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Because of their ultrafast intrinsic dynamics and robust-
ness against stray fields, antiferromagnetic insulators1–3 are 
promising candidates for spintronic components. Therefore, 
long-distance, low-dissipation spin transport and electrical 
manipulation of antiferromagnetic order are key research 
goals in antiferromagnetic spintronics. Here, we report 
experimental evidence of robust spin transport through an 
antiferromagnetic insulator, in our case the gate-controlled 
state that appears in charge-neutral graphene in a magnetic 
field4–6. Utilizing quantum Hall edge states as spin-dependent 
injectors and detectors, we observe large, non-local electri-
cal signals across charge-neutral channels that are up to 
5 μ​m long. The dependence of the signal on magnetic field, 
temperature and filling factor is consistent with spin super-
fluidity1,2,4,7–10 as the spin-transport mechanism. This work 
demonstrates the utility of graphene in the quantum Hall 
regime as a powerful model system for fundamental studies 
in antiferromagnetic spintronics.

Spin currents in magnetic insulators can be carried with dissipa-
tion by magnon quasiparticles11,12, or collectively and without dis-
sipation by spin supercurrents in systems with easy-plane magnetic 
order1,2,4,7–10. Whereas magnon transport is less efficient in an ideal 
antiferromagnetic insulator (AFMI) than in a ferromagnetic insula-
tor, superfluidity is theoretically possible in both cases. Although 
the potential of antiferromagnetic materials1–3 as electrically tunable 
active spintronic components has been recognized13, and impor-
tant progress has been made3,14–17, spin transport through an AFMI 
thicker than ~10 nm has yet to be demonstrated.

In a parallel thread of scientific progress, monolayer graphene 
has emerged as a versatile platform to investigate ordered states of 
matter. In strong magnetic fields, the approximate SU(4) spin-valley 
invariance symmetry is frequently broken, giving rise to gate tun-
able order5,6,18–30. For example, whereas states at Landau level fill-
ing factor ν =​ ±​ 2 do not have broken symmetries and support two 
co-propagating chiral edge channels with opposite spins, states at 
ν =​ ±​ 1 are spontaneously spin-polarized and support a single spin-
polarized chiral edge channel. The ν =​ 0 state of charge-neutral 
graphene, which has no counterpart in traditional GaAs-based 
quantum Hall systems, is particularly interesting: it is a true insula-
tor with no edge states and diverging longitudinal resistance. The 
consensus emerging from experiment is that the ν =​ 0 state is an 
AFMI, with nearly opposite easy-plane spin polarizations on the 
two sublattices of the graphene lattice5,6; the spins are very slightly 

canted out-of-plane due to Zeeman coupling. However, a direct 
demonstration of the antiferromagnetic order has been missing 
prior to the present work.

Because of its gate-tunable magnetic order and extremely weak 
spin–orbit coupling, high-quality graphene in the quantum Hall 
regime has been proposed as an attractive model system for fun-
damental spintronics studies4,31. In this paper, we implement a pre-
vious proposal4, by using the ν =​ 0 state of graphene as the AFMI 
and combining the ν =​ ±​ 2 and ±​ 1 states to realize spin injectors and 
detectors. We detect a large non-local voltage signal, up to 225 μ​V, 
that is transmitted up to 5 μ​m across the AFMI. The signal disap-
pears when the filter regions are tuned away from the ν =​ ±​ 1 state 
that supplies a spin-dependence. Both the magnitude of the non-
local signal and the transport distances are orders of magnitudes 
larger than in oxide-based AFMIs3,14–17, suggesting that a fundamen-
tally different mechanism is at play.

