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We report on nanometer magnetic imaging of two-dimensional current flow in bilayer graphene devices
at room temperature. By combining dynamical modulation of the source-drain current with ac quantum
sensing of a nitrogen-vacancy center in the diamond probe tip, we acquire magnetic field and current
density maps with excellent sensitivities of 4.6 nT and 20 nA/μm, respectively. The spatial resolution
is 50–100 nm. We introduce a set of methods for increasing the technique’s dynamic range and for mit-
igating undesired back-action of magnetometry operation (scanning tip, laser and microwave pulses) on
the electronic transport. Finally, we show that our imaging technique is able to resolve small variations in
the current flow pattern in response to changes in the background potential. Our experiments demonstrate
the feasibility for detecting and imaging subtle spatial features of nanoscale transport in two-dimensional
materials and conductors.
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I. INTRODUCTION

Electronic transport in nanostructures and thin films
shows a rich variety of physical effects that have been fun-
damental to the development of modern electronics and
communication devices. The standard method for investi-
gating electronic transport (resistance measurements) does
not provide detailed information on the nanoscale current
distribution in such structures. The lack of spatial informa-
tion is unfortunate, because the current distribution plays a
key role in many intriguing physical phenomena. Having a
technique that could simply look at nanoscale current flow
would be immensely valuable.

In the recent past, researchers have made significant
progress in the submicrometer imaging of nanoscale
transport phenomena using scanning probe techniques
[1]. For example, scanning gate microscopy has been
applied to image branched flow [2], universal conductance
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fluctuations [3], beam collimation [4] and viscous elec-
tron flow [5]. Scanning superconducting quantum inter-
ference device-on-tip microscopy has been used for the
thermal imaging of dissipation [6], the magnetic imag-
ing of persistent edge currents [7], and twist-angle dis-
order [8] in graphene devices. Scanning single-electron
transistors have demonstrated simultaneous mapping of
electrostatic potential and current to visualize ballistic
and hydrodynamic electron flow [9,10]. Scanning dia-
mond magnetometers based on nitrogen-vacancy (N-V)
centers have been used to record current profiles in
ohmic and hydrodynamic transport regimes in graphene
[11–13] and semimetals [14]. Overall, these techniques
have opened an exciting avenue for imaging nanoscale
transport phenomena in real space.

Recent demonstrations with scanning diamond magne-
tometers applied fairly large source-drain currents, of the
order of a few microamperes [12,14,15] to a few tens of
microamperes [11–15], because of sensitivity limitations.
Although some phenomena can be observed under these
conditions, high current densities are in general undesir-
able, as they can cause, for example, a heating of the
electron gas [16] or nonlinearities due to large source-
drain potentials [17]. Moreover, spatial features of interest
often only amount to changes of a few percent in the total
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current density, leading to challenges in background sup-
pression. Another concern is the influence of the probe
tip [3,18], the optical readout [19–21], and the microwave
spin manipulation [15] on the transport properties. All of
these issues provide strong motivation for further improv-
ing the sensitivity of the technique and exploring methods
for mitigating undesired stray effects.

In this work, we present advances to the sensitive and
noninvasive imaging of current flow in two-dimensional
materials using scanning diamond magnetometry. Our
samples are bilayer graphene (BLG) devices encapsu-
lated in hexagonal boron nitride (h-BN). We demonstrate
coherent detection of modulated (kilohertz to megahertz)
currents with submicroampere sensitivity and introduce a
Bayesian quantum-phase unwrapping method for resolv-
ing small current density variations on top of large back-
ground currents. We also investigate and mitigate the influ-
ence of the scanning tip, laser, and microwave pulses on

the transport properties. We analyze current density maps
for spatial variations in conductivity and show that the flow
pattern can be deliberately changed by adjusting the carrier
density via the back-gate potential. Finally, in contrast to
recent imaging of monolayer graphene (MLG) [11,12], we
observe no signatures of hydrodynamic transport for our
BLG devices at room temperature.

