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Electron-phonon instability in
graphene revealed by global and local

noise probes
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Understanding and controlling nonequilibrium electronic phenomena is an
outstanding challenge in science and engineering. By electrically driving ultraclean
graphene devices out of equilibrium, we observe an instability that is manifested

as substantially enhanced current fluctuations and suppressed conductivity at
microwave frequencies. Spatial mapping of the nonequilibrium current fluctuations
using nanoscale magnetic field sensors reveals that the fluctuations grow exponentially
along the direction of carrier flow. Our observations, including the dependence

on density and temperature, are consistently explained by the emergence of an
electron-phonon Cerenkov instability at supersonic drift velocities. These results

offer the opportunity for tunable terahertz generation and active phononic devices

based on two-dimensional materials.

onequilibrium phenomena in driven elec-

tronic and optical systems display rich

dynamics that can be harnessed for ap-

plications such as Gunn diodes and lasers.

Two-dimensional (2D) materials (7) con-
stitute a new platform for exploring such non-
equilibrium phenomena. In particular, modern
ultraclean graphene devices exhibit high mobil-
ities (2) and can be driven to high electronic
drift velocities where instabilities have been pre-
dicted to occur. Examples include hydrodynamic
instabilities (3) in electronic fluids (4, 5), as well
as Dyakonov-Shur instabilities, where plasmons
are amplified by driven electrons (6, 7). In ad-
dition to the potential use for high-frequency
signal generation, understanding nonequilibrium
dynamics is vital for many technological applica-
tions of graphene, including high-frequency tran-
sistors (8), ultrafast incandescent light sources
(9), and flexible transparent interconnects (10).
In practice, such electronic instabilities are diffi-
cult to realize owing to increased phonon scat-
tering at high drift velocities. Although phonon
scattering is typically an irreversible loss chan-
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nel, long-lived phonons can themselves act as a
source of instabilities. Specifically, when the elec-
tronic drift velocity (vp) exceeds the sound velocity
(vs), stimulated phonon emission can dominate
over absorption (Fig. 1B), resulting in exponen-
tial growth of the phonon population known as
phonon Cerenkov amplification (71, 12). This phe-
nomenon has long been theoretically explored
as a method to produce high-frequency acoustic
waves (13, 14), with experimental evidence found
in bulk systems and semiconductor superlattices
via acoustic and optical measurements (15-18).

Our experiments make use of electrically gated
graphene devices encapsulated in hexagonal
boron nitride (hBN) (Fig. 1A) and are conducted
at cryogenic temperatures (7 = 10 to 80 K).
Figure 1C presents the low-bias transport proper-
ties of the ultraclean graphene system, with a
mobility of 20 to 40 m?/V-s at a carrier density,
n, of 2 x 10" em™2, corresponding to nearly bal-
listic transport (19). Due to the high mobility,
carriers can be accelerated by an electric field
to high drift velocities (vp » vs = 21km/s), where
a nonlinear current response is observed (Fig. 1D,
blue). By contrast, a disordered device shows
linear ohmic behavior (Fig. 1D, black).

We first study the nonequilibrium behavior by
measuring the global noise in the source-drain
current with a spectrum analyzer (noise power
spectral density, PSD, averaged over 0.1 to
0.3 GHz), while varying the applied bias power,
P. The noise observed in disordered devices
(Fig. 1E, black) is in good agreement with in-
creased thermal noise due to Joule heating and
shows a characteristic P/>-dependence (19, 20).
Different behavior is observed in clean (hBN-
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encapsulated) devices, where the noise grows
superlinearly with drive power and reaches values
that are inconsistent with thermal noise. In par-
ticular, at higher biases, the noise increases to
values equivalent to the thermal noise expected
for a sample at 10,000 K (19). This behavior,
observed consistently in 12 devices (19), stands in
stark contrast to that of more disordered (not
hBN-encapsulated) devices studied here and else-
where (20, 21), indicating a new noise source in
driven graphene devices with low disorder.

To gain insights into the origin of this anom-
alous noise, we perform spatially resolved noise
measurements by fabricating graphene devices
on diamond substrates that contain shallow
nitrogen-vacancy (NV) color-center impurities
(40 to 60 nm depth) (19, 22). These atomlike spin
qubits can be individually measured using con-
focal microscopy and can probe nanoscale cur-
rent noise by measuring the resulting magnetic
fields (23-25). The locally probed noise under a
driven clean graphene device exhibits similar
superlinear behavior as global measurements
(Fig. 1F).

