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ABSTRACT: Strain has been theoretically predicted and experimentally demonstrated as a
tool for modifying the properties of graphene and two-dimensional (2D) materials through the
creation of a pseudomagnetic field (PMF). The practical introduction of a controllable PMF
has so far presented a significant challenge. In this study, we present evidence for the presence
of PMF induced by thermal strain in extraordinary magnetoresistance (EMR) devices based on
monolayer graphene encapsulated in hexagonal boron nitride. Signal processing methods permit the differentiation of weak
effects obscured within the signals. Investigations of the beating patterns in the Shubnikov−de Haas oscillations observed in
electrical transport measurements complemented by finite element simulations and quantum transport calculations indicate
the existence of a PMF of 0.1−0.2 T. The magnitude and pattern of strain and PMF in such geometry are flexible to control
compared to other methods. The devices under investigation also exhibit an enhanced EMR effect, commensurability
magnetoresistance effect, and weak localization and antilocalization due to spatial variation of strain in the device. The EMR
geometry represents an intriguing and promising avenue for both fundamental physics research and applications including
magnetic field sensors, straintronics and valleytronics, and 2D material and thin-film semiconductor industries.
KEYWORDS: graphene, strain, pseudomagnetic fields, Shubnikov−de Haas oscillations, extraordinary magnetoresistance,
weak localization, weak antilocalization

INTRODUCTION
Strain engineering has become popular in recent years for
manipulating the valley degree of freedom in graphene, with the
applications of valley filtering and splitting devices,1 information
encoding with polarized valleys,2,3 and flat band generation.4

The generation of an inhomogeneous magnetic field with sharp
spatial variations represents a significant challenge for science;
however, strain engineering offers a potential alternative
solution for the creation of such a pseudomagnetic field
(PMF). A controllable and easy-to-reach high pseudomagnetic
field in graphene devices could help the study in quantum
anomalous Hall effects and quantum valley Hall effects,5,6 as well
as previously inaccessible high magnetic field regimes.7 The
methods to induce strain in devices include using nanopillars or
bumps,3,7,8 sample bending,2,9 and layer twisting.5,6 However,
strain and PMF are not easy to control through these methods.
Other ways to induce a flexible PMF are desired.
Strain-induced PMF has been reported by local imaging

methods,6,10 but under-reported and therefore underrated by
transport measurements of which the results can be strongly

influenced as strain and PMF can modify materials’ properties.
Further study on strain and PMF is desired for applications in
the 2D material industry and thin-film semiconductor industry.
Since its discovery in 2000, the extraordinary magneto-

resistance (EMR) effect has been studied extensively at room
temperature11−15 primarily for the considerations of room-
temperature applications in magnetic field sensors and hard disk
drives; only a few studies have been performed at low
temperatures.16−19 However, by lowering the temperature, the
carrier mobility in devices increases through reduction of
electron−phonon scattering, and the EMR effect can be
enhanced.20
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On the other hand, most physics studies on graphene devices
use Hall geometry, and some use circular geometry as Corbino
geometry in which the charge carriers primarily move along the
radial axis. There are only a few experimental studies based on
graphene in EMR geometry so far,12,18,21,22 in which the charge
carriers move in circular paths in the circular graphene
channel12,22 (Supplementary Figure 9) and could have
resonance with the device geometry. Some peculiar effects
that are associated with cyclotron orbits and device geometry
could appear at low temperatures and await to be studied.
In this work, we demonstrate EMR geometry as an alternative

way for strain engineering in graphene devices: by using thermal
strain in the metal shunt that leads to stretching graphene, the
nonuniform strain field and, consequently, the PMF with spatial
variations result in the device. This is demonstrated by the
beating patterns found in the Shubnikov−de Haas oscillations.
We believe that the EMR geometry could pave the way to a
controllable PMF and lead to developments in strain engineer-
ing and valleytronics. Furthermore, we also observe other
phenomena including the commensurability magnetoresistance
effect and weak localization and antilocalization effects as a
consequence of the strain, suggesting EMR geometry as an
interesting alternative to the Hall geometry for fundamental
physics studies. Strain can reduce the intervalley scattering and
restore the weak antilocalization (WAL) resulting from the
chiral nature of carriers in graphene.23 This work may further
advance the transport measurement study on strain and PMF
and make an impact on 2D material and thin-film semi-
conductor industries, as metals are the necessary components.

RESULTS
Emergent Strain-Induced Pseudomagnetic Field.