II. SETUP AND DEVICES

A schematic of our experiment is shown in Fig. 1(a).
We study current flow in patterned graphene devices by
recording magnetic field maps above the surface using a
diamond scanning probe with an N-V center tip [23,24].
Devices are fabricated from a single BLG sheet that is
encapsulated between two layers of h-BN using mechan-
ical exfoliation and stacking in a dry transfer process
[25,26]. The van der Waals stack is located on top of
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FIG. 1. Schematic of the current imaging experiment. (a) We use a nitrogen-vacancy center (red) in a diamond tip (gray) to image
the magnetic stray field appearing above a current-carrying graphene device. Microwave (dark red) and laser pulses (green) are used
to manipulate and read out the spin state of the N-V center [22]. The device consists of a bilayer graphene (BLG) sheet encapsulated in
hexagonal boron nitride (h-BN, 11 nm top and 27 nm bottom thickness) that sits on top of a graphite back gate (BG). VSD and VBG are
source-drain and back-gate voltages, respectively. (b,c) Atomic force microscopy images of the two devices used in this study. Note
that device A is only partially covered by the back gate (white dashed line). Electrical contacts are numbered. Scale bars are 2 μm.
(d) Measurement protocol. We modulate the source-drain voltage VSD (orange), microwave power (red), laser power (green) and back-
gate voltage VBG (purple) using an arbitrary waveform generator. Tall microwave pulses are π rotations and short pulses are π/2
rotations. Labels x, y, −x, −y indicate the pulse phase �. τ is the phase accumulation time of the dynamical decoupling sequence
(here a spin echo). C0

ref and C1
ref are reference photoluminescence intensities of the two spin states. Triggers indicate the start of a

measurement cycle. (e) Measured source-drain current during the experimental protocol (d). The inset shows the effect of laser pulses
(on, off) when the tip is positioned near one of the injection points at VSD = 0 V (10-point moving-average filter applied). 2ISD is the
peak-to-peak amplitude of the current signal.
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a 4-nm-thick graphite flake acting as a back gate. The
final stack is annealed, electrically contacted (Cr/Au) [25],
and patterned through e-beam lithography and reactive ion
etching. Two device geometries are used in this study.
Device A is named the “four-terminal device” and is only
partially covered by the back gate [Fig. 1(b)]. Device B
has a Hall-bar geometry and is fully covered by the back
gate [Fig. 1(c)]. Both devices are made from the same van
der Waals stack. These device geometries featuring elon-
gated channels and side-injectors are commonly used to
study hydrodynamic electron flow [5,12,27]. The partially
back-gated device further allows us to study how transport
is affected by locally changing the carrier density of the
BLG sheet. Conventional transport measurements at ambi-
ent conditions on the Hall bar (width 0.8 μm, side contact
separation 3 μm) yield Hall mobilities for electrons (holes)
of μ ≈ 3.3 × 104 cm2/V s (2.4 × 104 cm2/V s) and mean
free paths of lm ≈ 0.4 μm (0.3 μm) at a carrier density of
1 × 1012 cm−2 (Fig. S1 in the Supplemental Material [28]).
The back-gate voltage is zero unless stated otherwise.

Our custom-built scanning magnetometer consists of a
three-axis sample stage that is scanned underneath a dia-
mond probe tip in noncontact mode. The diamond tip
contains a single N-V center near the apex. The vertical
standoff between the N-V center in the tip and the buried
graphene sheet during a magnetometry scan is approxi-
mately z = 100 nm (71 nm N-V standoff distance [28,29],
11 nm h-BN thickness, and 10–30 nm additional scan dis-
tance). A single diamond probe (count rate C0 ∼ 550 kC/s,
spin contrast ε ∼ 26%, QZabre AG [30]) is used for all
experiments. Optical excitation (520 nm) and detection
(630–800 nm) of the N-V spin state are performed via
the same objective located above the probe and sample.
Microwave excitation is achieved via a short bond wire
loop (approximately 30 μm away) that is not mechani-
cally connected to the sample stage. A small bias field
of 5–18 mT is applied to separate the N-V mS = ±1
spin levels. All measurements are carried out at room
temperature.

III. MEASUREMENT TECHNIQUE

We detect the current-generated magnetic field at each
pixel using the concept of the quantum lock-in ampli-
fier [12,14,31,32]. We apply a square-wave voltage ( f =
50–100 kHz) between the source and drain contacts and
synchronize the waveform with the microwave and laser
pulses as well as optical detection. To ensure proper
synchronization of all channels, we generate all analog
and digital signals on a multi-channel arbitrary waveform
generator (AWG, Spectrum DN2.663-04); see Fig. 1(d).
Another channel of the AWG is used to dynamically adjust
the back-gate voltage during measurements.

