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Abstract:

Two dimensional (2D) materials provide a unique platform to explore the full potential of magnetic
proximity driven phenomena, which can be further used for applications in next generation spintronic
devices. Of particular interest is to understand and control spin currents in graphene by the magnetic
exchange field of a nearby ferromagnetic material in graphene/ferromagnetic-insulator (FMI)
heterostructures. Here, we present the experimental study showing the strong modulation of spin currents
in graphene layers by controlling the direction of the exchange field due to FMI magnetization. Owing to
clean interfaces, a strong magnetic exchange coupling leads to the experimental observation of complete
spin modulation at low externally applied magnetic fields in short graphene channels. Additionally, we
discover that the graphene spin current can be fully dephased by randomly fluctuating exchange fields.
This is manifested as an unusually strong temperature dependence of the non-local spin signals in
graphene, which is due to spin relaxation by thermally-induced transverse fluctuations of the FMI

magnetization.



Use of the spin degree of freedom of electrons is poised to revolutionize next generation devices for
logic [1] and memory [2] applications. Manipulation of spin current, using either a small electric or
magnetic field, is the essential operation of such a device and is required to exploit the full versatility of
spin related phenomena. Spins in graphene are of particular interest because of the fact that spins can
propagate over large distances due to small spin-orbit (SO) coupling and negligible hyperfine interaction
[3,4]. However, the absence of a strong SO field in graphene also means that spins in graphene cannot be
manipulated by an external applied electric field [5]. In general, spins in graphene are manipulated by an
out-of-plane magnetic field [6,7], known as Hanle spin precession, requiring large fields which are not
viable for applications. An alternative route for efficient spin manipulation is to use the magnetic
proximity effect of an adjacent ferromagnetic insulator (FMI). Two dimensional (2D) materials, like
graphene, provide a unique platform to explore the proximity-induced phenomena as these effects are
expected to be the strongest in 2D materials. There has been a great deal of interest to study the proximity
effect induced changes in the electrical [8], optical [9,10] and spin [11] related properties of low
dimensional materials. This research direction is further propelled by recent progress in the experimental
techniques to assemble clean van der Waals heterostructures of 2D materials or mechanically transfer 2D
samples onto arbitrary materials [12,13]. Recently, magnetic proximity effects in graphene/FMI
heterostructures has been explored by charge transport measurements: (1) demonstration of
ferromagnetism in graphene coupled to yttrium iron garnet (Y1G), [14] and (2) large magnetic exchange
fields experienced by charge carriers in graphene/EuS heterostructures [15]. Undoubtedly, these studies
have established the presence of strong magnetic coupling across the interfaces of graphene and FMI
materials, opening the doors for studying spin currents in graphene under the influence of magnetic
proximity effect [16]. In particular, bilayer graphene is a system of choice for exploring these experiments
due to the long spin diffusion lengths and spin lifetimes [17-19], electric field induced band gap
engineering [20], and feasibility of electric field driven spin rotation [21].

In this Letter, we report the complete modulation of spin currents in bilayer graphene using the static

and/or fluctuating components of the magnetic exchange field of an adjacent ferromagnet in a



graphene/FMI heterostructure. For control of spin currents by a static exchange field, we employ a bilayer
graphene lateral spin valve device on a YIG substrate and modulate the spin current in graphene by
changing the direction of the YIG magnetization. A strong interfacial magnetic exchange coupling leads
to the experimental observation of complete spin modulation in short graphene channels and at low
magnetic fields. In addition, we discover that the spin current can be fully modulated by randomly
fluctuating exchange fields. This is manifested as an unusually strong temperature dependence of the non-
local spin signals, compared to the weak temperature dependence typically observed for graphene on non-
magnetic substrates [3,22]. We attribute this to spin relaxation by thermally-induced transverse
fluctuations of the YIG magnetization. These studies establish a lower bound on the magnetic exchange
field to be ~1 Tesla.

We choose YIG for the ferromagnet because it is an insulator, has high Curie temperature, is
chemically stable under ambient conditions, and is magnetically soft [23,24]. To prepare clean
heterostructures of graphene/YIG we employ a dry transfer technique [13,25] as discussed in
supplementary material [26]. The optical image of the hexagonal boron nitride (h-BN)/graphene stack on
YIG is shown in Figure 1(a), where thin h-BN is highlighted by black dotted lines. The AFM topography
of the h-BN/graphene/YIG surface is depicted in Figure 1(b) with the clean interface. In this structure, the
h-BN serves as the tunnel barrier for spin injection into graphene [25]. Figure 1(c) shows the optical
image of the device where the graphene and h-BN flakes are outlined with red and black dotted lines,
respectively.