Figure 1a,b shows the schematic side view and optical
microscope image of EMR device 1 made by a hexagonal
boron nitride (hBN)-graphene-hBN stack (details in Methods).
For the background of the EMR effect and the characterization
of the EMR devices from room to low temperatures, see
Supplementary Notes A and B, respectively. Upon cooling to a
low temperature, the central metal shunt and metal leads

experience thermal contraction that stretches graphene and
results in strain (Figure 1c). The nonuniform strain can lead to
pseudomagnetic field (PMF) Bs in graphene,

24 which breaks the
degeneracy of K and K′ valleys. With applied magnetic field B
perpendicular to the device, Landau levels (LLs) appear. The
effective fields experienced by the charge carriers in K and K′
valleys are B − Bs and B + Bs, respectively (Figure 1d) that scale
LLs differently in K and K′ valleys according to the energy of the
Nth LL ± | |±E B B N( )N s (details in Methods).6 The
resulting two sets of Shubnikov−de Haas (SdH) oscillations
have slightly different frequencies, and their interference could
result in beating patterns (Figure 1e): constructive interference
occurs and the amplitude increases when the two SdH
oscillations are in-phase (yellow dashed line); the amplitude
decreases when they are out-of-phase; destructive interference
and a beating node appear when they are completely out-of-
phase (green dashed line). Here, we present the experimental
data and theoretical models to demonstrate these emergent
phenomena in the EMR devices.
Beatings in Shubnikov−deHaas Oscillation.The device

1 exhibits both the EMR effect and the commensurability
magnetoresistance effect25,26 (Figure 2a) at 10 K from two-
terminal measurements with the current flowing from terminal 2
to 7 (more discussion is in Section Commensurability
Magnetoresistance). From around 1 to 9 T, SdH oscillation is
exhibited in the resistance trace (Figure 2a) and reflects itself
also in the two-terminal sensitivity dR/dB trace obtained by
differentiation shown in Figure 2c, demonstrating the high
quality of the device. For the background of magnetic field
sensitivity, see Supplementary Note A. Beating patterns appear
in SdH oscillations as a function of the perpendicular magnetic
field. They are most prominent from 1 to 4 T at Vg = 20 V and
from 2 to 4 T at Vg = 55 V. Beatings are the interference patterns
between two waves of slightly different frequencies, showing a
periodic variation in amplitudes. Constructive (destructive)
interference of two waves results in a larger (smaller) amplitude.
With a periodicity of 1/B, the SdH oscillations can be plotted
against 1/B and show four clear beating patterns (Figure 2d).
Similarly, the beating patterns also appear in the two-terminal

Figure 1. Strain-induced PMF in the EMR device. (a) Schematic side view of the EMR device. (b) Optical microscope image of device 1. (c)
Schematic of strain distribution and PMF (Bs) in the device. (d) Schematic of LLs in K and K′ valleys in the presence of PMF. (e) Schematic of
Shubnikov−de Haas oscillations and beating pattern resulting from the interference of the LLs of K and K′ valleys.
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sensitivity of device 2 at Vg = 0 V at 10 K (Supplementary Figure
1).
The original signals of resistance traces (Figure 2a) have large

slopes due to the EMR effect that make the superposed beating
patterns hard to identify. While the differentiation method
presented above can help remove the slope from the signal, we

also employ a different way for signal processing: Here, we first

smooth the resistance data with binomial smoothing to remove

the oscillations (Figure 2e,h) and subtract the smoothed data

Rsmooth from the original R to obtain the oscillation part Rosc,

which indeed shows similar beating patterns (Figure 2f,i). Rosc as

Figure 2. Commensurability magnetoresistance and beatings in Shubnikov−de Haas oscillation. (a) Two-terminal resistance of device 1 as a
function of magnetic field B at 10 K at different gate voltages showing the commensurability magnetoresistance effect and SdH oscillations.
Each curve was offset vertically for clarity. (b) Full range of two-terminal resistance traces shown in (a). Two-terminal sensitivities dR/dB as a
function of (c) magnetic field B and (d) 1/B at gate voltages Vg = 55 and 20 V at 10 K calculated from (a) showing Shubnikov−de Haas
oscillation and beating patterns. (e, h) Smoothed dataRsmooth of two-terminal resistance as a function ofmagnetic field at 10 K at gate voltagesVg
= 20 and 55 V. Oscillation partRosc of two-terminal resistance as a function of (f, i) magnetic fieldB and (g, j) 1/B at 10 K at gate voltagesVg = 20
and 55 V.
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a function of 1/B are shown in Figure 2g,j. Thus, we confirm the
existence of the beating patterns in the resistance traces.
Origins of Beatings and Strain. The beating patterns have

been reported to come fromRashba spin−orbit coupling (SOC)
that mixes the spin-up and spin-down states of neighboring
Landau levels into two unequally spaced energy branches.27,28

However, graphene has a negligible intrinsic SOC29 and requires
the proximity effect of high-atomic-number semiconduc-
tors30−32 to show a high SOC. Alternatively, the strain-induced
pseudomagnetic field (PMF) can lead to the valley-polarized
Landau levels and interference and consequently the beating
patterns6 observed in the graphene EMR devices.
The strain in our devices is not expected to come from the

alignment or twist angle between layers in the hBN-monolayer
graphene-hBN stack,6,33 so it should have a different source.
Metals in the central shunt and the leads of the EMR devices can
experience two thermal contraction processes: one from the
cooldown process from high to ambient temperature after
deposition on a substrate following electron beam evaporation
and the other from the cooldown process from ambient
temperature to measurement temperature at 10 K in a cryogenic
system. The total strain in Al is estimated as εtot =−5.686× 10−3