The signal of the quantum lock-in is the quantum phase
φ that the N-V spin acquires during the coherent precession

time τ [see Fig. 1(d)]. For our protocol, the quantum phase
is given by [28,33]

φ = γeBacτ , (1)

where Bac is the signal amplitude and γe = 2π ×
28 GHz/T the gyromagnetic ratio of the N-V electronic
spin. We determine φ via photoluminescence intensity
measurements,

C� = C0

(
1 − ε

2
+ ε

2
cos(φ + �)

)
, (2)

where C� is photons per second, C0 is the photon count
rate of the mS = 0 spin state, and ε is the optical contrast. �
is the relative phase of the final π/2 pulse. By recording C�

for the readout phases � = 0, π/2, π , 3π/2 (correspond-
ing to the qubit axes x, y, −x, −y), we can determine the
phase over the full (−π ; π ] range using the two-argument
arctangent [12,34]:

φwrapped = tan−1
(

C−y − Cy

Cx − C−x

)
. (3)

This “wrapped phase” φwrapped is equal to φ modulo 2π .
Therefore, for signals exceeding a maximum field Bmax =
±π/(γeτ), we expect phase wrapping to occur in the image
[35]. In this paper we develop suitable phase unwrap-
ping techniques to recover the original phase φ with high
dynamic range.

IV. CORRELATIVE MAGNETOMETRY AND
TRANSPORT MAPS

We begin our measurements by imaging the magnetic
field from the four-terminal device (device A). We apply
a voltage of VSD = 65 mV between contacts 1 and 3 (2
and 4 are floating), corresponding to a current of ISD ≈
8 μA, and use a spin echo sequence [N = 1, τ = 10 μs;
see Fig. 1(d)] to detect the ac modulation. Figure 2(a)
shows the wrapped quantum phase φwrapped extracted using
the procedure of Eqs. (2) and (3). Simultaneously with
the phase measurement, we monitor the total photolumi-
nescence signal (see [28]), device topography [Fig. 2(b)],
source-drain current amplitude ISD [Fig. 2(c)], and dc
offsets of the source-drain current without (with) laser illu-
mination [Figs. 2(d) and 2(e)]. We further measure the
Rabi frequency of the N-V spin as a function of tip position
in a separate scan [Fig. 2(f)].

The correlative maps shown in Figs. 2(b)–2(e) allow
us to monitor whether the tip, laser or microwave irradi-
ation are affecting the transport properties of the device.
Proceeding from left to right, the current amplitude map
ISD [Fig. 2(c)] reveals a slight increase in the source-drain
current when the tip is positioned near the injection or col-
lection points, likely caused by a “scanning gate” effect due
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FIG. 2. Correlative maps of magnetometry and transport characteristics. (a) Quantum phase recorded by the scanning magnetometer,
according to Eqs. (2)–(3). (b) Topography recorded by the position feedback of the scanning magnetometer. (c) Alternating current
amplitude of the source-drain current. (d),(e) Direct current offset of the source-drain current while the laser is (d) off and (e) on (see
[28] for more details). Global offsets have been subtracted from both images. (f) Rabi frequency of the N-V spin, recorded separately.
Scale bars are 1 μm.

to trapped charges on the diamond tip or photodoping (see
below). Other measurements on the same device with the
same N-V center at a later stage show no tip influence or
a reduction of the source-drain current with the tip posi-
tioned near a contact, showing that this effect is small but
somewhat random. Next, maps of the dc offset measured
with the laser off and on [Figs. 2(d) and 2(e), respectively;
see Figs. 1(d) and 1(e) for protocol] show that laser illumi-
nation can induce a small photocurrent, especially when
the tip is near the metallic contacts. This photocurrent
effect is well known [19,36]; however, the effect is small
and does not affect magnetometry because the quantum
phase measurement always occurs in the laser off state. In
addition, to mitigate photodoping of h-BN, which causes
drifts in the carrier density [12,21,28], we ramp VBG to
zero during laser pulses [Fig. 1(d)]. Figure 2(f) confirms
that the Rabi frequency varies less than 5% over the entire
scan window, allowing us to rule out significant coupling
of microwave pulses to the graphene device [14,15].

