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By D. N. Basov1 and M. M. Fogler2

H
igh-temperature superconductivity,

unconventional magnetism, and 

charge-ordered states are examples of 

the spectacular properties that arise 

in solids through many-body effects, a 

consequence of electrons strongly in-

teracting with one another and with the crys-

tal lattice. In a seminal contribution, Landau 

introduced quasiparticles, objects that be-

have in many ways as free electrons but with 

velocities and masses altered or “renormal-

ized.” Information about the renormalization 

is encoded, for example, in optical properties 

of materials (1). The majority of optical stud-

ies have focused on response func-

tions that depend on frequency v, 

but dependence on momentum q, 

which is equally valuable, has re-

mained beyond the reach of com-

mon spectroscopic tools. On page 

187 of this issue, Lundeberg et al. 

(2) developed a means to probe the 

nonlocal or q-dependent electro-

magnetic response by harnessing 

surface plasmon polaritons (plas-

mons). Implications of the first re-

sults by Lundeberg et al. transcend 

the studies of graphene, their 

model system.

Plasmons can be regarded as 

coupled oscillations of electron 

density and electromagnetic field 

at frequency v
0
. Imaging of plas-

monic waves in real space by 

scanning near-field optical mi-

croscopy is well suited for prob-

ing the response functions of 

two-dimensional (2D) materials, 

including graphene (3). However, 

investigation of many-body effects 

in graphene by Lundeberg et al. de-

manded that the plasmon imaging 

be done with low-frequency tera-

hertz radiation. They accomplished 

this difficult task using a combina-

tion of near-field optics, scanned-

probe imaging, and photocurrent 

measurements, as previously de-

scribed by the same collaborative 

team (4). To study the plasmons, they fab-

ricated structures in which graphene was 

separated from gold back gate electrodes by 

insulating boron-nitride spacers only a few 

nanometers in thickness. 

The wavelength of plasmonic modes 

measured in these experiments was nearly 

300 times smaller than the wavelength 

of terahertz photons. The corresponding 

plasmon momentum was nearly 300 times 

larger than the free-space photon momen-

tum v
0
/c, where c is the speed of light. The 

reason for this large confinement factor is 

the proximity of graphene to the back gate, 

which screened Coulomb interactions and 

forced the plasmon velocity to approach the 

Fermi velocity n
F
 of graphene quasiparticles 

(see the figure). For these “slow” plasmons, 

the many-body renormalization of the plas-

mon dispersion is more apparent than in 

common graphene structures in which in-

teractions are not screened. 

Remarkably, the plasmon dispersion v(q) 

determined by Lundeberg et al. is in accord 

with parameter-free theoretical calculations. 

These calculations link the renormalized 

plasmon dispersion to the “hourglass” shape 

of the electronic bands in graphene (see the 

figure, top), a salient product of many-body 

interactions (5). By taking into account ad-

ditional dynamical correlations of the quasi-

particles, the authors achieved a near-perfect 

agreement between the theory and 

their plasmonic imaging data.

Ramifications of many-body 

physics in graphene are de-

monstrably different from the 

behavior of other complex and 

synthetic conductors. Notably, the 

theoretical discussion of many-

body physics in honeycomb car-

bon preceded the isolation of 

graphene by almost a decade (6). 

However, early measurements 

at the rise of graphene research 

seemed to suggest noninteracting 

Dirac quasiparticles (7). Among 

conspicuous exceptions were the 

hints of n
F
 enhancement at rela-

tively low carrier density inferred 

from infrared spectroscopy (8). 

The change in shape of the elec-

tron and hole bands from simple 

Dirac cones to an hourglass when 

interactions are present was firmly 

established by transport experi-

ments with high-mobility samples 

(5). In contrast, electronic correla-

tions in synthetic metals, such as 

transition metal oxides, induce 

“flattened” electronics bands (1), in 

contrast to graphene’s hourglass-

like renormalization. Likewise, 

plasmons in graphene acquire 

higher velocity because of many-

body effects (2), unlike the re-

sponse of correlated 2D synthetic 

conductors, in which interactions 

further slowdown plasmons (9). 

The physical reason for intricate 

differences of renormalization ef-

fect in graphene and other syn-
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Renormalized plasmon dispersions

Slow plasmons (3, 4) are prone to renormalizations by many-body interactions. 
The net efect is enhanced plasmon velocity; c is the speed of light. 
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1  Photons in free space 

disperse as v = cq. 

2  In free-standing 

graphene, plasmons 

disperse as v � √q and 

their velocity is reduced 

compared to c.

3  Plasmons in graphene on 

gold become nearly as slow 

as the Fermi velocity n
F
.

