
Graphene is a single layer of carbon atoms 
arranged in a honeycomb lattice. Thin, 
flexible, transparent and metallic, it there-
fore forms an ideal material for many appli-
cations, especially for a type of electronics 
known as spintronics. In spintronic devices, 
the magnetic moment (spin) of an electron 
can be just as useful as its charge for storing 
information and performing logic operations. 
It has been predicted that when graphene is 
shaped into nanoribbons, with zigzag edges 
that are stabilized by carbon–hydrogen bonds, 
it should exhibit magnetic states that show 
particular promise for carbon-based electron-
ics1. However, a clear experimental demon-
stration of this magnetism in nanoribbons 
that are long enough to be technologically 
relevant has not been possible. On page 647, 
Blackwell et al.2 overcome this hurdle — report-
ing the synthesis and characterization of zig-
zag graphene nanoribbons in which carbon 
atoms spaced at regular intervals along the 
edges have been replaced by nitrogen atoms.

The unconventional magnetism of zigzag 
graphene nanoribbons arises because the 
topological properties of graphene induce 
electronic states that are spatially localized 
along the ribbon’s edges. Calculations pre-
dict that the electrons in these states have 
spins that tend to align parallel with each 
other if they are on the same edge, and show 
antiparallel alignment if they are on opposite 
edges3. Although there is some evidence of the 
resulting magnetic moments and their com-
plex interactions in graphene nanostructures 
with short zigzag edges4–7, this magnetism has 
so far eluded direct experimental verification 
in longer nanoribbons.

Blackwell and colleagues synthesized nano-
ribbons in which one out of every six carbon 
atoms along the edges had been replaced by 
nitrogen. This substitution had a small effect 
on the electronic structure of the ribbon and, 
in particular, on the edge states responsible 
for the magnetism. However, the nitrogen sta-
bilized the otherwise highly reactive zigzag 
edges, anchoring the ribbon to the under lying 

surface, which — in this case — was made of 
gold. This reduced the interaction of the edge 
states with the metal, preserving their mag-
netism and allowing them to be visualized with 
scanning tunnelling microscopy.

Technological applications require 

graphene nanoribbons to be made reproduc-
ibly, with atomic precision. Synthesizing the 
ribbons on a surface provides a viable route 
for doing so. Using this technique, carefully 
designed molecules are deposited on a heated 
surface (usually gold or silver) that is capable 
of catalysing a reaction to create long chains 
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The inclusion of nitrogen atoms stabilizes the zigzag edges 
of carbon-based nanoribbons, enabling the ribbons to be 
decoupled from a substrate and providing a probe for their 
unconventional magnetism. See p.647

of molecules. At a higher temperature, the 
surface then catalyses another reaction that 
generates the desired nanoribbon structure8. 
Although many different types of graphene 
nanoribbon have been produced using this 
technique in the past decade, the synthesis 
of structures exhibiting long zigzag edges 
proved to be particularly challenging, which 
is probably related to the high reactivity of the 
zigzag edges.

A successful strategy for synthesizing a six-
atom-wide graphene nanoribbon on a gold 
surface was proposed and tested in 2016 
(ref. 9). However, the magnetic edge states 
were not found using this set-up, because the 
nanoribbon coupled strongly to the metal 
substrate. By placing the nanoribbons on top 
of a monolayer of salt, the researchers were 
able to detect spectroscopic signatures of the 
presence of edge states, but found no clear 
evidence of magnetism9.