We probe the spatial dependence of the anom-
alous noise by optically addressing single NV
centers along the device (Fig. 2A) and measuring
their spin relaxation rate (Fig. 2B), which is de-
termined by the local noise at 2.87 GHz (23). Far
from the midpoint of the device, the noise ex-
hibits a clear asymmetry with current direction
(Fig. 2C), with nearly an order of magnitude dif-
ference when the current is reversed. This is sur-
prising given that the global noise and transport
properties are independent of current direction
(19). Using the device gate, we invert the sign of
the charge carriers and find that the asymmetric
pattern also inverts, indicating that the local
noise signal depends on the flow direction of
momentum, not charge. Figure 2D shows the
local noise profile along the source-drain direc-
tion when vp = 5.8vs. We observe that the noise
is small at the carrier entry point but then grows
exponentially as the carriers flow down the 17-um-
long device. The noise profile inverts when the
current direction is reversed and flips back when
the carrier sign is also switched (Fig. 2E).

To explore the underlying dynamics, we mea-
sure the spectrum of the global current noise.
When driven, the disordered graphene samples
show 1/fnoise and white thermal noise (Fig. 3A,
black curve), consistent with previous studies
(20, 26). Clean devices, on the other hand, exhibit
a peaked spectrum with a roll-off at ~1.5 GHz.
The ac differential conductivity is suppressed
at similar frequencies (Fig. 3B). These gigahertz
features are in stark contrast to the equilibrium
graphene Drude spectrum, which is featureless
up to terahertz frequencies (27, 28), thus indi-
cating time scales much longer than the typical
electronic lifetime. The frequencies of these
nonequilibrium features are independent of
drive voltage, doping, and temperature (19),
but they are upshifted in a shorter device (Fig. 3,
Cand D).

The observed spectrum, spatial dependence,
and scale of the anomalous noise are inconsistent

1 of 4

6102 ‘€z Ae\ uo /610 Bewsousios aouslos//:diy wolj papeojumoq


http://science.sciencemag.org/

RESEARCH | REPORT

o

Resistance (kQ)

0

-2 0 2
Carrier density (102 cm

E 4

2

~

ph

Vo < Vg

Fig. 1. Nonequilibrium dynamics in graphene, probed both globally
and locally. (A) Device schematic: hBN-encapsulated graphene device
on diamond substrate containing NV centers for nanomagnetometry.
(Inset) Optical image of clean hBN-encapsulated device Al (6 um

by 5.4 um). (B) Condition for Cerenkov emission of phonons: when

vp > Vs, stimulated phonon (ph) emission dominates over absorption
(right). (C) Two-probe resistance versus carrier density of device

Al (T =10 K). (D) Current density as a function of applied electric field

with conventional noise sources (such as 1/f
or white thermal/shot noise) (29). Our obser-
vations, especially the slow time scales and their
independence on electronic parameters, are in-
compatible with many purely electronic mech-
anisms for ac signal generation (3, 6, 19, 30) and
suggest that other, longer-lived excitations play
arole. In particular, the time scales match well
with the time it takes for acoustic phonons to
traverse the device. Furthermore, the anomalous
effects occur only when the electronic drift ve-
locity is higher than the speed of sound, but
emerge at energies that are too low to excite
optical phonons and plasmons (2Akyvp, kT <
20 meV, where 7 is the reduced Planck con-
stant, &y is the Fermi wavevector, and kj is the
Boltzmann constant) (19).

All of our observations are consistently ex-
plained as an electron-phonon Cerenkov in-
stability. The key insight is that when the electronic
drift velocity exceeds the speed of sound, a cone
of forward-moving acoustic phonon modes exper-
iences a faster rate of stimulated emission (yg")
than absorption (y&) (11-14). For the emitted
phonons to amplify, yg™ must exceed the loss rate
due to absorption and other decay sources. Pris-
tine graphene exhibits long acoustic phonon
lifetimes (tq) (31), thus an emitted phonon can
stimulate the emission of more phonons, leading
to exponential growth (Fig. 3G). This process is
seeded by a wide spectrum of spontaneously emit-

Andersen et al., Science 364, 154-157 (2019)

Vo > Vg

Global noise PSD (10°K)

red

0 5 10
Bias power (uW/um?)

ted and thermal phonons and is therefore expected
to have limited coherence. Stochastic electronic
scattering with the growing phonon population
is expected to reduce the conductivity and in-
crease noise.

