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The introduction of spin–orbit interactions (SOIs) and the subsequent appearance of a two-

dimensional topological phase are crucial for voltage-controlled and zero-emission energy spin-

tronic devices. In contrast, graphene basically lacks SOIs due to the small mass of the carbon atom,

and appropriate experimental reports for SOIs are rare. Here, we control small-amount (cover ratios

<8%) random decoration of heavy nanoparticles [platinum (Pt) or bismuth telluride (Bi2Te3)] onto

monolayer graphene by developing an original nanoneedle method. X-ray photoelectron spectra

support low-damage and low-contamination decoration of the nanoparticles, suggesting the

presence of Bi–C and Te–C coupling orbitals. In the samples, we find particle-density-dependent

non-local resistance (RNL) peaks, which are attributed to the (inverse) spin Hall effect arising from

SOI with energies as large as �30 meV. This is a larger value than those in previous reports and

supported by scanning tunneling spectroscopy. The present observation should lead to topological

phases of graphene, which can be introduced by random decoration with controlled small amounts

of heavy nanoparticles and their applications. Published by AIP Publishing.
https://doi.org/10.1063/1.5027542

For the realization of functional spintronic devices, sig-

nificant attention has been focused on spin–orbit interac-

tions (SOIs),1 which allow control over spins by applied

external electric fields. On the other hand, graphene, a two-

dimensional (2D) atom-thin carbon layer, basically lacks

SOIs. When graphene is sufficiently isolated from the influ-

ence of the substrate, long spin relaxation times (ss) and

large mean free paths of electrons are provided. If SOIs

could be introduced without suppressing these properties,

graphene with SOIs could yield various quantum phenom-

ena [e.g., 2D or one-dimensional topologically insulating

(TI) states4–10,18,23] and their practical applications for

voltage-controlled spintronic devices. Many papers in the

literature have predicted them theoretically.

Recently, the experimental challenge to introduce SOIs

into graphene has been met by a number of methods [e.g.,

surface decoration by (1) right-mass adatoms2,3 or (2) heavy

nanoparticles11–13 and (3) using heavy wires14–16 or sub-

strates]. Nevertheless, they suffer from a lack of appropriate

experimental results. One of the reasons for (1) and (2) is

that precise control over the small amount of decoration

(e.g., coverage ratio < 10%) without causing damage or con-

tamination is difficult. Moreover, a large amount of decora-

tion (e.g., >10%) leads to various parasitic phenomena (e.g.,

spin absorption,16,21 phase interference of electron spin

waves or dephasing,2 or intervalley scattering), and these can

obstruct the observation of pure SOI. Therefore, the small-

amount and damageless decoration of nanoparticles onto

graphene is crucial.

On the other hand, heavy adatom (nanoparticle) decora-

tion theoretically leads to SOIs in graphene, preserving the

sp2 bond character of graphene and mediating diverse SOIs

through electron tunneling onto and off the adatom p,d,f-
orbitals, depending on the position of the adatoms on the

hexagonal carbon lattice of graphene. There is much theoret-

ical literature for this. For instance, a SOI energy (ESO) of

�40 meV for a concentration of �0.1 lead (Pb) adatom/

carbon of graphene was theoretically predicted with a depen-

dence on the adatom density and position.17 An ESO value

>200 meV with a robust 2D TI state was even predicted for

5dxz, yz-adatom [e.g., osmium (Os)] decorated graphene with

coverage as small as 1% due to hybridization of the partially

filled d-orbital SOI impurity bands with the Dirac state of

graphene.18 Random and small-amount decoration (coverage

� 10%) can even stabilize topological phases.23 Moreover,

the decoration of graphene by a small amount of nanopar-

ticles can maintain ballistic electron transport, resulting in

room-temperature detection of spin current. Although these

features are advantageous, the predicted large ESO has not

been obtained experimentally. In this study, we reveal how

Pt or Bi2Te3 nanoparticles, which have large SOIs but also

3D TI states for the latter, introduce large SOIs into graphene

by small-amount and damageless random decoration devel-

oped using an innovative nanoneedle method.

In the present experiments, Pt or Bi2Te3 nanoparticles

with diameters of 3–50 nm (Sigma Aldrich, Inc.) are deco-

rated onto chemical vapor deposition (CVD)-grown mono-

layer graphene surfaces formed into a multiple Hall bar

shape {Figs. 1(a) and 1(b); area for [width(w)¼ 2 lm]

� [length(L)¼ 5 lm]}. The high quality of the monolayera)Author to whom correspondence should be addressed: J-haru@ee.aoyama.ac.jp
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graphene has been confirmed by Raman spectra and X-ray

photoelectron spectroscopy (XPS).

