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We propose a multiterminal nanostructure for electrical de tection of the quantum spin Hall e ect
(QSHE) consisting of a ferromagnetic region with precessing magnetization which pumps pure spin
current into adjacent topological insulators realized as g raphene nanoribbons with intrinsic spin-orbit
coupling. In the reference frame rotating with magnetizati on, the device is mapped onto a DC circuit
with twice as many terminals whose e ectively half-metalli ¢ ferromagnetic electrodes are biased by
the frequency ~!=e of the microwave radiation driving the magnetization prece ssion. In the QSHE
regime, the device blocks longitudinal pumped spin current while generating DC transverse charge
currents, albeit non-quantized. We also image spatial pro les of spin and charge currents through
helical edge states of the topological insulators embeddedwithin this inhomogeneous nanostructure.
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Introduction .|The theoretical predictions [1, /2, |3]/for
QSHE have recently attracted considerable attention. In
the conventional SHE [4], which manifests in multitermi-
nal devices|[5] as pure spin currentTSZ in the transverse
electrodes driven by longitudinal unpolarized charge cur-
rent in the presence of intrinsic (due to band structure)
or extrinsic (due to impurities) spin-orbit (SO) couplings,
the spin Hall conductance Gsy = ITSZ =V (V is the bias
voltage between longitudinal electrodes) can acquire any
value [4,/5]. ConverselyGsy =2 e= becomes quan-
tized in four-terminal devices that exhibit QSHE [L].

The QSHE introduces an example of a new quan-
tum state of matter|the so-called topological insulator
(TN [6) 7| 8]|which is a band insulator with a usual
energy gap in the bulk, but which also accommodates
gaplessspin-polarized quantum states con ned around
the sample edges. Unlike closely related quantum Hall
insulators, where the bulk energy gap and edge states
appear due to an external magnetic eld, Tls are time-
reversal invariant systems where the intrinsic SO cou-
pling opens a bulk gap while generating the Kramers'
doublet of edge states forcing electrons of opposite spin
to ow in opposite directions along the edges of the sam-
ple. Since time-reversal invariance ensures the crossing
of the energy levels of peculiar chiral and spin- Itered (or
\helical"[2, 3]) edge states at special points in the Bril-
louin zone, the spectrum of a Tl cannot be adiabatically
deformed into topologically trivial insulator without suc h
states [6,.7, 8].

The very recent experiment [9] on HgTe quantum wells
con rms some of the anticipated signatures|[2] of QSHE
in line with transport taking place through helical edge
states, such as: reduction of the two-terminal charge con-
ductance; its independence on the sample width; and
sensitivity to an external magnetic eld that destroys TI
phase. Nevertheless, this is still perceived as amdirect
and incomplete detection because it did not con rm that
conducting electrons along the edge were spin-polarized.

FIG. 1: (Color online). (a) The proposed nanodevice consists
of a middle ferromagnetic island with precessing magnetiza-
tion which pumps pure spin currents toward the left and the
right graphene nanoribbons whose intrinsic SO coupling con-
verts them into a topological insulator. In the rotating fra me
in which magnetization is static, device (a) is mapped onto a
four-terminal DC circuit in panel (b), whose e ectively hal f-
metallic ferromagnetic electrodes have electrochemical poten-
tial shifted by  ~!=2 with respect to the Fermi level E¢ of
unbiased normal metal electrodes in the lab frame.

Undoubtedly, the most convincing evidence for QSHE
would be to measure quantizedGsy, as the counter-
part of quantized charge Hall conductance in the inte-
ger QHE. However, this is quite di cult since pure spin
currents |4, 5] typically have to be converted into some
electrical signal to be observed [10, 11]Thus, the key is-
sue for unambiguous QSHE detection, as well as for the
de nition of what constitutes direct experimental mani-
festation of two-dimensional Tls [&], is to design devices
where charge quantities can be measured that correspond
to quantizedGsy. The recent experiments|[10, 11] on the
inverse SHE|where injection of pure spin current into
a device with SO couplings leads to de ection of both
spins in the same direction and corresponding Hall volt-
age between lateral sample boundaries or charge current
in the transverse electrodes|provide guidance for QSHE