(more details in Methods). The resultant thermal strain in the
metal could be passed to graphene via an edge contact. The large
central metal shunt pulls graphene inward, and the eight metal
leads stretch graphene outward; complex patterns of strain and
stress could eventually result in graphene (Figures 1c and 3b, d,
and e). This method may provide a possible route for a
nonuniform strain profile that is proposed to produce PMF and
a pseudomagnetic quantum Hall effect in ref 24.
Theoretical Models for the Pseudomagnetic Field. In

this section, we provide several methods to estimate PMF in the
device, with the first one using the beating node position6 in the
measurement at Vg = 20 V (Figure 2c,f). The destructive
interference (first beating node) of the valley-polarized LLs in
device 1 appears at the LL index Nb

1 = 7 corresponding to the
applied magnetic field B = 2.8 T (details in Methods). The PMF
can be calculated as = =B 100 mTB

Ns 4 b
1 . We also use

COMSOL simulation to study the stress distribution in the
device with the prescribed displacement 2.5587 × 10−8 m on all
metal−graphene interfaces including the boundaries of the
central shunt and six leads (Figure 3b, simulation details in
Methods). Figure 3d,e shows the site displacements plotted in x
and y directions separately to show the displacement directions.
Indeed, graphene is deformed toward the center and pulled
outward by the leads. We export the data of site displacements
and estimate the PMF to be |Bs| ≲ 0.25 T based on ref 8 with
PMF distribution shown in Figure 3c (details in Methods). To
make a more precise estimation, we built a tight-binding model
(model details in the Methods) to obtain the plot of Rxx in
response to magnetic field B and charge density n (Figure 3f).
TheRxxmap shows the splitting of Landau levels, which suggests
that the PMF lifts the valley degeneracy. By fitting two sets of
Landau levels to the spectrum, each shifted by ±Bs, we estimate
the PMF at 0.2 T. Note that the transport data give an overall
value averaged over some area of the device.
We also calculate the density of states (DoS) and fit the

experimental data to estimate the PMF (details in theMethods).
To this end, the two-terminal experimental data obtained in
device 1 atVg = 20 V is used (see Figure 2c). Figure 3g shows the
DoS calculated as a function of B and n, with the beating nodes
visible as modulation of DoS, and marked by the red dashed line

(first beating node) and yellow dashed lines (higher beating
nodes). Figure 3h,i shows experimental data Rosc (yellow) and
the calculated DoS (black) at the corresponding charge carrier
density with PMF Bs = 0.105 T in response to magnetic field B
and 1/B, respectively. The fast Fourier transform (FFT) of the
Rosc(1/B) data in Figure 3j shows the splitting of the first peak,
originating from the ±Bs shift of the spectra in each valley. Rosc
and DoS as well as their corresponding FFTs all show good
agreement (for other exemplary values of Bs = 0.095−0.115 T,
see Supplementary Figure 2). Discussion about the red trace at
Vg = 55 V is in Supplementary Note C. Supplementary Figure
3a−c shows the Rosc and DoS and FFTs of the two-terminal
experimental data at Vg = 0 V (light blue) in Figure 2a,b with the
estimation of Bs = 0.215 T. We also use the four-terminal
experimental data of device 1 with current flowing from probe 2
to 7 and voltage measured across probes 1 and 10 atVg = 0 V and
estimate the PMF to be ∼0.106 T (Supplementary Figure 3d−

Figure 3. Simulations of stress, PMF, Landau fan, and density of
states. (a) Schematic of the system used for the quantum transport
calculations with white numbers labeling the leads. Blue semi-
transparent is the unstrained system, and the dark gray is under
strain with the displacement multiplied by 10 to show the
deformation more clearly. White arrows indicate the direction of
deformation. (b) Stress distribution in device 1 simulated by
COMSOL Multiphysics. The device geometry is simplified to
facilitate the tight-binding calculation. (c) Calculated PMF
distribution in the device based on-site displacement data exported
from COMSOL simulation. (d) x component and (e) y component
of the displacement field from COMSOL simulation. (f) Rxx in
response to B and n calculated using the tight-binding model. The
dashed lines are LLs calculated for theK (red) andK′ (black) valleys
withBs = 0.2 T. (g) Density of states calculated withBs = 0.105 T and
Γ = 3.5 meV. The red dashed line indicates the position of the first
beating node Nb

1, and yellow dashed lines indicate higher beating
nodes Nb

2 to Nb
4. The experimental resistance Rosc (yellow) and the

calculated density of states (DoS) (black) with PMF = 0.105 T in
response to (h) magnetic field B and (i) 1/B. (j) Normalized fast
Fourier transform of the experimental resistance Rosc (yellow) and
the DoS (black) with a PMF of 0.105 T.
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f). These methods lead to the conclusion that the PMF in our
device is 0.105−0.215 T with spatial variations.
Weak Localization and Weak Antilocalization. In