For this experiment, we develop a specific tool, the

so-called nanoneedle method [inset of Fig. 1(c); Saito

Medical Instruments, Inc.], to complete the clean and dam-

ageless decoration of a graphene surface with nanoparticles.

Before decoration, an acetone solution containing the nano-

particles is ultrasonicated for 24 h in order to reform the

nanoparticles to a smaller diameter. Dropping an acetone

droplet from the narrow top of the needle, which has an inner

pore diameter of �50 lm, makes it possible to control the

small particle density (D) on the narrow graphene surface

formed in the multiple Hall bar pattern. Examples of con-

trolled random nanoparticle-decoration with three different

values of D are shown in Figs. 1(c)–1(e) for D� 4/1002 nm2

(coverage � 3%), D� 10/1002 nm2 (coverage� 8%), and

D� 23/1002 nm2 (coverage� 20%), respectively. The typi-

cal D used for the present nanoparticle decoration of the

graphene Hall bar corresponds to (d). After the decoration,

the samples are annealed at 400 �C for 10 min under a high

vacuum to activate the chemical combination of the nanopar-

ticles with the carbon atoms of graphene, inducing damage-

less and contaminationless decoration.

Typical XPS spectra of this sample also demonstrated

small peaks arising from Bi–C coupling (�282 eV), Bi4f5/2

and Te3d5/2 orbitals in isolated Bi and Te (i.e., without oxidiza-

tion) (�163 eV and 572 eV), and Te–C coupling (�574 eV).

These suggest that a tunneling current can be caused through

the d, f-orbitals of the nanoparticles coupled with the graphene

Dirac state, as mentioned above.17,18 Such small peaks for

Bi–C and Te–C coupling could not be observed in samples

fabricated by other decoration methods (e.g., sputtering and

evaporation), which damage and contaminate the graphene

surface. It suggests that the nanoneedle method in our experi-

ments can effectively decorate graphene with adatoms with

little disturbance.

Figure 2 shows the room-temperature measurement

results of the non-local resistance (RNL) of graphene decorated

with Pt-nanoparticles (D� 10/1002 nm2 for coverage �8%),

measured for the pattern in Fig. 1 with the back gate electrode

consisting of Au/Ti. Ohmic resistances have been subtracted.

Figure 2(a) plots RNL as a function of the back gate voltage

(Vbg) for electrode pair 2–7 (R27), which is located at the clos-

est position to the constant current flow I18. Compared with

the RNL peak in bare graphene without Pt particles (Rbare), the

RNL peak becomes much larger after particle decoration. The

peak amplitude is larger than those in previous reports for

nanoparticle-decorated graphene. Figure 2(b) exhibits the

dependence of the RNL vs. Vbg relationship on the distance (L)

between electrode pair 1–2 and the electrode pairs used to

observe RNL. As L increases, the height of the RNL peak also

quickly decreases. The relationship is clearly evident in Fig.

2(c). The RNL peak height exponentially decays with increas-

ing L. It is well fitted by the following diffusion equation [the

dotted line in Fig. 2(b)]:11

RNL ¼
1

2
c2q

w

ks
e�L=ks ; (1)

where kS, defined as kS (¼kSO
2/w), is the spin relaxation

length (kSO is the SO relaxation length) and c and q are the

spin Hall angle and the resistivity of the sample, respec-

tively. Using a fixed w¼ 2 lm, the best fit provides c� 0.4

and kS� 0.8 lm. These values suggest the presence of a

much stronger SOI [spin Hall effect (SHE)] compared with

previous reports for nanoparticle-decorated graphene. The c
value is larger than that in Pt thin films (e.g., �0.37). The

Ohmic contribution is negligible when L > kS� 0.8 lm (i.e.,

in the present case). Indeed, it can be estimated to be as small

as e�pks/w � e�58 using kS� 0.8 lm and w¼ 2 lm.24 The L
and w dependences of RNL in much smaller regions (i.e., L,

w� 1 lm) could not be measured because the precise con-

trol of the same small D values could not be obtained in

these regions, even when using nanoneedles.

FIG. 1. (a) and (b) SEM and schematic top views of graphene formed into a

multiple Hall bar pattern used for non-local resistance (RNL) measurements.