The operating principle and geometry of the device, which con-
sists of a graphene sheet in the xy plane with a series of separately 
contacted top gates, is illustrated in Fig. 1a–c (ref. 4). The central top 
gate Vctg is used to tune the graphene region underneath to ν = 0, at 
which the ground state is an AFMI5,6,18–29. Zeeman coupling to the 
antiferromagnetic order leads to A and B sublattice spins that are 
nearly in the xy plane, but with a slight canting towards the field 
direction. The canting angle θ depends on the ratio of the Zeeman 
energy to the valley-flip isospin anisotropy energy5,6. To the left and 
right of the antiferromagnetic state are the injection and detector 
regions, respectively, each consisting of a top-gated region flanked 
by two ‘bare’ (non-top-gated) regions. During device operation, the 
filling factors of the left (right) top-gated regions are tuned to νinj =​ −​1  
(νdet =​ −​1) at which the ground state is a ferromagnetic quantum 
Hall insulator with a conducting chiral edge channel that is fully 
spin-polarized opposite to the net magnetization direction, and the 
bare regions are tuned to ν =​ −​2, which has a non-magnetic quan-
tum Hall ground state that supports chiral edge channels of both 
spins. (For illustration, the device here is hole-doped so that ν =​ −​2 
and −​1 states are employed; similar behaviour occurs for ν =​ +​ 2 
and +​ 1 in the electron-doped regime.) In the injection region, a 
voltage bias Vbias is applied between the two ‘bare’ regions so as to 
establish a chemical potential difference between the transmitted 
↑​ and reflected ↓​ spin channels. When impinging on the antifer-
romagnetic region, the incident spin current at the left antiferro-
magnetic interface can produce a spin-transfer torque that favours 
the formation of spiral (Néel) spin textures that carry spin current  
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collectively4,7,8,32. In the detector region, this spin current is con-
verted into a spin-polarized charge current via a reciprocal process 
and measured as a non-local voltage Vnl between the two voltage 
probes attached to the two ν =​ −​2 regions.

Because the magnetic states of graphene in the quantum Hall 
regime are susceptible to disorder18, realization of this proposal 
requires fabrication of devices of exceptional quality33. With this 
goal, we have assembled long monolayers encapsulated in hexago-
nal boron nitride (hBN) sheets with three independent top gates  
(Fig. 1b,c). The charge densities of the four bare regions are con-
trolled by the back-gate voltage Vbg, while those of the top-gated 
regions are tuned by both back and top gates. At low temperature 
T =​ 0.3 K, the longitudinal resistivity of the insulating ν =​ 0 state 
increases with magnetic field, indicating the establishment of a 
robust AFMI state5,24,25 (Fig. 1d).

Here we present data from two different devices. The length L 
and width W of the central top gate, the antiferromagnetic region 
during device operation, are ~5 μ​m (3 μ​m) and 2.5 μ​m (1.9 μ​m),  
respectively, for Device 1 (Device 2). Our main experimental find-
ings, taken from Device 1, are presented in Fig. 2a–c. We first 
explore spin transport by independently modulating the filling fac-
tors νinj and νdet of the top-gated injector and detector regions, while 
conserving ν =​ 0 and ν =​ −​2 states at the central top-gated and the 
bare regions, respectively. We apply a bias voltage Vbias =​ 0.4 V while 
monitoring the non-local signal Vnl (see device configuration in  
Fig. 2d). Figure 2a plots Vnl (colour) at B =​ 18 T as νinj and νdet vary 
from −​3 to +​ 1. Prominent signals are observed only when both 
νinj and νdet are tuned to be close to ν =​ −​1 (that is, only when the 
detecting and injecting regions contain spin-filters). The dark blue 
area for νdet >​ −​0.5 signifies amplifier saturation when the right top-
gated region enters the insulating AFM state. Figure 2b,c shows the 
individual line traces of Vnl for fixed νinj =​ −​1 and fixed νdet =​ −​1, 
respectively. The non-local signal detected across the 5 μ​m chan-
nel is exceedingly large, with a maximum amplitude of ~225 μ​V 
centered at νinj =​ νdet =​ −​1. (We attribute the fluctuations in Fig. 2b, 
which are not reproduced in repeated measurements, to amplifier 
offset drift and 1/f noise.)

Similar data are observed in two other samples. Figure 2e,f pres-
ents similar Vnl(νinj, νdet) data from Device 2, which has high elec-
tron mobility and an exceedingly robust ν=​1 state. At Vbias =​ 0.065 V, 
a prominent non-local signal ~140 μ​V is observed only around 
νinj =​ νdet =​ 1, thus demonstrating a similar spin-selective response 
in the electron-doped regime. Additional data are presented in the 
Supplementary Information.