To model these effects, we analyze the coupled
electron-phonon dynamics by including the influ-
ence of the phonons on the electronic scattering
rate, I'e (19)

03(r,t) = DE(r,t) — Te({nq}i(r,t) (1)
(ng —

Ng.0)

Oing = — +Yq (3)(nq +1)

q
()ng — vsd - Vng

abs

Here, D = 2¢*vpky/h is the Drude weight of
graphene, E(r,?) is the electric field, nq is the
phonon occupation at wavevector q, nqo is the
equilibrium phonon occupation when the cur-
rent density, j, is zero, and r;l is assumed to
be dominated by anharmonic interactions. Al-
though we describe the phonon population
using second quantization, the results can also
be obtained through a semiclassical treatment.
Using known constants for the electron-phonon
coupling and anharmonic decay, we find that
phonon amplification (T&™ = y&™— y2s — g1 >
0) can be easily achieved for a wide range of
parameters (19). For instance, the parameters

12 April 2019

D

€ 0.6
z o
N
E 04 o®
>
)
C
(4]
©
<
o
5
© "o 20 40 60
Applied field (mV/um)

%}ﬁ |

0]
0]

Magnetic noise (pT?/Hz)
5
o

0 |
0 50 100 150
Bias power (uW/um?)

(T =80 K) in clean device Al (blue) and disordered device Bl

(7 um by 18 um, black). The gray dashed line indicates where vp = vs
for the longitudinal acoustic mode. (E) Global electronic noise PSD
(averaged over 100 to 300 MHz) as a function of bias power in devices
Al (blue) and B1 (black). Blue curve satisfies vp > vs for P > 0.12 uW/
um?. (F) Local magnetic noise (measured by NV nanomagnetometry)
versus applied bias power in clean device C1 on diamond substrate.
Error bars represent 95% confidence intervals.

used in Fig. 2D (vp = 5.8v5) give a maximum
Yo" — v3S = 11GHz at g~2r/(25nm), where
T;l = 0.02 GHz. The amplification of stochas-
tically emitted phonons is expected to cause large
fluctuations in the local electronic scattering rate,
thus generating current noise. Due to the Pois-
sonian nature of phonon emission, the fluctua-
tions are expected to scale with the mean emission
rate, which is proportional to 4. We thus plot the
spatial profile of the excess phonon population
(~e™""/vs 1) associated with ™ = 11 GHz
(dashed black curve) along with the noise profile
in Fig. 2D, and find good agreement with our
experimental results. Integrating over more modes
gives a similar profile, indicating the dominance
of the most-amplified modes (79). This amplifica-
tion behavior is also consistent with our global
measurements, where the anomalous noise in-
creases with device length (19).

The model also predicts that the electron-
phonon Cerenkov instability gives rise to a con-
ductivity spectrum of the form

- O.Drude(o)
o(0) = 7T (1= g

otr

(3)

where 6™ (0) = D/T is the usual dc Drude
conductivity and K is an increasing function of
Fflmp (19). Importantly, o(®) depends on the sam-
ple traversal time for phonons, ¢y = L/vs, where L
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Fig. 2. Spatially resolved local noise
measurements with NV magnetometry.

(A) Fluorescence image of NV centers
underneath device C2, with false-colored
contacts and borders added. (B) NV spin
relaxation from polarized to thermal state
(dashed line), when current densities j =

0 mA/um (dark blue) and j = =0.19 mA/um
(light blue) are passed through the device.

Solid lines are fits. ms, spin quantum number.

(C) Local magnetic noise near drain contact as a
function of graphene current density (device C1) in
electron (e)— and hole (h)-doped regime (blue and
red, respectively). (D) Spatial map of the local
magnetic noise (device C2) atj = 0.18 mA/um
and n = 0.92 x 10*2 cm™. The spatial profile is
consistent with the exponential growth of phonons
due to Cerenkov amplification (cartoon, top).
Dashed black curve shows the theoretically
predicted excess phonon population (offset to
account for background noise). a.u., arbitrary
units. (E) The growth direction is reversed by
changing the current direction (left) or the

charge carrier sign (right). Error bars represent
95% confidence intervals.

Fig. 3. Slow dynamics
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(A) Global noise spectra
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Colored curves: clean
device A2 (9.5 um by

11 um) at bias ranging
from O to 0.8 V (bottom
to top). Black curve:
disordered device Bl at
maximum power applied
to device A2 (scaled 7x).
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conductivity spectra ’l
(excitation: =20 dBm)
(19) with biases O to
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0.8 V. Black curves are fits. (C and D) Features in noise and conductivity
spectra shift to higher frequencies in a shorter (6-um) device (device Al)

under similar electric field as maximum in (A) and

traversal time from (B) and (D) as a function of drift velocity and device

is the device length. When Cerenkov amplifica-
tion occurs, the correlation time probed in con-
ductivity measurements is no longer limited by
the individual electron and phonon lifetimes but
by the traversal time, because the memory of an
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emission event is amplified until the phonons
reach the edge (reflected, backward-moving
modes are no longer amplified). To account for
the variation in #; with phonon emission angle,
we sum over a cone in phonon phase space in
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length. Dashed curves correspond to speed of sound in graphene [light
gray, transverse acoustic (TA); dark gray, longitudinal acoustic (LA)].