http://arxiv.org/abs/0904.2192v2

probing via all-electrical measurements. The devices con-
structed for these experiments are very exible and allow
for multifarious convincing probes of SHE physics [11].
One of these experiments [10] has injected pure spin
current, generated by spin pumping from a ferromagnetic
(FM) layer with precessing magnetization driven by RF
radiation at the ferromagnetic resonance (FMR) condi-
tions, into a metal with SO couplings to observe the Hall
voltage. Here we propose analogous spin pumping-based
nanostructure, illustrated in Fig. 1(a), where a FM island
with precessing magnetizationpumps in the absence of
any applied bias voltage, pure spin current into two ad-
jacent graphene nanoribbons (GNR) with intrinsic SO
coupling that act as a Tl [1, 6]. This setup has an ad-
vantage over other possible sources of pure spin current
because it evades the conductivity mismatch [4] between
metallic injector and Tls that would play a detrimental
role when spin injection is driven by a bias voltage [11].
The three-layer central sample is attached to two metallic
electrodes, and we also analyze six-terminal setups where
additional four transverse electrodes, two per each GNR
region, cover a portion of their top and bottom edges.
The nonequilibrium Green function (NEGF) picture
of pumping [12, 13], which was utilized [12] to explain
very recent experiments [14] on spin pumping into band
insulator within magnetic tunnel junctions, converts the
complicated time-dependent problem posed by the device
in Fig. 1(a) into a four-terminal DC circuit in Fig. 1(b)
in the rotating reference frame. Within this framework,
we obtain the following principal results: (i) in the two-
terminal device in Fig. 1(a), pumping generates both spin
and chargelocal currents inside the TI, but only total
spin current is non-zero (Figs. 2 and 3); {i) in the corre-
sponding six-terminal device, pumped total spin current
vanishes in the longitudinal leads, while non-zero charge
currents |, emerge in the four transverse electrodes as
the manifestations of inverse QSHE (Fig. 4). The charge
conductancesGrt = el,=~! , however, are not quantized.
NEGF approach to spin pumping in multiterminal
QSH nanostructures|The central GNR jFMjGNR re-
gion of the nanostructure in Fig. 1 can be described by
the e ective single -orbital tight-binding Hamiltonian
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where d = (%.;¢,) are electron creation operators and
" is the vector of the Pauli matrices. For simplicity, the
usual (spin-independent) nearest-neighbor hopping is as
sumedtobethesamegy = = gnr = forthe square
lattice 4 of FM island and the semi-in nite leads, as well
as for the hopping . that couples di erent regions of the
device. On the honeycomb lattice, gnr ' 2:7 €V can

reproduce ab initio computed band structure very close
to the charge neutral Dirac point (Ef = 0) [15]. The
coupling of itinerant electrons to collective magnetic dy-
namics is described through the material-dependent ex-
change potential ;, which is non-zero only in the FM
island. The on-site potential "; can accommodate disor-
der [16, 17], external electric eld, or band bottom align-
ment. The Hamiltonian (1) is time-dependent since the
spatially uniform unit vector m (t) along the local magne-
tization direction is precessing steadily around thez-axis
with a constant cone angle and frequencyf = 2!
The central GNRjFMjGNR region is attached to two or
six semi-in nite ideal (spin and charge interaction free)
electrodes, modeled on the same square lattice as the FM
island, which terminate in macroscopic reservoirs held at
the same electrochemical potential , = Ef.

The third sum in Eq. (1) introduces the intrinsic SO
coupling, compatible with the symmetries of the hon-
eycomb IaHti_ce, which is responsible for the band gap

so = 6 3 so [1]. It acts as spin-dependent next-
nearest neighbor hopping wherei and j are two next-
nearest neighbor sites, k is the only common near-
est neighbor ofi and j, and dy is a vector pointing
from k to i. Among several proposals for QSHE [9],
graphene with so 6 0 stands out as a paradigmatic
model employed to introduce QSHE phenomenology [1],
Z, classi cation of Tls [6], and manifestations of QSHE
in realistic multiterminal devices [16, 17], as well as
to analyze disorder [7, 16, 17] and interaction [7, 18]
eects on Tls. However, recent scrutiny nding mi-
nuscule so' 1 V through density functional theory
(DFT) calculations [19] would push the requirement
ke T so for the observation of QSHE toward unre-
alistically low temperatures T 10 ? K. Nevertheless,
these calculations are not fully rst-principles and all-
electron|a direct all-electron (no pseudopotential) DFT
approach [20] has estimated so ' 0:6 K, which makes
the device in Fig. 1 experimentally realizable.

We select the following device parameters in the anal-
ysis and Figures below: so = 0:03, = 0 5,
Er =10 8 ,f =2 GHz and =10 . The units used
to measure the device size areN;-ZGNR is composed
OLNZ zigzag chains so that its average width isW =
a 3(N; 1)=2 (a=2:46Ais the lattice spacing of the
honeycomb lattice); dgnr IS the number of atoms along
the zigzag chain de ning its length L = (deng 1)a=2;
and dry is the length of the FM island.

