Giant Nonlocality Near the Dirac Point in Graphene
D. A. Abanin, et al.

Science 332, 328 (2011);

DOI: 10.1126/science.1199595

AVAAAS

This copy is for your personal, non-commercial use only.

If you wish to distribute this article to others, you can order high-quality copies for your
colleagues, clients, or customers by clicking here.

Permission to republish or repurpose articles or portions of articles can be obtained by
following the guidelines here.

The following resources related to this article are available online at
www.sciencemag.org (this infomation is current as of April 14, 2011 ):

Updated information and services, including high-resolution figures, can be found in the online
version of this article at:
http://www.sciencemag.org/content/332/6027/328.full.html

Supporting Online Material can be found at:
http://www.sciencemag.org/content/suppl/2011/04/13/332.6027.328.DC1.html

This article cites 22 articles, 1 of which can be accessed free:
http://www.sciencemag.org/content/332/6027/328.full. html#ref-list-1

This article has been cited by 1 articles hosted by HighWire Press; see:
http://www.sciencemag.org/content/332/6027/328.full.html#related-urls

This article appears in the following subject collections:
Physics
http://www.sciencemag.org/cgi/collection/physics

Science (print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by the
American Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. Copyright
2011 by the American Association for the Advancement of Science; all rights reserved. The title Science is a

registered trademark of AAAS.

Downloaded from www.sciencemag.org on April 14, 2011


http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/332/6027/328.full.html
http://www.sciencemag.org/content/332/6027/328.full.html#ref-list-1
http://www.sciencemag.org/content/332/6027/328.full.html#related-urls
http://www.sciencemag.org/cgi/collection/physics
http://www.sciencemag.org/

Giant Nonlocality Near the
Dirac Point in Graphene

D. A. Abanin,™? S. V. Morozov,"® L. A. Ponomarenko,” R. V. Gorbachev,* A. S. Mayorov,*
M. I. Katsnelson, K. Watanabe,” T. Taniguchi,” K. S. Novoselov,* L. S. Levitov,** A. K. Geim™*

Transport measurements have been a powerful tool for discovering electronic phenomena in
graphene. We report nonlocal measurements performed in the Hall bar geometry with voltage
probes far away from the classical path of charge flow. We observed a large nonlocal response
near the Dirac point in fields as low as 0.1 tesla, which persisted up to room temperature. The
nonlocality is consistent with the long-range flavor currents induced by the lifting of spin/valley
degeneracy. The effect is expected to contribute strongly to all magnetotransport phenomena

near the neutrality point.

raphene continues to attract intense in-
Gterest, especially as an electronic system

in which charge carriers are Dirac-like
particles with linear dispersion and zero rest
mass. Transport measurements in graphene have
unveiled a number of unusual phenomena, in-
cluding two new types of the quantum Hall effect
(QHE), minimum metallic conductivity, bipolar
superconductivity, and Klein scattering (/—4). In
a number of experiments, unusual behavior was
found at low temperatures (7) and high magnetic
fields (B) near the so-called Dirac or neutrality
point (NP), where charge carrier density » tends
to zero (5—9). However, the NP is also hardest to
access experimentally because of charge inhomo-
geneity (electron-hole puddles) and limited car-
rier mobilities (i). Furthermore, the fundamental
neutral degrees of freedom in graphene, such as
spin and valley, evade detection by the standard
electrical measurement techniques, even in the
best-quality samples (here the valley degree of
freedom refers to the inequivalence of the pair of
conical valence/conduction bands in the Brillouin
zone, which touch at Dirac points).

In this work, we performed nonlocal mea-
surements, previously used to probe the dynam-
ics of population imbalance for edge modes in
quantum Hall systems (10, 11) as well as spin
diffusion (/2) and magnetization dynamics (/3).
The advantage of nonlocal measurements is that
they allow one to filter out the ohmic contribu-
tion resulting from charge flow and, in doing
so, detect more subtle effects that otherwise can
remain unnoticed (/0—/4). The measurements
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were carried out by using more than 20 devices
of two different types. Type I devices were made
in the conventional way, with graphene placed
on top of an oxidized Si wafer (/-7), hereafter
referred to as GSiO. Type II devices contained
thin crystals of hexagonal boron nitride placed
between graphene and SiO, (/5) (referred to as
GBN). All the devices were made in the Hall
bar geometry by following the microfabrication
procedures described previously (Z, 6, 15-17).
The GSiO devices had mobility u of ~10,000
cm?/Vs, whereas GBN devices showed much
higher p, between 50,000 and 150,000 cm?/Vs
for carrier concentrations n ~ 10" cm™ (17).
Typical charge inhomogeneity 7, estimated from
the rounding of the conductivity minimum was
~10'"" and 10" cm™? for GBN and GSiO devices,
respectively. All of our samples exhibited a qual-
itatively similar nonlocal response; however,
its absolute value was 10 to 100 times larger in
GBN samples. Unless stated explicitly, the re-
sults described below refer equally to both de-
vice types.