(c)–(e) AFM images of the Bi2Te3 nanoparticle decorated on graphene using

a nanoneedle method [inset of (c)] with three different densities (D): (c)–(e)

for D� 4/1002 nm2 (coverage �3%), D� 10/1002 nm2 (coverage �8%),

and D� 23/1002 nm2 (coverage �20%), respectively. White dotted lines of

top views (upper panels) correspond to the positions measured for cross-

sectional views (lower panels).

FIG. 2. (a) Non-local resistance (RNL) vs. back gate voltage (Vbg) measured

in Pt-nanoparticle-decorated graphene (D� 10/1002 nm2), using a constant

current flow at electrode pair 1–8 (I18) and RNL electrode pair 2–7 (R27) in

the pattern shown in Fig. 1(b). Ohmic resistances have been subtracted. (b)

and (c) Distance (L) dependence of RNL, using R27, 36, 45 in the pattern

shown in Fig. 1(b). L is the distance between the I18 electrode pair and the

individual RNL pair. (d) In-plane B (B//) dependence of the RNL peak of (a).

Dashed lines in (c) and (d) are the best fits by Eqs. (1) and (2), respectively.

For (d), different fitting parameters are used for þB// and –B// regions.
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To reconfirm SOIs, Larmor spin precession (the Hanle

effect) is measured by applying an in-plane magnetic field

(B//) at low temperature (T¼ 1.5 K) [Fig. 2(d)]. RNL exhibits

two different oscillatory behaviors as B// changes. The oscil-

latory behavior observed around B//¼ 0 is much sharper than

those in previous reports for nanoparticle-decorated gra-

phene, while the moderate oscillatory behavior with an

asymmetric property for 6B// regions is observed at high B//

(i.e., 0�B// � 63). In a region of much higher B//, the oscil-

latory behavior disappears. The sharp oscillatory behavior is

strong evidence for the presence of SOIs because only SHE

can lead to such a behavior. The RNL vs. B// curve can be

fitted by the following equation through all the B// region:11

RNL ¼
1

2
c2qwRe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ixBss

p
=ks

� �
e�

ffiffiffiffiffiffiffiffiffiffiffiffi
1þixBss

p
=ksð ÞL

h i
; (2)

where xB¼CB// is the Larmor frequency with C, which is

the gyromagnetic ratio for electrons. The best fit to the curve

for 0�B// �þ3 gives c� 0.4, kS� 0.9 lm, and ss� 18 ps

and for 0�B// ��3 gives c� 0.38, kS� 1.2 lm, and ss� 16

ps (blue dashed line), when different fitting parameters are

employed for 6B// regions which show the strong asymme-

try. These values are almost consistent with the values

obtained from Fig. 2(d) and, hence, support the presence of

strong SOIs, particularly around B//¼ 0. Although the B//

dependence was measured only at T¼ 1.5 K in the present

work, it is expected that the strong SHE observed at

T¼ 300 K should lead to the appearance of this Hanle effect

(oscillatory RNL behavior) even up to T¼ 300 K.

When the Elliott–Yafet (EF) mechanism, which is a

dominant factor for spin relaxation in conventional graphene,

is assumed, ESO is given by ss¼ (eF/ESO)2sp, where eF is the

Fermi energy and sp is the momentum relaxation time. ESO

is estimated to be �20 meV, using ss� 16 ps mentioned

above and eF at n¼�3� 1012 cm2 of our samples. On the

other hand, the D’yakonov–Perel’ mechanism has been

experimentally reported only in some graphene (e.g., with a

heavy substrate like tungsten). Because the present graphene

is decorated with very small D and without damage or con-

tamination, the EF mechanism should be appropriate.

Indeed, the EF mechanism has been previously reported in

small-D-hydrogenated graphene2 and heavy-nanoparticle-

decorated graphene.11

Figure 3 demonstrates the room-temperature observation

of the RNL peaks for graphene decorated with Bi2Te3 nanopar-

ticles (D for coverage �8%). Figures 3(a) and 3(b) confirm

the large RNL peaks, which quickly reduce with increasing L.

The best fit to Fig. 3(b) using Eq. (1) gives c� 0.45 and

kS� 0.75 lm, which suggest the presence of SOI stronger than

that in Pt-particle-decorated graphene.