(G) Cartoon of important rates in the driven electron-phonon system.
During Cerenkov amplification, the correlation time observed in electronic
measurements is limited by the phonon traversal time, tt =L /vs.

our fits (19). Our model gives excellent agreement
with the observed conductivity spectra (Fig. 3,
B and D, black curves) and even predicts the
slight oscillatory behavior due to the sharp tran-
sit time cutoff. The extracted traversal time is
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Fig. 4. Dependence on bath temperature

and charge density. (A) Global noise PSD as a
function of bath temperature at constant drift
velocities and n = 2 x 10*2 cm™. (B) Calculated
peak phonon emission frequency, which can

be tuned via the graphene carrier density

(blue: T, = 0 K; red: T, = 320 K). (C) Normalized
global current noise as a function of carrier
density for different device lengths (j = 0.6 mA/um).
Solid curves show predicted total phonon
emission. (D) The charge density at which the
noise peaks (nNpeak) for a wider variety of samples
than in (C), with fit (blue). Error bars represent
sampling spacing of carrier densities.

independent of drift velocity (Fig. 3E), and the
corresponding speed matches that of the longi-
tudinal acoustic mode in graphene (Fig. 3F) (32).

The extension of the correlation time is expected
to also cause noise in the same low-frequency
range, consistent with our observations (Fig. 3,
A and C). Whereas the stochastic emission of a
phonon normally causes a small drop in current
that only lasts for 1/T. ~ picoseconds, Cerenkov
amplification both prolongs and magnifies the
effect. The emitted phonon stimulates cascading
emission of subsequent phonons, causing the
current to continue decreasing until the phonon
packet reaches the device edge. This should give
strong current correlations (8j(¢)&j(t + 1)) for
long t (up to #r~100 ps) and thus noise at low
frequencies <1/¢r.

Cerenkov amplification is sensitive to the pho-
non lifetime, and the effect is therefore expected
to intensify at lower temperatures because of
slower anharmonic decay (33). We observe a
strong increase in noise as the temperature is
reduced from 300 to 10 K (Fig. 4A), in clear con-
trast to the decreasing thermal noise observed at
low drives (vp < s). This suggests that the am-
plification process is limited by scattering with
thermally occupied modes at energies similar to
that of the amplified mode (7 THz ~ 50 Kat n =
2 x 102 cm™?).

Another important aspect of Cerenkov ampli-
fication in graphene is that the peak emission
frequency is tunable via the carrier density, n
(Fig. 4B). This peak occurs just below the upper
limit o ~ 2vsky, corresponding to transitions
across the entire Fermi surface. The frequency
tunability manifests as a nonmonotonic depen-
dence of the global current noise on n (Fig. 4C)
(19). Initially, the noise increases with n, because
the larger Fermi surface permits emission of
more (and higher-energy) modes. In other words,
increasing n broadens I'y™. However, its maxi-
mum value decreases at constant current be-
cause vp = j/ne, eventually causing a downturn
in noise.

The crossover density, 7peax, is determined
by the relative importance of the width and max-
imum of F;‘lmp, which depends on the device
length. Analogously to an active filter, the ampli-
fication process narrows the excess phonon dis-
tribution 72q (2)~e"a" */%: as it traverses the device.
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In longer devices, the noise therefore depends
more on the maximum of I'y™ than its width,
causing a smaller 72pe.. We observe such a length
dependence, shown in Fig. 4, C and D in terms of
current noise to facilitate comparison with the
model. Plotting the predicted total phonon emis-
sion along with the data, we find that our model
reproduces both the peak shift and narrowing
well (19).

These considerations show that our observa-
tions are well explained as an electron-phonon
Cerenkov instability in a 2D material. This driven
electron-phonon system shows rich nonequili-
brium dynamics that merit further exploration,
potentially by developing new techniques to di-
rectly characterize the phonon spectrum. Prior
theoretical work predicts that the amplified pho-
nons in graphene have frequencies as high as
10 THz (14), substantially higher than those ob-
served in other materials (15, 16, 18). Moreover,
this system can offer purely electrical genera-
tion and amplification of phonons in a single
micrometer-scale device, with wide frequency
tunability. Future work could explore coupling
to a mechanical cavity to develop a phononic
laser, as well as outcoupling of the amplified
sound waves to far-field terahertz radiation. Our
results represent a promising step toward a new
generation of active phononic and photonic de-
vices based on 2D materials.
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