Figure 1A shows a representative GSiO de-
vice, used to describe different measurement ge-
ometries. In the standard Hall bar geometry, so
that current /;4 flows between contacts 1 and 4
and voltage V>3 is measured between contacts 2
and 3, the longitudinal resistivity p,, [calculated
as (W/L) % Ry3 14, where L and w are the length
and width of the Hall bar, and R23,14 = V23/114]
shows the standard QHE behavior for monolayer
graphene, with wide regions of zero p,, accom-
panied by well-defined plateaus in Hall resistivity
Py (Fig. 1B and fig. S1).

In the following, we focus on the nonlocal
resistance, Rny.. The measured signal (e.g., R3s 26
in Fig. 1C) cannot be understood in terms of the
classical picture of charge flow. Indeed, a fraction
of applied current /5, which flows sideways and
reaches the remote region between contacts 3 and
5, is exponentially small in the separation L. Using
the van der Pauw formalism (/8), it is straight-
forward to show that the expected Ohm's law
contribution to Ry, behaves as = p,., exp(—nL/w)
for both zero and nonzero B (17). For our de-
vices, L ranged from 3 to 15 um and w between
1 and 2 pm. For a typical L/w = 5, this translates
into minute Ry, <107 ohm. In agreement with
this estimate, Ry (B = 0) was indistinguishable
from zero at our maximum resolution (Fig. 1C).

The situation changes radically in finite B:
Ryp remains zero at zeros of p,.,, but between the
QHE zeros it can reach values of ~1 kilohm, even
in the conventional GSiO devices, and exhibits
the same overall oscillating pattern as p,, (Fig.
1C). Although the pattern always remained the
same, the amplitude of the nonlocal response
varied significantly for different devices. In par-
ticular, Ryr, depended on an exact contact con-
figuration (that is, R3s26 # R3a06), yet with the
Onsager relation Ras 26(B) # Rag 35(B) = Ras 26(—B)
satisfied (fig. S3). Ryy was found to become
smaller with increasing L and in the presence of
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Fig. 1. Local and nonlocal geometries. (A) Electron micrograph (false color) of a GSiO device. The width
w=1pm and length L of the Hall bar are indicated. (B) Longitudinal resistivity p, as a function of carrier
density n in a perpendicular B = 12 T. (C) In the nonlocal geometry, no signal can be detected in zero B
(the red curve is downshifted for clarity and magnified). The magnetic field gives rise to large Ry, shown
for standard-quality devices (GSiO type). To ensure that there was no contribution from inductive coupling
and thermopower, we used both dc and low-frequency ac measurements with typical driving currents / of
1 uA. Ry, was confirmed to be independent of / by varying it over two orders of magnitude.
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extra leads between current and voltage contacts
(fig. S3). The strong sample and contact de-
pendence did not allow us to quantify the spatial
scale involved in the nonlocality, but it can be
estimated as exceeding L (that is, ~10 um) in B >
5 Tand 7< 100 K. To emphasize the importance
of nonlocal transport near the NP, in (/7) we
describe the standard Hall measurements in two
configurations, Rss 4> and Rss 46, Where the same
voltage probes were used and the only difference
was the swap of one of the current leads. In a
classical conductor, this should cause no effect
whatsoever, but in graphene, nonlocal transport
leads to profound differences between the two
supposedly equivalent measurements (fig. S1).
To elucidate the origin of the unexpected
nonlocality at the NP, we studied its 7’and B de-
pendence. The peaks in Ry at filling factors v =
4 and 8 completely disappear above 70 K, simul-
taneously with the disappearance of the zeros in
pxx. Therefore, the nonlocality at v =4 and 8 can
be attributed to the standard QHE edge-state
transport (10, 11). In contrast, the nonlocal signal
at the NP (v =0) is found to be much more robust
(Fig. 2), extending well beyond the QHE regime,
into the regime where even Shubnikov—de Haas

oscillations are completely absent. At 300 K, the
nonlocality remains quite profound, with Ry ~1
kilohm at several tesla and a remnant signal ob-
servable in B << 1 T. This behavior implies that
the nonlocality at the NP occurs via a mechanism
that is different from the QHE edge-state trans-
port (10, 11, 17).