Figure 3(c) shows the B-dependence of the R27 peak of

Fig. 3(a). The oscillatory behavior observed around B//¼ 0 is

much sharper than that in Fig. 2(d), while the moderate oscil-

latory behavior is observed in the high B// region. The best fit

through all B// regions using Eq. (2) suggests stronger SOI

and Larmor spin precession with c� 0.48, kS� 0.9 lm, and

ss� 18 ps for 0�B// �þ3 and c� 0.47, kS� 0.7 lm, and

ss� 13 ps for 0 � B// ��3, when different fitting parame-

ters are used for 6B// regions (blue dashed line). ESO is also

estimated to be �30 meV from these parameters, while the

data fit to only the sharp curve around B//¼ 0 gives much

larger Eso (e.g., maximum �50 meV). In contrast, RNL does

not exhibit any oscillatory behavior under out-of-plane B
(B?). These findings also support the presence of SOIs in

Bi2Te3-nanoparticle-decorated graphene. As the temperature

increases, this sharp RNL peak is reduced, while it still

remains even at T¼ 20 K [Fig. 3(d)].

Scanning tunneling spectroscopy (STS) spectra recon-

firm the observed ESO value. Figure 4(a) shows an STS spec-

trum of graphene decorated with Bi2Te3 nanoparticles (D for

coverage �8%). An evident gap of �20 meV is confirmed

close to the nanoparticle, while no evident gap is confirmed

away from the nanoparticle. This is almost consistent with

the observation and analysis mentioned above.

Figure 4(b) demonstrates RNL peak values as a function

of D for Pt and Bi2Te3. RNL peak values for both cases

monotonically increase in regions below D� 10/1002 nm2 as

D increases. On the other hand, above D� 10/1002 nm2, the

increase ratio is reduced (i.e., saturate or provide a lower

slope value).

We discuss the origins for the observed large SOI

[(inverse) SHE, c]. XPS observation confirmed that the 3d,4
f-orbitals of the Bi2Te3 nanoparticles have been hybridized

with the graphene Dirac state. Some models based on such p,
d, and f orbital hybridizations have been proposed in

adatom-decorated graphene, as mentioned above.17–20,22,23

The electron tunneling between two carbon atoms via the p,
d, and f orbitals of the adatoms opens up additional channels

for hopping in graphene. The SO coupling between the orbi-

tals of the adatom induces either intrinsic SOI (by conserving

the spin) or Rashba-like SOI (by flipping the spin) through

the tunneling channels, depending on the size, chemical con-

dition, and position of the adatoms.

Here, large c values (e.g., �0.2–0.5) are reported, and

the mechanisms are discussed in lightly hydrogenated

FIG. 3. (a) Non-local resistance (R27 and R36) vs. Vbg measured in a Bi2Te3-

nanoparticle-decorated graphene (D� 10/1002 nm2), using the pattern shown

in Fig. 1(b). Ohmic resistances have been subtracted. Green dotted lines cor-

respond to RNL¼ h/4ne2 for n¼ 1 and 2. (b) Distance dependence of RNL and

Rohm, using R27, 36, 45 in the pattern shown in Fig. 1(b). (c) In- and out-

of-plane B (B// and B?) dependences of the R27 peak of (a). Dashed lines in

(b) and (c) are the best fits by Eqs. (1) and (2), respectively. For (c), different

fitting parameters are used for þB// and –B// regions. (d) Temperature depen-

dence of the B//-derived R27 peak in (c).
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graphene,2 heavy-nanoparticle-decorated graphene,11–13and

graphene/Pt wire,14–16 as follows: e.g., (1) the strong Fermi-

energy dependence of the density of states and its sharp sen-

sitivity to adsorbed nanoparticles (i.e., SOI enhances the

SHE via skew scattering of charge carriers in the resonant

regime), (2) the efficient spin injection into graphene in com-

bination with shunting-current suppression, and (3) hybridi-

zation of the partially filled d-orbital impurity bands of the

adatoms with the Dirac state of graphene. In contrast, the

present c values (SOI) are even larger than these values.

One of the differences from previous experiments is the low-

damage and low-contamination decoration of graphene with

Bi2Te3 nanoparticles realized by our nanoneedle method.

This might be associated with the origins for the observed

large c because the robust chemical bonds derived from

them induce strong tunneling current between the nanopar-

ticles and graphene. Indeed, confirmation of the clear chemi-

cal bonds has merely been reported in XPS in other previous

reports. Moreover, they have not been confirmed in graphene

decorated with nanoparticles by other methods (e.g., sputter-

ing and evaporation), which risks the possibility of causing

more damage and contamination to the graphene surface

than in our experiments. On the other hand, the best data fit

as mentioned above (e.g., in L dependence) may be overesti-

mated because the w dependence could not be measured due

to the difficulty over the precise control of the same small D
for w� 1 lm.