We note that the bias voltages (Vbias, ~10 mV to 0.4 V) employed 
in this study are comparable to or in excess of the Landau level gaps 
of the relevant quantum Hall states in graphene. However, we can 
exclude simple hot-electron or heating effects as the source of our 
non-local signal because it is spin-selective. We also exclude quan-
tum Hall breakdown since it is controlled mainly by the electric 
field across the sample; the breakdown electric field is estimated to 
be ~26 mV nm−1 at B =​ 18 T, three orders of magnitude larger than 
that induced by our largest bias, ~0.1 mV nm−1 (see Supplementary 
Information for a more detailed discussion).

A number of different physical mechanisms could be responsible 
for the non-local signal: charge tunnelling, percolation, drift or dif-
fusion, a spin Seebeck effect carried by thermal magnons, or spin 
superfluidity in the easy-plane AFMI ν =​ 0 channel. In the remain-
der of the paper, we present data that either support or undermine 
these different scenarios. We find that the spin-superfluidity mech-
anism is most consistent with the data. If the non-local signal were 
due to charge transport, either via tunnelling, percolation, drift or 
diffusion, one would expect that that Vnl would increase as the chan-
nel conductivity increases, since the charge could then more easily 
traverse the channel. When the magnetic field is reduced from 18 T 
to 15 T, the conductivity of the ν =​ 0 channel increases by a factor 
of 1.4 (Fig. 1d). However, Vnl decreases by a factor of 2.8 to ~80 μ​V  
(yellow line trace, Fig. 2b). The decrease in Vnl as the ν =​ 0 state 
becomes more conductive contradicts the trend expected from a 
charge leakage mechanism. It also rules out transport by percola-
tion of compressible/incompressible stripes that are estimated to be 
~10–20 nm wide34. The observation is, however, consistent with a 
spin-transport mechanism, which should be enhanced by the pres-
ence of a more robust AFMI state.
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To further confirm that the non-local signal arises from trans-
port of a pure spin current through the antiferromagnet, we per-
form a control study in which the central region is tuned instead 
to the insulating ν =​ +​ 2 state, which has unpolarized chiral edge 
channels (Fig. 2h). The Vnl(νinj, νdet) map at B =​ 18 T (Fig. 2g) for 
this case indicates minimal response. Thus, the non-local signal is 
small when any one of the three regions (the injector, the detec-
tor, or the centre region) is tuned to a ν =​ −​2 or ν =​ +​ 2 state. Taken 
together, these control measurements demonstrate that non-local 
signals indeed arise from spin transport, and not drift, diffusion, or 
percolation of charge currents (see Supplementary Information for 
additional analysis).

We note that non-local signals at the Dirac point in graphene have 
been observed previously35, but differ dramatically in origin from 
those in the current work. In ref. 35, the entire device is gated into the 
ν =​ 0 state, and the non-local signals, which persisted at high temper-
ature and low magnetic fields, were attributed to long-range flavour 
Hall effects, although they could also arise from magneto-thermo-
electric effects36. In contrast, our devices are specifically configured 
with the ν =​ ±​ 2/ ±​ 1/ ±​ 2 regions for spin injection and detection, 
and the non-local signal appears only in the low-temperature, high-
magnetic-field regime where the AFMI state forms. Moreover, our 
control measurements rule out spin and valley Hall effects.

We have also examined the dependence of the non-local sig-
nal on the bias voltage Vbias that controls the electro-chemical 
potential difference between the up and down spins in the injec-
tor. Using Device 1, we varied the left and right top gate voltages 
so that νinj = νdet throughout the measurements, while maintaining 
the ‘bare’ regions at ν =​ −​2 and the central top-gated region at ν =​ 0. 
Figure 3a presents Vnl versus Vbias and the filling factors of the injec-
tor and detector regions. As before, prominent signals are observed 
for νinj = νdet =​ −​1. For Vbias > 0, the signal is approximately linear in 
Vbias (Fig. 3b). The smallest value of Vbias at which non-local signal is 
detectable is <​ ~0.01 V and limited by resolution of the sweep. This 
small Vbias value, together with the linear dependence, confirms that 
Joule heating is not the origin of our signal. On the other hand, since 
the non-local voltage is expected to be linear in Vbias for both spin-
superfluid and charge-current mechanisms4, this observation does 
not, on its own, rule out either mechanism.