First, we establish the spin transport in a bilayer graphene channel (2.1 um long and 2.2 pm, wide) on
YIG by measuring the non-local magnetoresistance (MR). While sweeping an in-plane magnetic field, as
schematically shown in inset to Figure 2(a), we record the non-local voltage signal (V). Figure 2(a)
shows Ry, (Rn =Vni/D), as a function of in-plane magnetic field. The schematic of the experiment, to
demonstrate control over spin currents in graphene by magnetic proximity effect, is shown in Figure 1(d).
To modulate the spin signal in graphene, we align the magnetization of electrode E2 and E3 in either

parallel (P) or antiparallel (AP) configuration and apply a fixed magnitude of magnetic field, Bror = 15



mT, in the plane of the graphene. Note that this magnetic field is smaller than what is required to change
or switch the electrode but large enough to saturate the YIG magnetization [19]. This magnetic field is
rotated in the plane of the graphene by angle 6. Figure 2(b) shows Ryp as a function of 6 for the P
configuration (blue circles) and AP configuration (red circles). We observe a clear modulation of the non-
local signals for both P and AP configurations. To calculate the net change of the observed signal, we

show in Figure 2(c) the differential Ry between the P and AP configurations. The change in spin signal
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due to the controlled change of YIG magnetization direction can be defined as: 6R =

one would expect to have maximum dephasing of the spins for Bror applied at 8 = 90°. This is indeed
what we observe as the non-local MR signal goes to zero for magnetic field applied at 6 = 90° and
corresponds to 100% modulation. In other words, when the YIG magnetization is transverse to the
injected spin polarization, there is a complete dephasing of the injected spins in graphene channel.

By performing control experiments, we show that this modulation is primarily due to the proximity
exchange field, B& (~ Myjg), originating from quantum mechanical interactions of the carriers in
graphene with the YIG magnetization, as opposed to a direct effect of the external field Bror. One
possible effect of Bror is to tilt the Co magnetizations asymmetrically to reduce Ry;. This effect is ruled
out through anisotropic magnetoresistance measurements of the Co electrodes [34,35], as discussed in the
supplementary material [26]. The other possible effect of Bror is the direct interaction with the carriers in
graphene to dephase the spin polarization via Hanle spin precession. Indeed, with the presence of
proximity exchange field, the Hanle spin precession should be governed by the total magnetic field By =
Bex + Brot. The relative importance of B and Bror can be determined by performing angular scans (0)
for different magnitudes of Bgror. If Bex dominates, there should be very little dependence on |Brot|
because Myg is fully saturated for fields higher than few mT [26] and B is proportional to Myyg. If the
direct interaction of Bror dominates, then the modulation should become stronger with increasing |Bgor].
Figure 3(a) shows the angular scan of Ry vs. 0 for different values of [Bror| from 6 to 18 mT. The most

striking feature is the similarity of all the curves, which show full modulation even for the lower applied



magnetic fields. This indicates that the modulation is dominated by the proximity exchange field. We
further test this conclusion by performing the same measurement of a control sample consisting of a
bilayer graphene spin valve on Si0O,/Si(001) substrate. The measured non-local MR signal is shown in
Figure 3(b). The non-local signal as a function of 0 for different values of |Bror|, measured for both
parallel and anti-parallel configurations of injector/detector electrodes, is shown in Figure 3(c). Clearly,
we observe a highest modulation of only a few percent (~ 10%) in contrast to the 100% modulation when
graphene is placed on a YIG substrate. Furthermore, we have also carried out spin modulation experiment
on an another control sample, wherein graphene is separated from YIG by a thin h-BN (gra/h-BN/YIG)
and we do not observe nonlocal spin signal modulation more than a few percent (supplementary file)
[26].Thus, for graphene on a non-magnetic substrate, the modulation by Bror is much weaker and has a
strong dependence on the magnitude of the field consistent with Hanle effect.

Next, we study the temperature dependence of spin signal in the graphene channel coupled to YIG,
which reveals a new mechanism for spin relaxation due to fluctuating proximity exchange fields. The
magnitude of the measured MR signal (ARyp) is defined as the difference of Ry between the parallel and
antiparallel configurations (Figure 2a), and the measured value is approximately 0.22 Q at 15 K. Then, we
measure ARy at different temperatures and the observed data is shown in Figure 4(a). The spin signal in
graphene on a non-magnetic substrates normally has a weak temperature dependence and decreases
approximately by a factor of 2 (or so) going from 10 K to room temperature [22,36,37]. However, as
clearly seen from Figure 4(a), we observe that the spin signal rapidly decays as temperature increases, and
completely disappears at ~230 K. Because the non-local spin signal is known to be dependent on the
graphene resistivity p and the interfacial contact resistances of the electrodes [3], we first check whether
these can account for the observed temperature dependence of ARyr. The temperature dependence of the
graphene sheet resistance (or resistivity) on YIG is shown in Figure 4(b) and is similar to what has been
widely reported for graphene on other non-magnetic substrates [12,22,38,39]. We also point out that the