V. PHASE UNWRAPPING

We return to the magnetometry map shown in Fig. 2(a).
Because of phase wrapping near the injection points where
the current density is high, the phase map cannot be
directly inverted to reveal the magnetic field B and the
associated current density J. Therefore, in Fig. 3, we
develop two strategies to recover the magnetic field map
even in the presence of large currents.

A first strategy is to use a variable grid and locally
refine the pixel sizes in areas of rapidly changing field [11].
Figure 3(a) displays experimental data taken on device
B. The phase map is composed of three separate scans
(I–III) with pixel sizes of 10–100 nm. The pixel reso-
lutions are chosen such that the true phase differences
between pixels are roughly smaller than π . We unwrap

each phase map individually using a standard unwrapping
algorithm [37,38], convert the maps to units of magnetic
field [Eq. (1) with τ = 18 μs], and interpolate them on a
common 20 × 20 nm2 grid [28]. The resulting field map
is shown in Fig. 3(b). In a last step, we compute the cur-
rent density map [Fig. 3(c)] by inverting Biot and Savart’s
law using an inverse filtering technique [15,39,40]. This
phase-unwrapping method increases the signal range from
Bmax = ±π/(γeτ) ≈ ±1 μT to Bmax ≈ 4.6 μT (−9.1 μT),
corresponding to a 6.8× increase in dynamic range.

Our second approach to resolving the phase wrapping
is based on a Bayesian inference and demonstrated in
Figs. 3(d)–3(g) on device A. We proceed in two steps. In a
first step, we record two images with different interaction
times τ1 = 10 μs and τ2 = 20.5 μs, displayed in Fig. 3(d).
The interaction times are chosen at high points of the spin
echo curve where the sensitivity is maximum (Fig. S10
in the Supplemental Material). For the present N-V cen-
ter embedded in a diamond with a natural abundance of
13C isotopes, the positions of these maxima (revivals) are
set by the applied bias field [41]. Ideally, one would select
interaction times that do not share common integer mul-
tiples. This could more easily be achieved in isotopically
pure diamond. The global phase is then recovered either
by inverse-variance weighting or by evaluating the joint
probability function P(B) [42,43] (see [28] for details).
Figure 3(e) shows the resulting field map. Evidently, the
first phase-unwrapping step is not complete and fails in
areas of high current density. To improve the field esti-
mation, in a second step, we invoke the fact that the
magnetic field is spatially smooth, and therefore neighbor-
ing pixels are expected to have similar values. According
to Bayes’ rule, the updated probability function is given
by P(B|Best) ∝ PG(B − Best)P(B), where PG(B − Best) is
a Gaussian centered around the weighted average of the
neighboring pixels [28]. The multiplication introduces an
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FIG. 3. Phase-unwrapping and current-density reconstruction. (a)–(c) Variable grid size method, demonstrated on device B with
ISD ≈ 7.2 μA between contacts 1 and 2. (a) Map of the quantum phase composed of three scans (I–III) with varying pixel sizes (I,
100 × 100 nm; II, 19 × 33 nm; III, 20 × 10 nm). Gray markers denote the subsection of the image processed in (b),(c). (b) Map of the
magnetic field after applying a phase unwrapping algorithm. B represents the vector field component along the N-V center’s anisotropy
axis [28]. (c) Map of the current density reconstructed from (b). (d)–(g) Bayesian inference method, demonstrated on device A with
ISD ≈ 10 μA between contacts 1 and 3. (d) Maps of the quantum phase recorded with τ1 = 10 μs and τ2 = 20.5 μs. (e) Map of the
magnetic field after the first phase-unwrapping step. (f) Map of the magnetic field after the second phase-unwrapping step that corrects
for spatial smoothness. (g) Map of the current density. Dashed white boxes in (c),(g) refer to Fig. 4. Filter cutoff in (c),(g) is λ = z,
where z is the standoff distance. Scale bars are 1 μm.

envelope to P(B) that narrows down the set of possible
probability maxima. We then update P(B) for all pixels
by traversing the grid multiple times until convergence
is achieved. The results of this iterative phase estima-
tion algorithm are presented in Figs. 3(f) and 3(g). For
the reconstructed field image, we find an increase of the
dynamic range by 6.7× compared to the right plot in
Fig. 3(d). Overall, we find that both phase-unwrapping
methods are successful in recovering the field maps; how-
ever, the variable-grid method is somewhat unsatisfac-
tory due to image stitching and the possibility of image
artifacts.