In contrast to the advantages for the introduction of a

large SOI, at least the following three demerits can be con-

sidered due to the nanoparticle decoration, particularly with

large D values: (1) spin absorption effect,16,21 (2) spin-phase

interference or dephasing,3 and (3) intervalley scattering. For

(1), for example, CuBi wires placed on the Cu channel

between the two Py contacts absorbed pure spins injected

from the Py electrode, depending on the Bi concentration. In

(2), metallic particles can cause interference of phases of the

electron spin waves or their dephasing, leading to fluctua-

tions in the device resistance. However, these disadvantages

are not dominant for the present small coverage ratio (�8%)

within a random position. Indeed, RNL peak values show lin-

ear relationships at D 	 �10/1002 nm2 (�8%) in Fig. 4(b),

while the increase ratio is reduced at D � 10/1002 nm2, sug-

gesting the appearance of the parasitic effects as mentioned

above. Small D leads to stable SOI by avoiding such para-

sitic effects.18,23

The logarithmic temperature dependence of non-local

conductance (GNL) dip values of Bi2Te3-nanoparticle-deco-

rated graphene is shown for two typical samples within these

two different D regimes in Fig. 4(c). In the low-D regime

(�8%), GNL is almost independent of the temperature, while

it shows a linear decrease with decreasing temperature and

saturation at low temperature (<10 K) in the high-D regime

(��8%). The latter can be understood by weak localization

(WL) arising from the constructive electron–wave phase

interference in a diffusive charge transport regime.2 In WL,

the constructive phase interface of two electron waves (i.e.,

interference by the same phases) occurs at the electron injec-

tion point of the sample, and thus, the electron localizes

around there, resulting in a resistance maximum. In Fig. 4(c),

the linear region existing at high temperatures means dephas-

ing of this phase interference due to the electron–electron

interaction with increasing temperature. In contrast, the

saturation regime at low temperature suggests the appear-

ance of conductance which is independent of a temperature

change, such as spin scattering by magnetic impurities.

When magnetic impurities are absent, this saturation region

can be attributed to SOI scattering. Thus, the high critical

temperature (�10 K) between the linear and saturation

regions implies the presence of either strong spin or SOI

scattering. This suggests that the RNL peaks observed in the

high-D region are not due to pure SOI, while the weak tem-

perature dependence, which is consistent with the absence

of the negative magnetoresistance for B? in Fig. 3(c), sug-

gests that those in the low-D region can be attributed to pure

SOI. These demonstrate an example where the above-

mentioned disadvantages become dominant only in high-D
regions or under great damage to graphene.

In conclusion, we controlled small-amount (coverage

ratios < 8%) random decoration of heavy nanoparticles (Pt

or Bi2Te3) onto monolayer graphene by developing an origi-

nal nanoneedle method. XPS spectra suggested little damage

and low contamination on the graphene surface, leading to

the emergence of the coupling orbitals for Bi–C and Te–C.

In the samples, we observed D-dependent RNL peaks at room

temperature, which suggested the presence of SOI energies

(�30 meV) which were estimated from the data fits and

(inverse) SHE. This value, supported by STS, was larger

than those in previous reports. The present nanoneedle

method and the observed large SOI are highly expected to

yield topological phases of graphene, when a much smaller

sample size is employed and decoration methods for much

smaller D are improved further to yield a robust helical edge

spin mode.25

The authors thank Y. Shimazaki, T. Yamamoto, S.

Tarucha, S. Murakami, T. Enoki, T. Ando, J. Alicea, R. Wu,

FIG. 4. (a) Typical STS spectra of Bi2Te3-nanoparticle-decorated graphene

(D� 10/1002 nm2) at T¼ 400 mK and Vbg¼ 8 V, taken around a Bi2Te3

nanoparticle (within a few 10 nm) and �3 lm away from the nanoparticle.

(b) RNL peak values as a function of D for Pt (blue plot for L¼ 1 lm) and

Bi2Te3 (red and green plots for L¼ 1 lm and 2 lm, respectively). Dotted

lines are just a guide to the eye. (c) Logarithmic temperature dependence of

non-local conductance (GNL) dip values for typical two Bi2Te3-nanoparti-

cle-decorated graphenes within two different D regimes.
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