interfacial contact resistances of both injector and detector electrodes stay constant over the measured



temperature range as shown in Figure 4(c). This rules out that the strong temperature dependent decay of
the spin signal is merely due to changes in p or the contact resistances. Additionally, we have measured
the temperature dependence of MR signals in the gra/h-BN/YIG control sample (supplementary file) and
did not observe a strong temperature dependence [26]. In the following we argue that the observed
temperature dependence of the MR spin signal in graphene/YIG can be explained by the electron spin
dephasing in graphene due to the random transverse magnetization fluctuations of the YIG film. To
qualitatively understand this unusual temperature dependence of the spin signal, we consider the
interaction between conduction electrons in graphene and magnetization of YIG. The terms in the

Hamiltonian associated with the conduction electron spins are given by:

Hy = Agy 'geﬂB§e (M) + ge.uBge : Eapp = ge”B§e . ((Eex> + Eapp) = ge.uBge : (Eeff) , (D)
where A,, is the proximity induced exchange coupling strength between YIG and graphene, M is the YIG
magnetization, and (§ex) = Aex(M ) is the effective exchange field. The averaging (...) is over the

ensemble of magnetic moments in YIG that are in proximity with graphene. At a finite temperature, M in
YIG fluctuates, which in turn causes the proximity exchange field in graphene to fluctuate as well. For an
electron travelling through graphene, the time and spatial variation of magnetization in YIG results in a

varying effective magnetic field acting on the electron spin. This varying effective magnetic field can be

modeled as a time-dependent, randomly fluctuating magnetic field B,y (t) = (B,y) + AB.y. Previous
theoretical work had predicted that the randomly fluctuating magnetic field can cause extra spin
relaxation [40,41] and has been used to explain spin transport phenomena in graphene decorated with
paramagnetic hydrogen adatoms [42]. Furthermore, the fluctuation strength of YIG magnetization is
expected to be temperature dependent. As a result, the spin relaxation rate caused by the magnetization
fluctuation should be temperature dependent as well. In the following, we use the above model to
understand the observed temperature dependence data. For non-local geometry [Figure 1(d)], the injected

spin polarization, the applied magnetic field, and the effective exchange field lie along the same axis (y



axis in our case). The spin relaxation rate induced by the random fluctuating field is given by the

longitudinal spin relaxation term:
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where (AB,,)? = (ABex,x)2 + (ABex’Z)2 is the fluctuation of exchange field in the transverse direction,

Bapp,y 1s ignored as Eex,y > Bapp,ys Ye 18 the gyromagnetic ratio of electron, and 7. is the correlation

time of the exchange field fluctuation defined as: (AB,(t) - AB,,(t — t")); « exp (—t/t.). The
exchange field fluctuation in graphene should be strongly associated with the magnetization fluctuation of
YIG. At finite temperature, thermally driven magnetization fluctuations suppress the equilibrium
magnetization from the saturated 0 K value. Assuming that transverse magnetization fluctuations in YIG

are responsible for the reduction of M with increasing temperature, we can rewrite Eq. (2) as:
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where M, is the saturation magnetization of YIG at 0 K, I\7Iy (T) is the temperature dependent equilibrium
magnetization in the y direction, and 7.(T) is the temperature dependent correlation time. We extract the
temperature dependence of 1\7Iy from the measured temperature dependence of saturation magnetization of
YIG up to 300 K [Figure 4(d)]. Previous study of bulk YIG shows that the reduction of saturation
magnetization follows ~T3/2 in the low temperature regime (<25 K), while it follows a ~T?3 in the higher
temperature regime (25 K~250 K) [43]. We fit the measured data with both terms, and find that the
contribution of the T3 term is minimal. To simplify the spin transport equation later, we assume that:
My

3
X =1-alz (4)

0

and get a = 6.314 x 1075 K~3/2 from fitting with experimental YIG magnetization.
To obtain the temperature dependence of correlation time, we have adapted a macroscopic picture of

local magnetization fluctuation which has been developed through fluctuation-dissipation theorem and



had successfully explained spin Seebeck effect in Pt/YIG structure [44-46]. As explained in detail in the

supplementary file [26], the relationship between correlation time and YIG magnetization is:
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To simplify the expression of 77, we put Egs. (4) and (5) into Eq. (3):
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We define é(T) = which is the only temperature dependent term, and rewrite the whole

equation as:

1 ( eAex)
— = &(T) - 1Ly A4, M (7)

o (YeAex)?+11
The non-local spin signal measured in the graphene lateral spin valve device can be written as [32,37]:
Ry, = pip2Rye ™/, ()
where pq,p, are the spin polarizations at the Co/h-BN/graphene injector and detector junctions,
respectively, 4 = \m is the spin diffusion length, Ry is the spin resistance of the graphene channel,
D is the diffusion constant, and t;,:4; 1S the spin lifetime of electron spins in graphene. Apart from the

spin relaxation mechanism in graphene on a non-magnetic substrate, in our case we have additional spin

relaxation, T% , caused by the YIG magnetization fluctuations [Eq. (3)]. Thus, Eq. (8) becomes:
1
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where A;,; is the spin diffusion length of graphene for the case of a non-magnetic substrate. Using Eq.