Figure 2C reveals two temperature regimes.
At high 7, Ry decreases slowly with increasing
T, whereas below ~30 K, one can see a rapid
increase in Ryp. The latter correlates with an
increase in p,, for GBN devices and can be
attributed to the onset of an energy gap that opens
at v=0atlow 7 (5, 7, 9, 15). By using the
Corbino geometry, we found that the gap did not
exceed 20 K at 12 T for GSiO (/7). Similar
values were reported by other groups (7, 19). For
certain gapped states, the nonlocality can arise
because of countercirculating edge states (6). To
test this possibility, we carried out nonlocal mea-
surements on devices patterned to have a channel
widening that increased devices’ edge length more
than 10-fold, while L between the current and
voltage contacts remained the same (/7). No sig-
nificant difference in Ry; was observed in such
devices as compared to those with no widening.
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Fig. 2. Nonlocal transport in graphene. (A) Ry, for the GSiO device in Fig. 1 at different T. In high B, the
nonlocality at v = 4 persists up to liquid nitrogen T. The nonlocal signal at the NP is even more robust with
increasing T. (B) Room-T Ry, for a GBN device with i =~ 140,000 cm?/Vs, and with nonlocal voltage
contacts separated from the current path by L = 5 um. The inset magnifies Ry, in small B. Even at 0.1 T,
Ry remains substantial (~10 ohm). GSiO devices exhibit a qualitatively similar behavior but with room-T
values of Ry, ~100 times smaller (7). (C and D) Ry, at the NP as a function of T for several values of B and
as a function of B for several values of T, respectively. The data are for the same GBN device as in (B). The

solid curves in (C) are guides to the eye.
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This and other observations described in (/7)
provide evidence against edge transport and sug-
gest a bulk transport mechanism even in the low-
T gapped state. This conclusion is also consistent
with the insulating behavior found in previous
magnetotransport studies at the NP (5, 7, 9, 15).
The observed sharp increase in Ry at low 7' (Fig.
2C) may indicate that the dominant nonlocality
mechanism changes as the system goes into the
gapped state.

Below we discuss the high-7 regime, where
the gap opening at the NP is irrelevant, because
no nonlocal signal could be detected even at v=4
and 8, despite cyclotron gaps being large (~500 K).
The nonlocality observed at high 7 and low B
calls for a quasiclassical explanation that does not
involve Landau quantization. At the same time,
one has to find a mechanism that naturally ex-
tends into the low-7 regime, where the observed
nonlocality becomes increasingly more profound.
One possible explanation is the flavor Hall effect
(FHE), a bulk mechanism in which nonlocality is
mediated by neutral excitations, such as spin and
valley flavors, and which works in both quasi-
classical and QHE regimes, providing a natural
explanation for our experimental findings (/7).

The basic physics of the FHE is illustrated in
Fig. 3, which for simplicity refers to the case of
spin. The Zeeman splitting shifts the Dirac cones
for opposite spin projections relative to each
other. At the NP, the spin splitting produces a
finite concentration of electrons with spin-up (1)
and holes with spin-down (|) (Fig. 3A). When
electric current is applied, the Lorentz force creates
opposite spin-up and spin-down currents, leading
to a spatial spin imbalance at zero net Hall voltage
at the NP (Fig. 3B). The phenomenology is sim-
ilar to the spin Hall effect (SHE) resulting from
spin-orbit interaction (20—22), yet our SHE effect
relies on the Zeeman splitting induced by B and
occurs in the absence of spin-orbit interaction. In
graphene, the SHE can generate long-range spin
currents, due to slow spin relaxation (2, 23), and
produce a nonlocal voltage at a remote location
via a reverse SHE, as illustrated in Fig. 3B.