Finally, we compare the temperature dependence of the non-
local signal of Device 1 with that of the quantum Hall effects.  
At B =​ 18 T, the magnitude of the non-local signal decreases with 
increasing T, and disappears at ~45 K. Since spin transport in our 
devices depends critically on the quantum Hall states in graphene, 
we also measure Rxx(Vbg) at B =​ 18 T and temperatures ranging from 
2.7 K to 85 K. As illustrated in Fig. 3c, the ν =​ 0 and ν =​ −​2 states are 
very robust and remain well quantized even at T =​ 85 K. The ν =​ −​1 
state is more fragile; its Rxx increases with T and the quantum Hall 
effect is barely resolved when T increases to ~35 K. To compare the 
dependences of the quantum Hall states and the non-local signal, 
in Fig. 3d we plot Rxx (right axis, blue triangles) and Vnl (left axis, 
red squares) versus 1/T in Arrhenius scales. Both data sets can be 
satisfactorily fitted to a thermal activation model, with character-
istic temperatures of 23.8 ±​ 2.2 K and 24.8 ±​ 2.4 K, respectively.  
The similar T-dependences strongly suggest that the non-local 
transport signals in the range of 2 to 40 K are dependent on the spin-
filtering action of the ν =​ −​1 state, which enables both spin injection 
and detection. At the same time, the temperature dependence of Vnl 
is opposite to that expected from a spin Seebeck effect mediated by 
thermal magnons.

We now further consider the two-pin transport mechanisms 
mediated by magnetic order.

Spins can be carried either by magnon quasiparticles or collec-
tively in the form of spin supercurrents. In an ideal antiferromag-
net, magnons do not carry spin. However, the magnetic order of 
the ν =​ 0 quantum Hall state is slightly canted in the z direction, 
so the z-injected spin current could drive magnons that diffuse 
across the AFMI, transporting spins from one end to the other. 
The spin carried by a magnon is proportional to the small5 canting 
angle θ, which is proportional to the ratio of the Zeeman energy 
to the valley-flip anisotropy energy and estimated to be is ~0.04. 
Thus, canting-induced magnon transport of spin across the few-
micrometre-long AFMI should be weak. Also, as noted above, the 
monotonic decline of the non-local signals with increasing temper-
ature is opposite to that expected from magnon-mediated transport, 
since magnons are thermally activated and should be more effective 
at higher temperatures. This T-dependence, together with the linear 
dependence of the non-local signal down to relatively small biases, 
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also suggests that heating is not significant in the system, since oth-
erwise the signal should be independent of temperature until the 
substrate temperature exceeds that induced by the bias.

Because of the above considerations, and a spin-transport dis-
tance that is 103–104 times longer than previous studies of magnons 
in oxide-based AFMIs3,14–17, we conclude that a fundamentally dif-
ferent mechanism underlies our experimental results. Thus, we 
consider the only other known spin-transport mechanism in an 
AFMI—coherent Néel textures that allow superfluid transport of 
spins polarized in the z-direction (see Supplementary Movie for an 
animation of superfluid spin transport). In the limit of large spin 
stiffness, efficient spin-injection, and weak violation of valley-
projected number conservation, the non-local voltage is expected37  
to satisfy
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(The easy-plane ferromagnet case considered in ref. 37 and the 
easy-plane antiferromagnet case relevant here have identical spin-
superfluid responses to injected spin-currents.) Here ginj is the lon-
gitudinal conductance of the ν=​±​1 regions, which is expected to 
be very close to e2/h (where e is the electronic charge and h is the 
Planck constant), lB is the magnetic length, Finj is the efficiency fac-
tor for spin-injection, A is the area of the antiferromagnetic region, 
and α is the magnetization damping parameter. To estimate Finj, it 
is important to consider how charge is carried along the perime-
ter of the ν=​±​2 regions, which are surrounded on three sides by 
ν=​0 regions that support two hole-like chiral edge channels. For 
boundaries between ν=​−​2 and vacuum these channels have spins 
polarized along and opposite to the magnetic field. However, for 
the critical boundary between the ν=​±​2 region and the ν=​0 antifer-
romagnet, the edge channels in the narrow boundary limit will be 
those of the occupied quasiparticle states from the broken symmetry  

N=​0 Landau level which have spin-polarization close to the xy 
plane. Because these quasiparticles cannot carry z-polarized spins, 
Finj can be close to 1 if the boundary can be made sharp. Since, in 
our experiments ∕V Vnl bias~10−4 (10−3) and the antiferromagnetic 
area A=​12.5 μ​m2 (6.6 μ​m2) for Device 1 (Device 2), we obtain from 
equation (1) that α ~10−2 Finj, consistent with α values in the 10−4 
to 10−2 range typical of AFMIs38–40. Magnetization damping in the  
ν=​0 antiferromagnetic state is probably due to decay channels 
opened up by density inhomogeneities within the sample41.