(9), we obtain:

—-1/2
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1 A
where _=ﬁ 1n(Ye 2ex)2
B D (YeAex)*+n

+AgxMy. Using L = 2.1 um (channel length), we fit the observed temperature
dependence of non-local MR signal. The model fits very well with the experimental data as shown in
Figure 4(a), from which we can extract R = 0.7015 Q, A;,; = 1.9561 um,and f = 1.5578 x 10~ 13m?2,

To calculate the exchange field in graphene at 0 K, we focus on the S coefficient from the fitting

using:

_ _ D nMy 1 1
Bex(0) = AexMo = N Ve NEre—t? (D

where T, is the correlation time at 0 K. Assuming a typical D = 0.015 m?/s for graphene [3,25,37], we
plot B, (0) as function of different 7, as shown in Figure 4(e). Our model gives a lower bound of 1 Tesla
of the exchange field. We also measure the temperature dependence of the spin signal modulation and
observe a clear 100 % signal modulation up to ~150 K where we have clear MR signals, confirming the
existence of this magnetic proximity induced phenomena at higher temperatures [26].

In conclusion, we have experimentally demonstrated the full modulation of spins in graphene by
employing the proximity exchange fields present at the interface of graphene/FMI heterostructure. The
observed strong temperature dependence of non-local MR signals in graphene spin valves for the first
time experimentally establishes the additional spin dephasing mechanism due to the magnetic fluctuations
in graphene/ferromagnet systems. We have used this novel observation to extract a lower bound of the
interfacial magnetic exchange field. The work presented here will further help understand (and also
exploit) the interfacial effects due to interaction of spins and magnetization in ferromagent/non-magnetic

bilayer systems in general.
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Figure Captions:

Figure 1: (a) Optical image of an h-BN/graphene stack on a YIG substrate (b) Atomic force microscopy
image of the h-BN/graphene/YIG heterostructure surface after vacuum annealing, showing the clean
surface. (c) Optical image of the completed spin valve device. The red and black dotted lines in (a), (b)
and (c) outlines the graphene and h-BN tunnel barrier boundaries, respectively. (d) Schematic of the
experiment used to demonstrate spin current modulation in graphene. A magnetic field (Bror) applied at
different 6 defines the YIG magnetization (Myg) relative to the magnetization of Co injector/detector
electrodes (or injected spin polarization in graphene).

Figure 2: Spin signal modulation in graphene coupled to a YIG substrate at 15 K. (a) The measured non-
local MR signal in a graphene spin valve on YIG. The blue and red arrows represent the relative
magnetization direction of injector (E2) and detector (E3) electrodes. Inset: schematic of the non-local
spin valve measurement setup. (b) Non-local MR signal measured as function of Bror magnetic field
direction (0). A fixed Bror = 15 mT is applied in the YIG plane. The blue and red filled circles show the

12



measured data for parallel and anti-parallel configuration of the injector/detector electrodes, respectively.
(c) Differential non-local MR between the parallel and anti-parallel data from (b) as a function of 0,
showing that for 6 = 90°, the signal goes to zero which indicates a complete spin dephasing.

Figure 3: Dependence of spin signal modulation on the magnitude of Bgror. (a) Spin signal modulation,
Rni[P-AP], for Bror ranging from 6 to 18 mT for a graphene device on YIG shows that the spin signal
modulation is independent of the magnitude of Bror. (b) Non-local MR signal for a bilayer graphene on a
non-magnetic SiO,/Si substrate with the relative magnetization orientations of the electrodes denoted by
the red and blue arrows. (c) Spin signal modulation as function of 6 for a graphene device on SiO,/Si at
different applied Bror fields between 6 and 15 mT for both parallel and anti-parallel configurations.

Figure 4: (a) Temperature dependence of non-local MR signal in a graphene spin valve on YIG, where
the red filled squares are experimental data and the blue solid line is the fitting by a model based on spin
dephasing due to the temperature dependent transverse magnetization fluctuations of YIG. (b)
Temperature dependence of graphene sheet resistance is. (c) Temperature dependence of interfacial
contact resistances of the injector (black) and detector (red) electrodes. (d) Temperature dependence of
saturation magnetization (red filled circles) of the YIG film extracted from magnetization measurements.
The solid blue line is a fitting of the temperature dependent magnetization data by Eq. (4). (¢) Extracted
exchange field as function of correlation time of fluctuating YIG magnetization.
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