Figure 3C plots the modeled SHE behavior
for Ry in GSiO, which captures the main fea-
tures of the experimental data, most important-
ly the peak at the NP in Ryr(n). The model also
predicts maximum value Ryp ~ h/4e?, which
corresponds to a cutoff due to Landau level broad-
ening (/7). Such values are indeed observed in
GBN devices (Fig. 2C). The T and B depen-
dences predicted from the simple model are in
qualitative agreement with the experiment. The
agreement can be further improved by taking
into account valley splitting that can give rise to
neutral valley currents and additional nonlocal-
ity. In particular, the onset of the valley splitting
due to interaction effects (/9) may be respon-
sible for the observed increase in Ry below
30 K. Although our measurements did not probe
flavor currents directly, the indirect evidence
is overwhelming. The nonlocal phenomena
are very rare and, given that we have ruled out
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Fig. 3. SHE in graphene and nonlocal transport mediated by spin diffusion. (A) Zeeman splitting at
charge neutrality produces two pockets filled with electrons and holes having opposite spin. (B) In the
presence of the Lorentz force, / gives rise to transverse spin currents /; and /,. Because the force has
opposite signs for electrons and holes, the net charge current is zero, whereas the net spin current is
nonzero. The resulting imbalance in the up/down spin distribution can reach remote regions and generate

a voltage drop V. (C) Ry, predicted in our model for

the QHE regime (main panel) and the quasiclassical

regime (inset). The best-fit parameters ng = 4 x 10° cm™ and Landau level broadening I" = 200 K are
typical for GBN and GSiO devices, respectively. Ry, grows with decreasing ny and I" (17), which is consistent

with much larger Ry, measured in our GBN devices.

edge-state transport mechanisms, we believe that
the spin/valley Hall effect is the only remaining
explanation for our findings.

The profound nonlocality described here is an
essential attribute of electron transport in graphene.
The nonlocality is consistent with neutral cur-
rents generated by the SHE at high 7" and, pos-
sibly, by the valley Hall effect at liquid-helium 7.
Nonlocal transport, being directly sensitive to
neutral degrees of freedom, provides valuable in-

formation that is inaccessible by conventional
electrical measurements.
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Teleportation of Nonclassical
Wave Packets of Light

Noriyuki Lee,* Hugo Benichi," Yuishi Takeno,*
Elanor Huntington,? Akira Furusawa™*

Shuntaro Takeda,® James Webb,?

We report on the experimental quantum teleportation of strongly nonclassical wave packets of
light. To perform this full quantum operation while preserving and retrieving the fragile
nonclassicality of the input state, we have developed a broadband, zero-dispersion teleportation
apparatus that works in conjunction with time-resolved state preparation equipment. Our approach
brings within experimental reach a whole new set of hybrid protocols involving discrete- and
continuous-variable techniques in quantum information processing for optical sciences.

mation processing (QIP), a communication
protocol called quantum teleportation was
discovered (/) that involves the transportation of
an unknown arbitrary quantum state |y) by means
of entanglement and classical information. Ex-

In the early development of quantum infor-
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perimental realizations of quantum teleportation
(2, 3) and more advanced related operations (4)
in the continuous-variable regime have been
achieved by linear optics methods, although only
for Gaussian states so far. However, at least third-
order nonlinear operations are necessary for build-
ing a universal quantum computer (5)—something
that Gaussian operations and Gaussian states alone
cannot achieve. Photon subtraction techniques
based on discrete-variable technology can pro-
vide useful nonlinearities and are used to gen-
erate Schrodinger’s-cat states and other optical
non-Gaussian states (6). Schrodinger’s-cat states
are of particular interest in this context, as they

have been shown to be a useful resource for fault-
tolerant QIP (7). It is therefore necessary to ex-
tend the continuous-variable technology to the
technology used in the world of non-Gaussian
states.

We have combined these two sets of tech-
nologies, and here we demonstrate such Gaussian
operations on nonclassical non-Gaussian states
by achieving experimental quantum teleportation
of Schrodinger’s-cat states of light. Using the
photon subtraction protocol, we generate quan-
tum states closely approximating Schrodinger’s-cat
states in a manner similar to (§—//). To accom-
modate the required time-resolving photon de-
tection techniques and handle the wave-packet
nature of these optical Schrodinger’s-cat states,
we have developed a hybrid teleporter built with
continuous-wave light yet able to directly operate
in the time domain. For this purpose we con-
structed a time-gated source of Einstein-Podolsky-
Rosen (EPR) correlations as well as a classical
channel with zero phase dispersion (/2). We were
able to bring all the experimental parameters up to
the quantum regime, and we performed successful
quantum teleportation in the sense that both our
input and output states are strongly nonclassical.

A superposition of the quasi-classical coher-
ent state |0) is one of the consensus definitions of
a Schrodinger’s-cat state |cat), typically written
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