While widely-used scattering theory [21] of spin pump-
ing by FMjnormal-metal (FMjNM) interface, combined
with the spin di usion equations, cannot handle nanos-
tructures containing insulators of band (due to spin ac-
cumulation not being well-de ned in them) or topologi-
cal type (due to necessity to take into account details of
one-dimensional transport through helical edge states),
the NEGF approach to spin pumping [12, 13] can de-
scribe both cases by taking the microscopic Hamilto-
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FIG. 2: (Color online). Spatial prole of nearest-neighbor
and next-nearest-neighbor bond spin currents (darker arrow
means larger current) pumped from the middle FM region of
length dem = 11 into the left and right 8-ZGNRs of length
denr = 11 with: (@) zero or (b) non-zero intrinsic SO cou-
pling. (c) Spatial pro le of bond charge currents correspon d-
ing to (b). Right panels show bond current distribution over
a selected transverse cross section (red twisty line).

nian (1) as an input. The unitary transformation of
Eq. (1) via O = €' "2*=2 [for m(t) precessing counter-
clockwise] leads to a time-independent Hamiltonian in
the rotating frame [12, 13]:

Bror = OFp ()0 i~0é@py: B @) =1 (2)

~!
2
The Zeeman term~! ~,=2, which emerges uniformly in
the sample and the NM electrodes, will spin-split the
bands of the NM electrodes, thereby providing a rotat-
ing frame picture of pumping based on the four-terminal
DC device in Fig. 1(b). This term breaks time-reversal
invariance (while conserving spinS; [16]), but for typ-
ical FMR frequencies [14] of the order off 1 GHz,
it is smaller than 5o ' 50 V [20]. In the equivalent
DC device, spin-resolved charge currents ow between its
electrodes that can emit or absorb only one spin species
while being biased by the voltage~!=e

The basic transport quantity for the DC circuit in
Fig. 1(b) is the spin-resolved bond charge current [5, 22]
carrying spin- electrons from sitei to site j

Z,

e < <
i =4 dE[j Gy (BE) Gy (B): (3
This is expressed in terms of the lesser Green function
in the rotating frame G< (E) [12, 13]. Unlike G< (t;t9 in
the lab frame, G depends on only one time variable =

t t9(or energy E after the time dierence is Fourier
transformed [5]). This yields spin JijS = (~=2¢)(J; J§‘)
and chargeJ; = Ji'j' + Jif bond currents owing between

Y. m)

FIG. 3: (Color online). Total spin current 152 = JSZ

at each transverse cross section of the nanodevice |n Flg 2
obtained by summing all bond spin currents shown in the

right panel of Figs. 2(a) and 2(b). Inset shows |5 for a
longer device of the same width N, = 8.

nearest neighbor or next-nearest neighbor sitesand j if
they are connected by hopping j 6 0.

Local and total currents in two-terminal QSH
nanostructures.|The spatial imaging of local spin cur-
rents has played an important role in understanding the
intricacies of how QSHE [22] or mesoscopic SHE [5]
due to intrinsic SO couplings manifest in experimen-
tally accessible muliterminal devices. In Fig. 2(a), we
rst establish a reference local-current-picture of pump-
ing for GNRjFMjGNR device with no SO coupling in
the GNR regions where transport is governed [23] by
the edge states induced by zigzag topology [3, 18]. The
non-zero SO coupling in Eq. (1) forces these strongly-
localized states [3, 23] to become spin- ltered and to ac-
quire a linear dispersion aroundky = crossing the band
gap [1, 18] (SO coupling additionally suppresses their un-
screened Coulomb interaction [18]). Using the picture of
such helical edge states within GNR regions of the DC
device in Fig. 1(b), whose spin and chirality is illustrated
in Fig. 2(b), we can follow a possible Feynman path of
electrons in Fig. 2. For example, a spin# electron from
L; # electrode at higher » ows along the top left edge;
precesses through FM island (because it is not an eigen-
state of ~ term in Iqrot); enters with some probability
into spin-" edge state on the bottom right edge; and it
is collected by R;" electrode which is at a lower elec-
trochemical potential The spin# electron injected
by R;# lead would retrace the same path on the way to
L; ". Nevertheless, due to backscattering at GNRFM
interfaces localized currents inside Tl appear also at the
bottom left and top right edges enabled by current paths
in Fig. 2 along such interfaces.