Blackwell and co-workers modified the syn-
thesis protocol used previously to incorporate 
nitrogen atoms at the edges of the six-atom-
wide nanoribbons (Fig. 1). These ribbons were 
also strongly coupled to the gold substrate, 
and the authors found no signature of the 
edge states in spectroscopic data obtained 
with scanning tunnelling microscopy, in which 
a sharp metallic tip measures the spatial distri-
bution and energy of the electronic states in 
the sample. When they applied a sufficiently 
large voltage to the graphene with the tip, 
however, the ribbons underwent an irrevers-
ible structural transformation that decoupled 
them from the surface. This response had not 
been seen before in graphene nanoribbons 
and, although the exact mechanism has yet 
to be established, the presence of regularly 

Figure 1 | Magnetism in zigzag graphene nanoribbons with nitrogen substitutions. Blackwell et al.2 
studied graphene nanoribbons comprising a single layer of carbon atoms, six atoms wide, stabilized by 
hydrogen atoms along the zigzag edges. The authors replaced every sixth edge atom with a nitrogen atom. 
Red and blue arrows show the alignment of magnetic moments (spins) of the electrons in the edge states, 
leading to magnetism at the ribbon edges. This well-defined spin orientation affects other electronic states. 
The grey lobes represent orbitals of the carbon atoms, and the blue lobes are those of the nitrogen atoms. 
There is an energy difference between spin orientations in the outer orbital of the nitrogen atom, which can 
be detected and used as a probe for the magnetism at the edges of the nanoribbon.

“The edge states can be 
clearly visualized, even  
when the nanoribbons  
are adsorbed on gold.”
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spaced nitrogen atoms at the edges seems to 
be crucial for this phenomenon to occur.

Simulations that Blackwell et al. performed 
to complement their experiments suggest that 
the nitrogen atoms at the edges of the nano-
ribbons form strong bonds with the substrate. 
The most stable configuration of the ribbons 
seems to be one with substantial corrugation, 
with the nitrogen atoms sitting at the lowest 
positions. As a result, the edge states, which 
tend to localize in the carbon segments, are 
decoupled from the surface. These edge states 
can thus be clearly visualized, even when the 
nano ribbons are adsorbed on gold.

Although the edges of graphene nano ribbons 
have previously been altered to decouple them 
from the substrate9, the technique of substitut-
ing the carbon atoms with nitrogen ones has 
the advantage of leaving the electronic and 
magnetic properties of the nano ribbon almost 
unmodified. And it has another benefit: nitro-
gen atoms can be used to probe the magnetism 
of the edge states. The spins of the electrons 
are all aligned along the edges of the nano-
ribbon, including those at the nitrogen sites. 
This affects other electron states, particularly 
those of the outer orbitals of the nitrogen atoms 
(Fig. 1), which do not participate in binding to 
the carbon structure. The spin directions of the 
two electrons in these outer orbitals have differ-
ent energies — one is higher than the other. This 
difference can be detected with the scanning 
tunnelling microscope and represents direct 
evidence of the magnetism of the long zigzag 
edges in these graphene nanoribbons.

The work by Blackwell and colleagues 
offers exciting opportunities to study the 
magnetic properties of graphene nano-
structures grown on metal surfaces. Future 
research will determine whether the observed 
surface-decoupling mechanism also applies 
to other structures and substrates. Similarly, 
the use of nitrogen as a local probe will prob-
ably inspire a search for other substitutions 
that could offer spectroscopic signatures of 
magnetism, while preserving the electronic 
structure of the zigzag edge.

Aran Garcia-Lekue and Daniel Sánchez-Portal 
are at the Donostia International Physics Center, 
20018 San Sebastian, Spain. A.G.-L. is also at 
Ikerbasque, Basque Foundation for Science, 
Bilbao, Spain. D.S.-P. is also at the Materials 
Physics Centre (CSIC-UPV/EHU), San Sebastian.
e-mails: wmbgalea@ehu.eus;  
daniel.sanchez@ehu.eus

1. Wang, H. et al. Nature Rev. Phys. 3, 791–802 (2021).
2. Blackwell, R. E. et al. Nature 600, 647–652 (2021).
3. Son, Y.-W., Cohen, M. L. & Louie, S. G. Nature 444, 

347–349 (2006).
4. Mishra, S. et al. Nature Nanotechnol. 15, 22–28 (2020).
5. Li, J. et al. Nature Commun. 10, 200 (2019).
6. Lawrence, J. et al. ACS Nano 14, 4499–4508 (2020).
7. Mishra, S. et al. Nature 598, 287–292 (2021).
8. Cai, J. et al. Nature 466, 470–473 (2010).
9. Ruffieux, P. et al. Nature 531, 489–492 (2016).