The applied voltage, gate voltage, magnetic field and tempera-
ture dependencies of the non-local voltage are all consistent with 
the mechanism of superfluid spin transport across a 3–5-μ​m AFMI 
state. Other possible interpretations (charge leakage, spin Seebeck, 
Zeeman spin and valley Hall effects) of our observations are con-
tradicted by one or more trends of the data. The negative signal at 
νdet=​−​3 from Device 1 (Fig. 2a,b) is also intriguing, as it suggests 
similar spin polarization for the higher Landau levels28,42 that may 
also be similarly used as spin filters. Taken together, we therefore 
tentatively attribute the observed robust non-local signal across the 
5-μ​m AFMI state in graphene to collective spin transport.

In a related recent preprint on long-distance spin manipula-
tion and transport using an all-graphene electrical circuit in the 
quantum Hall regime, Wei et al.43 have reported the observation 
of magnon transport through the ferromagnetic insulating bulk of 
the ν=​1 state. This and our work further establish graphene in the 
quantum Hall regime as a model system for fundamental studies 
of antiferromagnetic and ferromagnetic spintronics. Our results for 
ν=​0 spin transport call for further work to refine the ν=​±​1 spin 
filters, to establish the length, width and mobility dependence of 
the spin transport signals, to quantify the role of valley-dependent 
interactions in the AFMI, and to understand the junctions between 
ν=​±​2/vacuum and ν=​±​2/AFMI interfaces. The long-term goal of 
this research is to achieve nearly dissipationless spin-transport in 
practical magnetic materials for information processing and storage 
applications.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41567-018-0161-5.
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Methods
Device Fabrication. The devices are fabricated from mechanically exfoliated 
monolayer graphene and few-layer hBN layers on SiO2/Si wafers. We use a dry-
transfer technique44, during which a top-hBN layer attached to a polypropylene 
carbonate (PPC) sacrificial layer is used to pick up a graphene sheet. The 
graphene–hBN stack is then placed on top of the bottom-hBN layer and the stage is 
subsequently heated up to 90°C, when the PPC layer melts and the stack is released 
onto the surface of silicon wafer.

The next step of the fabrication process consists of defining the shape of the 
final sample. We use lithography and reactive ion etching by SF6 plasma to define 
the multi-terminal geometry. A typical sample has 12 leads, 3 top gates and 1 back 
gate for proper characterization and measurement set-up. We subsequently couple 
the graphene sheet to one-dimensional Cr/Au (10/50 nm) metallic contacts. At the 
last step, Cr/Au metal top gates are deposited. Since each gate can be independently 
modulated, up to four different carrier densities can be created within the device. 
Moreover, every region is attached to one to two pairs of electrical leads, to enable 
its independent electrical characterization.

Device Characterization. Devices are characterized by transport measurements in 
helium-3 refrigerators. Typical measurements are outlined below.

1. � Four terminal longitudinal resistivity Rxx is measured as a function of magnetic 
field B and back gate voltage (with top gates grounded) to characterize the 
robustness of quantum Hall states. This measurement is performed with standard 
lock-in techniques, using an a.c. excitation current of 50 nA at a frequency of 
97 Hz. A typical data set Rxx(Vbg, B) is shown in Supplementary Fig. 1a.

2. � Rxx is measured at a constant magnetic field B as a function of the back 
(Supplementary Fig. 1b).

3. � Two-terminal conductivity of the regions under the side top gates is measured 
as a function of back gate and side top gate at constant B, using an a.c. excitation 
voltage of 50 μ​V.

4. � Non-local measurements with configurations described in the main text are 
performed using a d.c. voltage bias. The non-local signal is measured using a 
Stanford Research voltage amplifier SR560.

Data Availability. The data that support the findings of this study are available 
from the corresponding authors upon reasonable request.
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