Figures 3f and 5a, we can spot a dip (dark blue) in resistance
around B = 0 T, indicating the occurrence of weak
antilocalization (WAL). It is reported that the strain could
lead to a bandgap opening and occurrence of WAL.9,23,24 The
Berry phase π and chirality of the carriers in graphene would
ideally lead to WAL; however, the presence of short-range
scatterers breaks the chirality and induces intervalley scattering,

resulting in weak localization (WL). Ref 23 reported WL
suppression as a result of the reduction of the intervalley
scattering due to strain. Here, strain can even restore the WAL.
Fabricated from the same encapsulated graphene stack, device

2 exhibits both WL and WAL of carriers (Supplementary Note
D). The 2D plots of the two-terminal resistance and four-
terminal resistance in response to B and Vg at 10 K are taken
from the two-terminal measurement with the current flowing
from terminal 12 to 7 and the four-terminal measurement with
the additional voltage terminals 4 and 10 (inset of Supple-
mentary Figure 8f), respectively. A light blue stripe (higher
resistance) around 0 T with a consistent width (marked by a red
arrow) immersed in the dark blue region (lower resistance) of
the electron-doping region in Figure 4a suggests the presence of
the WL effect. A narrower dark blue stripe (lower resistance)
around 0 T with a consistent width immersed in the light blue
region (higher resistance) of the electron-doping region in
Figure 4b suggests the presence of WAL, in qualitative
agreement with the simulations (Figures 3f and 5a). Similar
consistencies in WAL and WL have also been reported in
graphene on WS2

34 and graphene-on-hBN devices.35 However,
both the WL and the WAL effects in device 2 are not as obvious
in the hole-doping region because the Fermi level pinning (FLP)
and the resultant band realignment and pn junction near the
metal−graphene interface lead to a higher resistance in this
region.21,36

WL and WAL can exist in different regions of our EMR
devices due to spatial variation of strain (Figure 3b, d, and e),
which may suppress WL and restore WAL.23 Supplementary
Figure 4 also shows the appearance of WL and WAL in two-
terminal measurement and four-terminal measurement, respec-
tively, of device 1 at 10 K. WL and WAL seem to coexist and
compete with each other at −50 V in Supplementary Figure 4a,
demonstrated as a dip in a bump in four-terminal resistance, in
agreement with the simulated Rxx at, for example, n = 8.04× 1011
cm−2 (red solid line) and 17.42 × 1011 cm−2 (black solid line) in
Figure 5c, suggesting the effects of strain for suppressing and
restoring localization effects. Two-terminal measurements
reflect the holistic properties of the device, while four-terminal
measurements primarily reflect the local properties of graphene
in a region close to the two voltage probes. This is demonstrated
in Supplementary Figure 4 as the voltage trace looks qualitatively
similar to the resistance trace from four-terminal measurement
and both show coexistence of WAL and WL, while the current
trace and the resistance trace from two-terminal measurement
shows only WL. Similarly, transition between and coexistence of
WAL and WL have also been found in the graphene Hall bar.37

Figure 4. Weak localization and weak antilocalization. 2D plots of (a) two-terminal resistance and (b) four-terminal resistance of device 2 in
response to B and Vg at 10 K. The color represents the magnitude of resistance. The red arrows indicate the presence of WL and WAL,
respectively.

Figure 5. Rxx in response to B and n calculated by a tight-binding
model. (a) Low magnetic field zoomed-in image of Figure 3f in the
main text, with the presence of strain in the device. Around B ≈ 0, a
minimum of Rxx is visible, between the red arrows, indicating the
presence of WAL. (b) Rxx as a function of the magnetic field and
density without the presence of strain in the device. The calculation
was done in the same system as described in the main text, with a
random disorder amplitude of 0.02 eV, averaged over 10 disorder
realizations. The white dashed lines mark a few of the lowest
analytical Landau levels. (c) Line cuts of Rxx as marked in (a, b). The
solid lines show Rxx in response to B at n = 8.04 × 1011 cm−2 (red)
and 17.42 × 1011 cm−2 (black), with strain, extracted from (a),
showing the coexistence of WAL and WL in agreement with the
experimental data in Supplementary Figure 4a. The dash-dotted
lines show Rxx without strain, extracted from (b). The dash-dotted
lines are vertically offset by 0.003° for clarity.
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Ref 35 reportedWL in graphene-on-hBN devices at T = 250 mK
as the phase coherence time is larger than the intervalley
scattering time and appearance of WAL when T approaches 10
K due to shorter phase coherence time. WAL is also reported in
the suspended graphene Corbino disk,38 which has a circular
geometry and edge contact with the central metal like EMR
geometry; it is possible that EMR and Corbino geometries could
share some similarities in the strain pattern.
For comparison, the plot of Rxx in response to magnetic field B

and charge density n in unstrained graphene from a quantum
transport calculation is presented in Figure 5b. The resulting
longitudinal resistance map does not show splitting of the
Landau levels: see the white dashed lines marking a few of the
lowest analytical Landau levels. Additionally, in this simulation,
theWAL is absent or very weak, which, however, is observed in a
strained sample. This difference is presented in Figure 5c, where
the solid lines and the dash-dotted lines show line cuts at
densities marked in Figure 5a,b. A very faint resistanceminimum
close to B = 0 might be spotted in Figure 5b, but it is not seen
consistently at all densities. It could result from the competition
of the π Berry phase (which can in principle cause WAL in
pristine graphene) and the intervalley scattering due to disorder
(which breaks WAL).
Commensurability Magnetoresistance. The commen-