4  Many-body efects 

renormalize the velocity of 

“slow” plasmons. 
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yet to be seen.   

n
F

v
 =

 c
q

v
 �

 √q

v
0

Electrons and plasmons in graphene 
Lundeberg et al. used terahertz imaging of the surface of graphene near a gold 
film to determine plasmonic dispersion (their frequency v versus momentum 

q, where the slope is their velocity n).
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H
ow does the amino acid sequence of 
a protein chain determine and main-
tain its three-dimensional folded 
state? Answering this question—a 
key aspect of the protein-folding 
problem (1)—would help to explain 

how multiple noncovalent interactions con-
spire to assemble and stabilize complicated 
biomolecular structures; to predict protein 
structure and function from sequence for 
proteins that cannot be characterized ex-
perimentally; and to design new protein 
structures that do not exist in nature (2). 
On page 168 of this issue, Rocklin et al. use 
parallel protein design on a massive scale 
to create thousands of miniprotein variants 
and to determine what sequences specify 
and stabilize these structures (3). The work 
opens up considerable possibilities for pro-
tein folding and design.

Miniproteins are polypeptides shorter 
than 40 to 50 residues with stable tertiary 
structures (folds) that contain a limited 
number of secondary structure elements, 
such as a helices and b strands. By con-
trast, larger proteins have hundreds of 
amino acids that are often arranged in com-
plex three-dimensional structures. Thus, 
miniproteins simplify the protein-folding 
problem and potentially allow in-depth ex-
aminations of sequence-structure-stability 
relationships without complications from 
larger protein contexts. Unfortunately, only 
a few miniproteins that are stable without 
covalent cross-links or stabilizing metal ions 
are currently available for such studies (4).

In their study, Rocklin et al. combine 
high-throughput DNA synthesis and clon-
ing (5, 6) with methods for selecting stably 
folded proteins (7–9). They implement the 
latter by expressing libraries of miniproteins 
on the surface of yeast; tagging the displayed 
proteins with a fluorescent dye; and discrim-
inating between stable and unstable folds 
through their ability to resist or succumb 
to protease treatment, respectively (see the 

figure). Proteins that survive are rescued by 
fluorescence-activated cell sorting and then 
identified by deep sequencing. However, the 
team’s experiments go beyond a yes/no meas-
ure of protein resilience, providing a semi-
quantitative measure of stability.

To demonstrate the approach, the authors 
first apply their method to many variants of 
a small number of known miniproteins. With 
the method established, they turn their atten-
tion to four classes of de novo miniproteins, 
which they design computationally using 
Rosetta (10): aaa, babb, abba, and bbabb 
folds, where each Greek letter represents an 
a helix or a b strand in the peptide string. 

To cover swaths of sequence space, the team 
generate diverse libraries with minimal se-
quence identity between members.

They then use iterative rounds of protease 
selection and stability scoring, testing differ-
ent hypotheses, and introducing tweaks to the 
design methods and protocols at each stage. 
The value of these tweaks is apparent from 
the improved success rate—the proportion of 
stable proteins in the starting library—which 
reaches 87% for one target. However, both the 
initial and final design success rates depend 
critically on the fold being targeted, with the 
aaa fold proving easiest and the abba fold 
most difficult to optimize. 

Through sequence analyses of many thou-
sands of these new and also existing mini-
protein folds from other studies, the authors 
highlight several key sequence and structural 
features. First, a long-established basic tenet 
of protein folding and design shines through: 
the importance of burying nonpolar surfaces. 
This is not surprising, but Rocklin et al. quan-
tify the effect, showing that stable variants 
require more than 30 Å2 for each residue of 
buried hydrocarbon. 

Second, of the initial computational de-
signs, those containing peptide fragments ge-
ometrically similar to ones known from the 

thetic conductors is the absence of a band 
gap in the former. Electrons can strongly in-
teract with holes in gapless graphene (6), and 
this process changes the “sign” of the velocity 
renormalization correction compared with 
the case of electron-electron interaction. 

Strong electron-hole interactions may 
cause the electronic liquid in graphene to 
become highly viscous (10). The mutual vis-
cous friction forces electrons and holes to 
move together, so that the effective charge 
contributing to the low-frequency optical 
response of the electron liquid is dimin-
ished. In theory, this effect should inhibit 
plasmons but enable another type of collec-
tive excitation—energy waves or “demons” 
(11)—to exist at small v and q (see the fig-
ure). The thermal photocurrent mapping 
technique devised by Lundeberg et al. (2, 
4) appears to be particularly promising for 
detection of these elusive modes.

Lundeberg et al. point out that their 
method of determining the nonlocal 
complex conductivity s9(v,q) + is99  (v,q) is 
applicable to other quantum materials, 
including low-dimensional conductors, 
superconductors, and Weyl semimetals. 
A technical precondition for such experi-
ments is the ability to use nano-optical 
imaging at cryogenic temperatures, which 
recently became available (12). Plasmonic 
imaging in graphene at liquid helium tem-
perature are also highly desirable because 
scattering by phonons in this regime will 
be reduced, whereas the observables as-
sociated with many-body physics are ex-
pected to be enhanced. We anticipate that 
future studies will address yet another 
unresolved issue pertaining to the analy-
sis of the linewidth of plasmonic modes in 
graphene that is determined by the ratio 
s9(v,q) /s99  (v,q). Plasmonic images, includ-
ing those reported in (2–4), prompt us to 
reimagine the sheer scope of unresolved 
problems that can be tackled with this in-
novative experimental approach.   j
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