The authors declare no competing interests.

The accuracy of survey results is often thought 
to increase with sample size. However, Bradley 
et al.1 show on page 695 that this is not always 
the case. Although ‘big’ surveys can, under  
certain conditions, be useful for tracking 
changes in a population measure over time and 
across space, their estimates of population 
variables can be considerably biased.

Early in the COVID-19 pandemic, many 
nations lacked essential epidemiological data — 
even those with well-developed public-health 
monitoring infrastructures. There was a scar-
city of timely information on regional increases 
in SARS-CoV-2 infections, on adherence to 
physical-distancing measures and on the social 
and economic effects of the pandemic. The 
state-sponsored data collections that existed 
at the time were often too slow to meet the 
demands generated by the pandemic.

As a result, some private companies jumped 
in to offer data; for example, Google, in Mount-
ain View, California, provided anonymized, 

aggregated data on people’s mobility 
(go.nature.com/3htjccv), and Facebook in 
Menlo Park, California, presented anonymized 
and aggregated data about the development 
of connections between different geograph-
ical regions (go.nature.com/3lwknax). The 
London-based lifestyle company ZOE built the 
ZOE COVID Study app in collaboration with 
academic partners (go.nature.com/3i7ypxj). 
The app surveyed participants who down-
loaded it, to identify infection hotspots and 
track the effect of mitigation measures. 
And when vaccination programmes were 
rolled out, it was used to record COVID-19 
vaccine side effects. In addition, various 
private-sector surveys — many of which were 
archived by the US-based Societal Experts 

Action Network (go.nature.com/3rcmkwh) — 
produced data on changes in the public’s 
response to the pandemic.

The US Census Bureau, in partnership 
with various federal agencies, and the Delphi 
group at Carnegie Mellon University, based in 
Pittsburgh, Pennsylvania, in partnership with 
Facebook, designed and performed massive 
surveys to forecast the spread of COVID-19 
and measure its effects; questions about 
vaccination were added in early 2021. With 
more than 3 million and 25 million responses 
collected, respectively (as of November 2021; 
see go.nature.com/3dg0qvy and go.nature.
com/3y2r1bk), these are now probably the 
largest US surveys relating to the pandemic. 
However, using a subset of responses, Bradley 
and colleagues demonstrate that the US Cen-
sus Bureau–federal agencies survey (dubbed 
the Census Household Pulse survey) and the 
Delphi–Facebook survey overestimated the 
vaccination uptake compared with the bench-
mark data from the US Centers for Disease 
Control and Prevention (CDC) (Fig. 1).

The authors conclude that having more 
data does not necessarily lead to better esti-
mates. They discuss how design choices in 
survey-data collection can lead to error — in 
this case, the overestimation of vaccina-
tion uptake. Their findings are a reminder 
to researchers that statistical precision 
does not equate to unbiased population  
estimates.

Bradley and co-workers focus on three ele-
ments that can contribute to the size of the 
error — that is, the difference between esti-
mates from big surveys and actual population 
values. These elements are data quantity (the 
fraction of a population that is captured in the 
sample), problem difficulty (how much varia-
tion in the outcome of interest there is in the 
population) and data quality. The quality is 
very difficult to assess, because there is usually 
no independently verified ‘ground truth’ or 
‘gold standard’ with which to compare survey 
data. In this case, the CDC’s reports of the num-
bers of vaccines administered provide bench-
mark data with which the estimates reported 
in the surveys could be compared. Under 
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Increasing the sample size of a survey is often thought to 
increase the accuracy of the results. However, an analysis of 
big surveys on the uptake of COVID-19 vaccines shows that 
larger sample sizes do not protect against bias. See p.695

“These findings are a 
reminder to researchers 
that statistical precision 
does not equate to unbiased 
population estimates.”
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