surable magnetoresistance effect can appear in a ballistic
transport bulk system where the charge carriers undergo
diffusive scatterings with the boundary. Figure 2a shows that
the anomalous magnetoresistance peaks appear in device 1 at 10
K below B = 0.5 T owing to the magnetic commensurability
effect between the cyclotron radius Rc and device size. We take
the resistance trace at Vg = 55 V for example: as B increases from
zero, R increases with B and exhibits a maximum at Bmax =±0.12
T, and then,R decreases with B and exhibits aminimum atBmin =
±0.95 T. For higher B, the Shubnikov−de Haas oscillation
(SdH) is superposed on the EMR effect as R oscillates as a
function of B. This anomalous magnetoresistance has a strong
dependence on the gate voltage: the interval between the two
minimum resistance points (valleys) in each resistance trace
decreases from 1.9 T at 55 V to negligible at−9 V close to CNP,
and the amplitude between the peak and the valley decreases
from 159 Ω at 55 V to negligible at and below −9 V. The two-
terminal resistance in the full magnetic field range at 10 K is
shown in Figure 2b.
According to ref 25, the value of Bmax scales with the ratio of

the cyclotron radius Rc to the channel widthW as α =W/Rc. The
graphene channel in EMR device 1 has a width ofW = 2.12 μm.
We calculate α based on the equation

= WB
n

e max

Here, we find that the average α is 1.078 in our device, almost
in the range of expected 0.9 ± 0.1 for a ballistic graphene
channel.25 This suggests that some charge carriers could bounce
between the outer edge of graphene and the interface between
graphene and the central metal shunt at a low field and
experience the circular graphene channel itself as separated from
the central metal shunt (see current distributions in Supple-
mentary Figure 9 (300 K)).

DISCUSSION
We are not aware of any report on pseudomagnetic fields
resulting from thermal strain in evaporated metal in Hall

geometry, possibly because the Hall bars generally have large
open areas far from themetal leads. However, with a significantly
small Hall bar, WAL is reported in the sample with a central
channel of around 1 μm width made by monolayer graphene
without hBN encapsulation,39 possibly also resulting from the
strain in the metal leads. We note that strain levels up to 0.12%
have been reported to be induced by contacts in semi-
encapsulated graphene/hBN Hall bars.33 The strain pattern
reported therein is contributed by expansion of graphene and
contraction of gold leads when cooling as well as the difference
between the thermal expansion coefficients of Au (positive) and
graphene (negative). A higher strain is reported in unencapsu-
lated graphene in contact with the Ni film than Ti and Au
films.40

Different from themethods of twist angles between layers5,6,33

and sample bending,2,9 PMF induced by thermal strain in metal
in EMR geometry is easy and flexible to change. The magnitude
of strain and PMF can be changed by varying the measurement
temperature to induce a different thermal deformation in metal,
using metals with different thermal expansion coefficients or
residual stress, and varying the metal thickness.40 The pattern of
strain and PMF in the device can also be varied by changing the
geometry of the device, such as the number and widths of the
probes in EMR devices, the outer boundaries of the device, the
boundary between the shunt and graphene, etc. The material of
the central shunt can also be a semiconductor or insulator. The
advantage of using the device with a central insulating shunt is
that the beating pattern in the resistance trace can be
immediately identified without signal processing to deal with
the slope of the resistance trace shown in Figure 2a as the current
runs only through the graphene channel, and no EMR effect is
involved. Graphene in the device can also be replaced by other
2D materials because the strain is primarily from the central
shunt. We expect that this understudied EMR geometry can
advance the fields of straintronics and valleytronics. Note that
we do not need to retain the EMR geometry as the key idea is
using geometry variations to control the patterns and
magnitudes of stress and PMF in order to control K and K′
valleys. Similar geometries such as Corbino and others could be
explored in such a purpose. Corbino geometry can be regarded
as a deformed EMR geometry with the metal probes shorted
together at the outer boundary. Some theoretical works have
proposed to utilize strain in Corbino geometry for valley
manipulation, polarization, and filtering to carry information,
analogous to spintronics.41,42 Therefore, our finding can open
the door to future practical realization by employing thermal
strain in these geometries.

CONCLUSIONS
We have studied the low-temperature effects in encapsulated
graphene devices in EMR geometry and found a new way, i.e.,
using thermal strain in the metal to induce a pseudomagnetic
field, which is suggested by the presence of beating patterns in
the SdH oscillations. Two methods are used for signal
processing to identify the beatings, by differentiation and
smoothing. Multiple methods are also used to estimate the
magnitude of the pseudomagnetic field to be 0.1−0.2 T: using
the LL index of the beating node, finite element simulations,
quantum transport simulations, and density of states and Fourier
transform. Additionally, we found many interesting geometry
and quantum effects including the magnetic commensurability
effect, weak localization, and weak antilocalization, which can be
suppressed and restored due to spatial variation of strain in the
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device. The appearance of these effects suggests EMR geometry
as an interesting alternative to the Hall geometry for
fundamental and applied physics studies. This work may further
advance the transport measurement study on strain and PMF
and make an impact on 2D material and thin-film semi-
conductor industries.

