in the magnitude of the spin
signal nor any change of their sign with heating of the
graphene channel and ferromagnetic contacts within
the measurement noise for these DC bias experiments.
These results are consistent with negligible thermal
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Figure 2. Hanle spin precession signal during spin reorientation process for a type-I device. (a) Evolution of the measured Hanle
spin precession sign change behavior with an injection bias current of 200-500 £1A at room temperature. (b) The transient Hanle
curve at Ii,s = 375 pA is fitted by a model considering two Hanle curves of opposite signs using equation S(1) in supplementary
note 1. The blue arrows represent the detector magnetization direction and the spin orientations in green and red color with
opposite directions. A linear background is removed from the Hanle curve. (c) The magnitude of the two components of the spin
signal with bias current as obtained from Hanle fitting.
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Figure 3. Angle dependence of the Hanle curves at different bias currents. (a) The schematics of the measurement geometry with
different angles of the external magnetic field (B) with respect to the magnetization of the ferromagnet. (b)—(d) Angle dependence
of the Hanle curves of Type-I device at bias currents of 375 1A, 200 (1A, and 500 1A, respectively. (e) Spin relaxation anisotropy time
§= 71 /7/)where T/, and 7, are thelifetime for the in-plane and perpendicular spins. The £ is plotted for the Hanle data at different
injection bias currents.
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Figure4. The first-principles calculation of proximity effect induced sign reverse of polarization. (a) The model is consist of
graphene and six layers of Co (1 11). (b) The DOS of up and down spins in Co. (¢) The DOS of up and down spins in graphene with
the graphene-Cobalt interface distance of 2 A and 5 A. The inset is a net polarized DOS with the 2 A case.

effect expected for our highly doped graphene samples
[28]. To be noted, both the thermal control experi-
ments and standard spin transport measurements were
performed by the same DC current measurement tech-
nique. However, the local hot-electron effects across the
tunnel contacts are expected to be present in such large
DC injection bias currents. Considering the nonlocal
measurement geometry, the magnitude and the bias
dependence of the signal, we can also rule out the effect
of magnetoresistance due to impurity states in the bar-
rier [29] as the origin of the sign change and Hanle pre-
cession transitions. Moreover, the origin from the stray
field induced extra spin precession can also be ruled out
as it should be present at all the bias current measure-
ments instead of only at the transition point [30].

For a better understanding of the sign change
process of the spin signal, we also performed a first-
principles calculation [31-33]. The model is con-
structed by considering a graphene layer and six layers
of Co (111) (figure 4(a)). The lattice constant of the
heterostructure is set to the experimental value of Co
[34] with lattice mismatch around 1.5%. The optim-
ized interface distance between graphene and Co is
estimated to be ~2 A. Here, we set interface distance
to 2 A and 5 A to calculate the distance dependence
of the magnetic proximity effect of Co on graphene.
When the interface distance is large (5 A), the states of
graphene around Fermi level are unpolarized and the
Dirac cone is well preserved (figure 4(c)). Due to the
strong proximity effect at a shorter interface distance of
2 A, the up spins became the majority, different from
the ones in Co (figure 4(b)). As a result, when graphene
and Co are close enough (like pinhole area through thin
TiO, tunnel barrier), the spin polarization for electrons
from Co electrode and graphene-Co hybrid interface
can be opposite to each other. Spin polarization at the
interface is directly related to the DOS of Co and gra-
phene-Co hybrid interface. As shown in figure 4(b), the
DOS of Co is quite stable in an energy window of about
700 meV below the Fermilevel [35]. However, the DOS
of graphene-Co hybrid interface around Fermi level

is strongly energy dependent (figure 4(c)). As shown
in the inset of figure 4(c), a small shift of the position
of the Fermi level can tune the relative dominance of
the up and down spins. Therefore, a small bias cur-
rent/voltage or gate voltage at the hybrid interface can
induce a sign reversal of spin polarization [15].