VI. TRANSPORT PHYSICS

We now turn our attention to the interpretation of the
current density maps. In particular, we inspect them for
possible spatial signatures of nonuniform conductivity
[44–46] and hydrodynamic transport [9,11,12,27,47,48].

Figure 4(a) shows a section of device A on a magnified
scale. While the current density is spatially smooth over-
all, we do observe channels of locally enhanced current
flow (white arrows). Although these anomalies are of the
order of a few microamperes per micrometer only, they
are statistically significant and reproducible [28]. Com-
parison with the atomic force microscope (AFM) image
[Fig. 4(b)] reveals that the anomalies are correlated with
slight rises in the topography (black arrows). Similar sta-
tistically significant current density features are seen on
device B [Fig. 4(c)]. While we do not know the micro-
scopic origin of the current density variations, it is likely
that they reflect variations in conductivity due to a vary-
ing background potential [49,50]. Although encapsulat-
ing graphene in h-BN helps reduce the effect of charge
impurities from the substrate [51,52], the stacking process
can lead to the formation of bubbles that act as dopants
and local scatterers for transport [53]. This explanation
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FIG. 4. Transport physics. (a) Magnified current density map of device A [dotted area in Fig. 3(g)]. Arrows indicate anomalies in
the current flow. (b) Corresponding AFM topography. (c) Current density map of device B [dash-dotted area in Fig. 3(c)]. Upper map
shows the experimental data. Lower map shows simulated data assuming a perfect rectangular conductor after adding the equivalent
amount of white noise. Arrows indicate channels of increased current flow in the experiment. (d) Current density map of device A
[dashed area in Fig. 3(g)] for VBG = 0 V. Note that the back gate only covers the right part of the device, indicated by a dashed line.
(e) Differential current density map 	Jy obtained by subtracting J (VBG=−2 V)

y − J (VBG=0 V)
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Jy across the Hall-bar channel (device B). Dots are the data and solid line is a calculation for a uniform current density profile. ISD is
the applied source-drain current. Step size is 10 nm for the ISD = 23.5 μA curve and 40 nm for all other curves. Curves are vertically
offset for clarity. Scale bars are 500 nm.

would be consistent with the correlated AFM topography
observed with Figs. 4(a) and 4(b).

To further investigate the influence of the local poten-
tial, we record current density maps for different values of
the back-gate voltage akin to Ref. [46]. Since the expected
current density variations are small, we use a differen-
tial acquisition technique where two images are recorded
synchronously by toggling VBG between subsequent mea-
surement cycles [Fig. 1(d)]. The synchronous imaging
guarantees that neither spatial drifts nor temporal changes
in the transport properties result in spurious signals in the
differential image. Figure 4(d) shows a current density map
for VBG = 0 V and Fig. 4(e) the difference image between
a VBG = −2 V and VBG = 0 V map, respectively (see [28]
for the full data set). These maps are recorded on device A
where the graphite back gate only covers part of the device
(separated by the dashed line). Consistent with a higher
carrier density in the back-gated region (Fig. S1 in the Sup-
plemental Material), the difference image is positive in the
right portion of the map, confirming that current flow shifts
to the high-conductivity region. Overall, Fig. 4(e) demon-
strates that we can reliably detect small (approximately

5%–10%) changes in the flow pattern despite the presence
of a large background current density. We further observe
small leakage currents through the unconnected contacts 2
and 4 due to the relatively high modulation frequency of
the source-drain current [28].