METHODS
Experimental Methods. The devices were manufactured from

mechanically exfoliated monolayer graphene encapsulated in 30 nm-
thick hBN flakes using a dry-transfer technique.43 The hBN-graphene-
hBN stack was placed on highly p-doped Si substrates with a 300 nm-
thick SiO2 top layer. The device geometry was defined by electron beam
lithography (EBL) followed by reactive ion etching (RIE), resulting in
disk-shaped devices of outer radius r0 with concentric circular holes of
inner radius ri. Electrical contacts and a central metal shunt were then
defined by EBL and electron beam evaporation of a 4/80 nm Ti/Al
electrode layer. The schematic side view of the EMR device is shown in
Figure 1a. Figure 1b and the inset of Supplementary Figure 8f show the
optical images of device 1 with the inner radius ri = 4.5 μm and the outer
radius ro = 6.6 μm and device 2 with the inner radius ri = 3.3 μm and the
outer radius ro = 5.9 μm, respectively. Electronic transport measure-
ments were carried out using a lock-in technique with a 200 μV bias at a
frequency of 13 Hz in a variable-temperature physical property
measurement system (PPMS) equipped with a 9 T magnet. The
graphene carrier density nwas controlled by a gate voltage Vg applied to
the Si substrate. The rate of change in carrier density with gate voltage, n
= 6.42× 1010 Vg V−1 cm−2, was estimated by considering a 300 nm SiO2
layer and a 30 nm bottom hBN layer, with relative dielectric constants
3.9 and 3.29, respectively. Measurements were performed at 300, 10,
and 4 K.
Estimation of the Landau Level with Index N. For a rough

estimation of the Landau level index, we can use the relation

=E v nF and the Nth LL energy = | |E N e B v Nsgn( ) 2 ( )N F
2 ,

whereN = 0,±1,±2, and so on. Assuming thatN > 0, the estimated B is
=B n

eN2
. At n = 19.6× 1015 m−2, it gives B = 20.23 T for the first LL and

B = 2.89 T for the seventh LL, which is the position of the beating node
in the blue trace in Figure 2c.
Estimation of Thermal Strain and PMF in Graphene. The

metal evaporates at a temperature higher than its melting point in the
electron beam evaporator and contracts during the cooldown process
after deposition on a substrate. The melting point of Al is 660 °C, and
the source−substrate distance in the electron beam evaporator is 69.85
cm. The temperature of Al atoms decreases during travel in the chamber
due to radiation and scattering with residual molecules. The glass
temperature (GT) of electron beam resists 495 and 950 PMMA is in the
range of 95−106 °C, above which PMMA becomes soft and may not
function. The temperature of Al atoms landing on the substrate (Ta)
should be below GT of PMMA. Assuming that Ta = 80 °C, the
temperature change ΔT = Tf − Ta = −60°C, where Tf = 20 °C is the
ambient temperature that Al cools to. The strain in Al can be estimated
with linear thermal expansion:

= = = ×L
L

T 1.386 10t L
3

where the linear thermal expansion coefficient (LTEC) αL = 23.1 ×
10−6 K−1 at 20 °C, which is significantly larger than the LTEC of
monolayer graphene −3.2 × 10−6 K−1 at room temperature.44,45 We
neglect the strain of graphene resulting from its own cooling in this
calculation. The cooling from ambient temperature to 10 K results in
extra strain in Al, εc = −4.3 × 10−3, based on NIST 6061-T6 aluminum
(UNS A96061) and references.46,47 The total strain in Al is εtot = εt + εc
= −5.686 × 10−3. The stress in Al is σAl = εtotEAl = −420.764 MPa,
where EAl = 74 GPa is the average Young’s modulus of Al at low
temperatures. The stresses in graphene and metal near the boundary
should be the same, so the strain in graphene can be estimated as

= = ×0.4007 10
EG

3Al

G
. We may adopt the bent-ribbon model6 in

a small region of graphene, which reported a pseudomagnetic field of 6
mT in a sample with a corresponding in-plane bending strain of 5 ×
10−5, and estimate the PMF in graphene to be Bstotal = 48.08 mT. This is
a very rough estimation due to approximations, and a more precise
estimation is given in the Results Section Theoretical Models for the
Pseudomagnetic Field.
COMSOL Model. We used COMSOL Multiphysics 6.1 for finite

element simulations. To facilitate the quantum transport calculations, a
symmetric design of geometry was used as shown in Figure 3a−e. The
EMRdevice had an outer radius of ro = 6.6 μmand an inner radius of ri =
4.5 μm. The width of the probe was 2 μm. The material of the central
shunt was Al with a density of 2700 kg/m3, a Young’s modulus of 70
GPa, and a Poisson’s ratio of 0.33. The parameters of graphene were set
as a density of 2267 kg/m3, a Young’s modulus of 1050 GPa, and a
Poisson’s ratio of 0.19.
In our 2D model, the Solid Mechanics module was used with a

thickness of 0.335 nm. The total strain in Al was εtot =−5.686× 10−3, as
described in the main text. To obtain the site displacement, we used the
approximation of a rectangle elongation in the normal directions for
simplicity in this calculation although the shunt had a circular shape,
and the prescribed displacement of each side of the metal shunt was
calculated as