If magnetic proximity effect at the graphene/Co
interface is the underlying physical mechanism in our
experiments, one would expect that the sign reversal
and abnormal Hanle curves will not be observed for
thicker TiO, tunnel barriers at the interface. To be
noted, for devices with thicker TiO, having higher
contact resistances (type-1I and III devices), the com-
plete sign change behavior is also observed. However,
no anomalous Hanle signal is observed at the trans-
ition bias points within the measurement noise level
(see supplementary figures S1(c) and S2). Moreover,
a similar sign change behavior using different barrier
materials have been observed [13, 17, 36]. However,
such systematic change of sign via an anomalous Hanle
signal at the transition points has not been reported
before. These previous work also involves the use of
atomically flat h-BN tunnel barrier (1-3 layers, up to
1.2 nm thick), where a sign change is also reproducibly
observed [13, 17, 36]. As the theory papers predict, the
magnetic proximity effect can extend across a tunnel
barrier [37, 38]. However, if the barrier is too thick,
we run into a practical problem, i.e. we usually cannot
observe nonlocal spin signal anymore because of very
high contact resistances. By comparing experiments
with the theoretical calculations, we can conclude
that the magnetic proximity effect at the Co-graphene
hybrid interfaces and its highly energy dependent elec-
tronic structure can be one of the mechanisms of the
observed sign change behavior of spin polarization
and anomalous Hanle behavior.

Summary

In summary, we reported the evolution of the sign
inversion process of the spin signal in the graphene
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nonlocal spin devices with an anomalous behavior
by probing the transition phases of Hanle curves in
a systematic manner. The anomalous Hanle curves
with “dip features” at the transition bias currents
can be explained by considering either magnetic
proximity effect or the contribution from the reference
ferromagneticelectrodesintheinjectorcircuit. However,
the sign change process of the spin signal is universal
and is also present in the devices with non-magnetic
reference electrodes. Although, the controlled heating
of the FM and graphene did not lead to any observable
sign change behavior in the DC measurements, the
local hot-electron effects across the tunnel contacts are
expected to be present in such large DC injection bias
currents. Further understanding and accurate modeling
is required to explain the observed anomalous Hanle
curves. Considering our experiments and theoretical
calculations, the magnetic proximity effect and
energy-dependent complex electronic structure of the
ferromagnet-graphene hybrid interfaces are believed
to be one of the possible reason for the sign change of
the spin polarization. The controlled change of spin
polarization direction at a very low voltage and currents
does not only help us to understand the basic spin
injection mechanism but also offers a new perspective to
utilize the spin-switch functionality. Utilization of such
electronic control of spin phenomena may pave the way
to realize the novel graphene-based spintronic devices
with low power consumption.

Methods

The few-layer graphene were mechanically exfoliated
from HOPG onto the n-doped Si substrate with
300nm SiO,. To obtain different contact resistance,
three recipes were used during the preparation of
the tunnel barrier. Type-I: A one step deposition and
oxidation process: 0.6 nm Ti was deposited at 8° from
the normal incidence angle followed by a 30 Torr
O, oxidation for 2 h. Type-II: A one-step deposition
and oxidation process: 1 nm Ti was deposited at 90°
followed by a 20 Torr O, oxidation for 2h. Type-III:
A two-step deposition and oxidation process, 0.5 nm
Ti was deposited at 8° followed by a 30 Torr O,
oxidation for 1h and again 0.6nm Ti was deposited
at 8° followed by a 30 Torr O, oxidation for 2 h. All the
recipes are followed by a 60 nm Co deposition. These
recipes offer us three different contact resistance
in the range Type-I: 0.5-1 k2, Type-II: 1-3 kQ
and Type-III: 5-10 kS2, which make it possible to
systematically study the sign inversion of nonlocal
Hanle spin signal. Moreover, rotation of the chip
during titanium deposition were used for all the three
recipes. No annealing was used to avoid degeneration
of the ferromagnetic contacts. All the measurements
are performed in a cryostat under vacuum at room
temperature using a current source Keithley 6221, a
nanovoltmeter Keithley 2182A.
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