Figure 3 plots the total spin current along the device,
which is obtained by summing local nearest-neighbor and
next-nearest-neighbor bond currents at each transverse
cross section in Fig. 2. Although non-zero locally, the to-
tal charge current through any cross section in Fig. 2(c),
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FIG. 4: (Color online). (a) Spin Hall conductance Gsy =

172=V of a voltage biased Vi V> = V (V, = 0, p=3{6)
GNRjFMjGNR device (inset labels its six terminals). For
unbiased (Vp = 0) device with FM magnetization precessing
with frequency ~! 8:3 V, panel (b) plots longitudinal spin
conductance Gs. = eI2SZ =~! and (c) plots transverse charge
conductance Gt = els=~! wherel, ls within  so gap.

including the left and right electrodes, remains zero.
Since typical spin-relaxation lengths are much longer
than the length scale ~vg = over which pumping de-
velops [21], we assume clean FM island throughout which
non-conserved spin currents emerge. The magnitude of
spin current pumped into GNRs is set around the FMTI
interface [12], and it is enhanced by the presence of helical
edge states (for so= 0:1), contrary to nasve expecta-
tions that FM jTI interface would be less transparent.

Total currents in six-terminal QSH nanostructures. |
To obtain sharp conductance steps in quantum transport
calculations of the integer QHE in realistic (e.g., consist
ing of  10° carbon atoms [24]) six-terminal mesoscopic
all-graphene Hall bars requires to avoid re ection at the
leadjsample interface by using magnetic eld both in the
sample and in the semi-in nite leads, as well as by em-
ploying high quality contacts [24]. Thus, it surprising
that perfectly quantized Gsy was obtained in Ref. [16] for
a four-terminal QSH bridge where SO coupling is present
only in the sample and whose metallic leads have propa-
gating modes that couple poorly to evanescent and prop-
agating modes in GNR for a chosen square lattice model,
while the corresponding contacts act as e ective disorder
by introducing mode mixing [15]. We extend ndings
of Ref. [16] for special GNR aspect ratios l; = 4n,
denk =8n+1, n 2 N) and leads attached to a segment
of the GNR edge, to conrm that Gsy =2 e=4 can be
obtained in any su ciently wide and long four-terminal
GNR (such asN; & 44 and dgng & 85), even when
square lattice leads cover the whole GNR edge.

4

In order to generate non-zero total charge current re-
sponse of a two-dimensional Tl, we attach additional four
electrodes (Fig. 4) at the top and bottom edges of the de-
vice in Fig. 1(a) of length dgng = 65jdem = 32jdenr =
65 and width N, = 32. The transverse (covering 10 edge
carbon atoms) and longitudinal square lattice electrodes
in Figs. 1 and 2 are selected to be \lattice-matched" (i.e.,
lattice constant is the same as carbon-carbon distance in
GNR) to reduces detrimental e ects of the contacts [15].
Such six-terminal bridge, when biased by the voltage dif-

ferenceV; V. = V, exhibits quantized Gsy shown in
Fig. 4(a). Since~! Er, we can usef #(E) " (E)
~I (E Eg) at low temperatures for the di erence of

the Fermi functions present [12] in Eq. (3). This \adia-
batic approximation" [13] is analogous to linear response
calculations for biased devices, allowing us to de ne the
longitudinal spin conductance Gg. = elzs’z =~1 and trans-
verse charge conductanc&t = els=~! . In the same un-
biased deviceV, = 0, Fig. 4(b) shows that Gs_ vanishes
when E¢ is within the SO gap, while non-zero charge
Hall currents (characterized by l4, = lgandlz = 1s)
emerge in transverse electrodes so thabt = ely=! 60
in Fig. 4(c). However, we nd that Gt = ely=~! is non-
guantized for both square lattice and graphene (covering
the whole GNR edge and with the same so as in the
central GNRs [1]) transverse leads.

Conclusions|Using the rotating frame mapping of
time-dependent spin pumping to a multiterminal DC de-
vice, we describe local and total spin currents pumped
into helical edge states of a topological insulator. In the
regime where the voltage biased six-terminal TJFM|TI
nanodevice exhibits QSHE, the corresponding unbi-
ased device with precessing FM magnetization generates
charge currents in the transverse electrodes, while bring-
ing pumped spin currents in longitudinal electrodes to
zero. Although the transverse charge conductance of
such inverse QSHE is not quantized, these two responses
can be used to probe TlIs viaelectrical measurements.
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