= = ×L
L

2
2.5587 10 mtot Al 8

where LAl = 2ri and ri = 4.5 μm is the radius of the metal shunt. The
outer boundary of the device was set as free, excluding all of the metal−
graphene interfaces.
Density of States Calculation. For an additional analysis of the

measurement data, we calculated the density of states (DoS) for an
idealized model of graphene with a uniform pseudomagnetic field Bs =
(0, 0, Bs) and in the presence of an external magnetic field B = (0, 0, B).
In this case, the energy of Nth Landau level (LL) is

= ± | | = ± ±±E N e B B v N Nsgn( ) 2 ( ) , 0, 1, 2, . . .N s F
2

where the ±Bs stands for the pseudomagnetic field in the K (K′) valley.
Then, DoS was calculated as a sum of contributions from the K and K′
valleys

=
+

++D
e B B

h
E

e B B
h

E

( )
2 ( )

( )
2 ( )

(

)

N
N

N

N

s s

To account for the broadening of the LLs due to the presence of
disorder, phonons, or impurities, we used the approximation of Dirac
delta δ(ε) by the Lorentzian function with width Γ. In the limit of
vanishing Γ, it recovers the Dirac delta:

+
=lim

1
( )

0 2 2

Additionally, to convert the energy to density n for the presentation
of D(n), we used the formula for the carrier density at the zero
temperature limit

=n D( ) ( )d
0

which for the Lorentzian approximation can be calculated exactly
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The DoS map calculated for Bs = 105 mT and broadening 3.5 meV is
shown in Figure 3g, with Landau levels clearly visible. Moreover, several
beating nodes can be seen in the map. The first beating node occurs at
Landau level index Nb

1 = B/4Bs according to ref 6. Then, using the

energy of Nth LL = | |E N eB v Nsgn( ) 2N F
2 neglecting the pseudo-

magnetic field and =E v nN F , we get the estimate of the beating
node position in the n vs B plot n = eB2/hBs. The first beating node is
plotted over the DoS map with a red dashed line. The higher beating
nodes are marked with yellow dashed lines.
The experimental data were processed for comparison with the DoS,

as shown in Figure 3h−j. First, the data were smoothed with the
binomial smoothing. The oscillation part Rosc was obtained by
removing the smooth background; then, Rosc(1/B) was interpolated
to get equally spaced 1/B data, and the result was Fourier transformed.
The resulting FFT spectrum as well as the Rosc data can be compared to
DoS, which is processed in the same way, and their values were
downscaled by 2 and shifted by −120 in the y axis to match the
experimental data.
Figure 3j shows the result together with the DoS calculated at density

n = 19.6× 1015 m−2, with the experimental data corresponding toV = 20
V found to match well according to the position of the first peak of FFT
of Rosc(1/B), although the exact position of the charge neutrality point
is not well-defined.
Quantum Transport Calculations. For the transport calculations,

we use the tight-binding Hamiltonian

+† †rt c c V c c( )
i j

ij i j
i

i i i
,

where ci†(ci) is the creation (annihilation) operator of electrons on site i
at position ri = (xi, yi). The first sum runs over the nearest neighbors
with the hopping parameter tij, and the second sum describes the on-site
potential energy. To enable calculations for realistic sized devices, we
used the scalable tight-binding model,48 where the lattice constant a0 =
0.25 nm and hopping parameter t0 = 3 eV were scaled to a = a0sf and tij =
t0/sf, with the scaling factor sf = 8. To account for the presence of an
external magnetic field perpendicular to the graphene plane B = (0, 0,
B), the Peierls substitution tij → tij exp(iϕ) was used, where

= A rde
r

r

i

j . We used the vector potential A in the Landau gauge

A = (−yB, 0, 0) and in the leads used the gauge transformation such that
A satisfies the translational invariance of the respective lead.49,50 In
strained graphene, the site positions ri are modified from the ones in
unstrained graphene ri0 = (xi, yi) according to the displacement field (ux,
uy) obtained from COMSOL simulation ri = (xi0 + ux(xi0, yi0), yi0 + uy(xi0,
yi0)). The effect of strain was included in the scalable tight-binding
Hamiltonian through the modulation of the hopping parameter tij → tij
exp(−β(dij/accsf − 1)),51 where dij is the distance between site i and j in
the strained system, β = 3.37 is the decay coefficient, and acc is the bond
length in the unstrained graphene. We included the sf in the hopping
modulation, but in the scaled tight-binding model, an additional
modification of the displacement field was needed by replacing (ux, uy)
→ (sfux, sfuy) to obtain the same pseudomagnetic field as in the
nonscaled graphene lattice.51 For the scattering problem, we used the
wavefunction matching52 within the Landauer−Büttiker formalism. In
a multiprobe system, the conductance from lead i to lead j was
calculated as =G Tji