To reveal the possible presence of hydrodynamic trans-
port effects, we analyze the current profile across the
Hall-bar channel (device B). A hallmark (but not unique
[9]) signature for hydrodynamic transport is a parabolic
flow profile, rather than the uniform (rectangular) profile
associated with diffusive transport [48,54]. Recent experi-
ments on MLG have reported parabolic flow in channels
of similar width at room temperature [12]. Figure 4(f)
shows a set of line scans across the Hall-bar channel for
applied currents 0.1–23.5 μA. All scans are taken near
the charge neutrality point (VBG = 0 V) where the carrier-
carrier scattering is predicted to be strongest [55]. We find
that all scans exhibit a rectangular current density profile
[background lines in Fig. 4(f)] consistent with transport
that is fully in the diffusive regime. The absence of any
hydrodynamic component could be due to a much lower
carrier viscosity in BLG compared to MLG near charge
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neutrality for BLG [27]. Even higher mobilities or cryo-
genic temperatures may be needed to observe the effect, if
at all present.

VII. HIGH-SENSITIVITY SCANS

Finally, we explore the limits of our technique towards
detection of small currents. In Figs. 5(a) and 5(b), we per-
form two-dimensional imaging on device A with a source-
drain current of I = 0.3 μA. To maximize sensitivity, we
increase the ac current modulation to f = 1.33 MHz and
use a dynamical decoupling sequence with N = 128 pulses
to extend the interaction time to τ = 48 μs (Fig. S10 in
the Supplemental Material) [56,57]. From separate high-
resolution line scans, shown in Fig. 5(c), we extract an
absolute magnetic field sensitivity of 4.6 nT for an averag-
ing time of 120 s per pixel (see Fig. S3 in the Supplemental
Material for full data). This corresponds to a per-root-
Hertz sensitivity of 51 nT/

√
Hz, in good agreement with
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FIG. 5. Imaging of a 0.3 μA current. (a),(b) High-sensitivity
magnetic field and current density maps recorded on device A.
A current of ISD = 0.3 μA and f = 1.33 MHz is injected into
terminal 1 and collected at terminal 3. Some current leakage
through the floating terminals 2 and 4 is also observed. Data are
recorded using a dynamical decoupling sequence with N = 128
refocusing pulses and τ = 48 μs. Scale bars are 1 μm and fil-
ter cutoff in (b) is λ = 1.5z. (c) Best-effort magnetic line scan
along the dashed line in (a). For this scan, current is injected
into terminal 2 and collected at terminal 1, and measurement
parameters are N = 128, τ = 38 μs, and f = 1.68 MHz. Each
pixel represents a 120 s average. The upper trace (vertically off-
set for clarity) shows the difference between two line scans. The
standard deviation extracted from the point-to-point difference is
σB = 4.6 nT [28]. (d) Corresponding current density line scan
with a standard deviation of σJx = 20 nA/μm.

the nominal sensitivity expected for this N-V center tip
(47 nT/

√
Hz; see [28]). Likewise, from Fig. 5(d), we

find an absolute current sensitivity of 20 nA/μm cor-
responding to a per-root-Hz sensitivity of approximately
0.2 μA/(μm

√
Hz).

VIII. CONCLUSION

In summary, we report on sensitive imaging of current
flow in two-dimensional conductors using scanning dia-
mond magnetometry. We introduce a set of methods for
increasing the sensitivity and dynamic range of the tech-
nique, for resolving small current density variations by
synchronous differential imaging, and for mitigating unde-
sired side-effects of magnetometry operation (due to, for
example, the scanning tip, laser, and microwave pulses)
on the electronic transport. These advances allow us to
reveal subtle spatial variations in the current density in
BLG devices, including anomalies resulting from bubbles
in the h-BN encapsulation and tuning of the flow pattern
via the back-gate potential. We also provide evidence that
current flow is fully in the diffusive regime with no signs
of carrier viscosity.

The sensitivity demonstrated in our work (approxi-
mately 50 nT/

√
Hz) compares well to those reached with

superconducting quantum interference devices mounted
on scanning tips (approximately 30 nT/

√
Hz, Ref. [7]).

The latter have recently allowed for impressive advances
in the imaging of, for example, topological edge cur-
rents [7] or twist-angle disorder [8], but are confined to
cryogenic temperatures. Looking forward, our techniques
will therefore be especially useful for studying transport
features over a wide temperature range, include hydrody-
namic “whirlpools” [58], the graphene Tesla valve [59],
the onset of nonlinearity in transport phenomena [17], or
the Stokes paradox in viscous two-dimensional fluids [60].
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