e
h ji
2

2 , where the transmission probability is summed

over propagating modes Tij = ∑qTijq. For the four-terminal resistance
calculation in a multiterminal system, we assumed that two of the leads
serve as voltage probes and two others as current probes. Then, the
resistance Rij,kl with the current flowing between probes k and l, and the
voltage taken between probes i and j, was obtained by solving the
scattering problem for all the pairs of leads in the system.49,53,54

The model system for transport calculation was a ring-like graphene
sheet with six rectangular contacts stretching out radially along the
direction defined by the angles 0, ±60, ±120, and 180 deg. We did not
include the metal shunt in the model for simplicity and since the
COMSOL simulations showed that the current mostly propagates
within graphene in a magnetic field (see Supplementary Figure 9). Two
of the contacts were chosen as voltage probes, and two others as current
probes. The x axis was taken along the zigzag direction of the graphene
lattice. The outer (inner) radius of the ring is Rout ≈ 668 nm (Rin ≈ 452
nm), and the probe width w ≈ 198 nm (Figure 3a). Limited by the
computation power, the system used for quantum transport was 10
times smaller than the COMSOL model used for the calculation of
displacement; therefore, the obtained displacement had to be
additionally downscaled by a factor of 10 to obtain the same
pseudomagnetic field. The schematic of the system is shown in Figure
3a. The nondeformed system is shown in blue semitransparent, and the
system under strain is shown in dark gray (with the displacement
multiplied by 10 for clarity). The colormaps in Figure 3d,e show the
displacement components ux and uy, obtained from the COMSOL
simulation. From the displacement, it is evident that graphene is pulled
into the center by the circular metal shunt and outward by the metal
contacts, as shown by small white arrows in Figure 3a.
Resistance Rxx = R12,34 was calculated as a function of magnetic field

and back gate voltage (see lead labeling in Figure 3a), assuming zero
temperature and carriers incident at zero energy. The carrier density
was calculated as n = CgVg/e, with Cg/e = 0.642 × 1015 m−2 V−1, from
which one can get the on-site energy as = | |V n v nsgn( ) F to be
input into the tight-binding Hamiltonian. Additionally, a disorder was
modeled as random noise added to the on-site energy∑iUici†ci within r
< Rout, where Ui ∈ (−0.02, 0.02) eV is a random number following a
uniform distribution. The resistance was averaged over 10 different
disorder configurations. The results are presented in Figure 3f. The
energy of the Landau levels shown by dashed lines requires correction
by multiplying by 0.98 to fit the position of resistance maxima.48

Pseudomagnetic Field Calculation. We can obtain the
pseudomagnetic field Bs from the calculated displacement profile.8

The relation between the pseudo vector potential As and the strain

tensor ε elements is = i
k
jjj y

{
zzzA 2ea

xx yy

xys 2 cc
where the elements of the

tensor are = + + =u u u u i j x y( ( )( )), , ,ij j i i j i z j z
1
2

.
Since we only consider the in-plane displacement, the strain tensor

elements reduce to

= + =u u i j x y1
2

( ), , ,ij j i i j

From this, one can obtain the pseudomagnetic field as

= × = =B A A A B(0, 0, ) (0, 0, )x s y x s x ss s , ,

Possible Alternative Origin of Beatings: Small Density
Variation. Suppose the splitting of the first FFT peak in Figure 3j is
due to the different charge densities in two regions of graphene in the
device (e.g., regions with different intrinsic doping), we can estimate
these densities corresponding to the two FFT maxima. From the
periodicity of SdH oscillations, the FFT peak should be at =n B

h
4e F .

The two FFT maxima are at frequencies BF = 18.85 and 22 T,
corresponding to densities n ≈ 18.23 × 1015 and 21.28 × 1015 m−2,
respectively. These densities differ by 3× 1015 m−2. The DoS calculated
for two sets of LLs with a rigid shift in density by this value is shown in
Supplementary Figure 5, in which the pattern looks qualitatively
different from the result considering beatings due to a small PMF
(Figure 3g). The positions of the beating nodes in Supplementary
Figure 5 almost do not change with the charge densities and are also

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.5c04844
ACS Nano 2025, 19, 29276−29285

29283

https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c04844/suppl_file/nn5c04844_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c04844/suppl_file/nn5c04844_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c04844/suppl_file/nn5c04844_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c04844/suppl_file/nn5c04844_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c04844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


different from the measured ones (i.e., beating nodes at Vg = 20 V at
about 2.8 T and at Vg = 55 V at about 3.4 T). Therefore, we exclude the
possibility that the density variation in the sample is the only origin of
the beatings, but we cannot rule out the possibility of its presence in our
devices along with the existence of PMF.
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