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Resistivity measurements of a few-layer black phosphorus (bP) crystal in parallel magnetic fields
up to 45 T are reported as a function of the angle between the in-plane field and the source-drain
(S-D) axis of the device. The crystallographic directions of the bP crystal were determined by
Raman spectroscopy, with the zigzag axis found within 5◦ of the S-D axis, and the armchair axis
in the orthogonal planar direction. A transverse magneto-resistance (TMR) as well as a classically-
forbidden longitudinal magneto-resistance (LMR) are observed. Both are found to be strongly
anisotropic and non-monotonic with increasing in-plane field. Surprisingly, the relative magnitude
(in %) of the positive LMR is larger than the TMR above ∼ 32 T. Considering the known anisotropy
of bP whose zigzag and armchair effective masses differ by a factor of approximately seven, our
experiment strongly suggests this LMR to be a consequence of the anisotropic Fermi surface of bP.
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INTRODUCTION

Magnetoresistance (MR) is a phenomenon in which a
material’s resistivity increases or decreases due to the
presence of a magnetic field B. Transport measurements
typically require the presence of an electric field E so as to
establish an average current with charge velocity v along
a preferred direction. The overall force on the charge car-
riers q (electrons or holes) is simply given by the Lorentz
force, F = q(E+v×B). From this stems two important
limiting cases: one where the current flow is perpendic-
ular to B and for which the magnitude contribution of
the Lorentz force is maximal, and the other where it is
parallel to B and there is no magnetic contribution to
the Lorentz force. This simple classical picture therefore
implies that MR is forbidden in the latter case, however
decades of research have shown that a material can de-
velop a longitudinal magnetoresistance (LMR) when the
current and the magnetic field are parallel. The exact
set of conditions for which a non-classical LMR can or
cannot be observed remains a highly debated topic which
has gained renewed interest recently within the context
of Weyl semimetals and topological insulators [1–3].

Pal and Maslov [4] have studied theoretically the non-
classical LMR on generic grounds and they proposed
a set of necessary and sufficient conditions within the
context of Fermi surface (FS) morphology for a three-
dimensional system. While not all anisotropy leads to a
LMR, it was shown that an angular anisotropy of the FS
along the magnetic field direction is a sufficient condi-

tion. Few-layer black phosphorus (bP) provides a key
system for this since its Fermi surface (FS) is highly
anisotropic with effective masses for holes mac = 0.11m0

and mzz = 0.71m0 (m0 is the bare electron mass) along
the armchair (ac) and zigzag (zz) directions, respec-
tively [5]. LMR has been observed previously in bulk
crystals of bP [6, 7] yielding only limited progress in
its understanding. This is the subject of this work,
where an experiment was designed to perform magneto-
transport measurements in a few-layer bP device in the
presence of a purely parallel magnetic field that could
be rotated in the plane of the bP few-layer flake, and
up to 45 T field. A strong classically-forbidden LMR
was found whose non-monotonic field dependence closely
matches a parabolic behavior. Even though LMR has
been studied for decades in three-dimensional systems,
to our knowledge there is no rigorous theory in two-
dimensional anisotropic systems and as such our results
are calling for future theoretical work in this direction.

RESULTS

Device structure

The geometry of the few-layer field-effect transistor de-
vice is shown in figure 1(a). Details on device fabrication
are provided in the supplementary information (SI). The
flake thickness was carefully determined from the atomic
force microscopy (AFM) measurements shown in the SI,
and is t = (16± 1) nm in the channel region. The chan-
nel length and average weighted width are L = 25.4 µm
and W = 4.4 µm, respectively. The transistor includes
a conventional back gate and two additional top gates
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labeled TG1 and TG2 in figure 1(a) employing a combi-
nation of POx and Al2O3 as oxide dielectrics [32]. For
the measurements presented here, TG1 is not used. We
define ϕ as the angle between the source-drain (S-D) axis
of the device and the in-plane magnetic field used in the
experiment (see figure 1(a) and figure 2(a)). With this
convention, at ϕ = 0◦ the magnetic field is parallel to
the S-D axis and hence to the current (B ‖ I), whereas
at ϕ = ±90◦ the magnetic field is perpendicular to the
S-D axis and the current (B ⊥ I). For clarity, the same
convention has been used in displaying the polarized Ra-
man measurements shown in figure 1(c) and (d).

Raman characterization

The crystal orientation with respect to the source-
drain contacts axis was determined via polarized Raman
spectroscopy. Here, the crystallographic orientation of
the bP crystal, shown in figure 1(b), was determined by
measuring the Raman peak intensities associated with
the in-plane vibrational modes of black phosphorus (A2

g

and B2g) [33] with respect to the linear polarization of the
incident laser [10, 11]. In particular, the maximum of the
A2

g mode corresponds to the armchair direction [33–35].
These Raman data are shown in figure 1(d) as a function
of polarization angle ϕ, whereby for 0◦ the polarization
of the incoming laser beam is parallel to the axis of the
bP FET channel (dashed line in figure 1(a)). From these
data, we determine the bP crystal orientation to be such
that the zigzag direction is at angle θ = (−5 ± 3)◦ from
the S-D channel axis, as can be seen in figure 1(d) (see
also SI).

Magneto-transport measurements

During low–temperature magneto-transport measure-
ments, the gate voltage dependence revealed an inherent
p-type character for the bP FET. The device exhibited an
intrinsic carrier concentration n = 2.2 × 1012 cm−2 and
a field-effect mobility µ = 83 cm2/(Vs) at T = 1.64 K
and B = 11.4 T, as provided in the SI. In all displayed
measurements, except when explicitly stated, TG1 and
the back gate were kept to ground, whereas TG2 was set
to −1 V to increase the bP conductance. The device was
mounted on a calibrated step-by-step rotator (shown in
figure 2(b)) that could rotate the sample with the mag-
netic field axis in the plane of the device. The rotator
had an angular resolution within 0.02◦ which is much less
than the systematic errors on ϕ arising from the crystallo-
graphic orientation measurements of bP by Raman spec-
troscopy. The experiment was performed at low temper-
atures down to 300 mK and up to a 45 T magnetic field in
the hybrid magnet of the National High Magnetic Field
Laboratory in Tallahassee, shown in figure 2(c). The in-
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FIG. 1. (a) Optical microscopy image of the device with la-
beling of source (S) and drain (D) contacts, top gates TG1
and TG2, as well as the definition of the angle ϕ as the angle
between source-drain and the magnetic field axis. (b) The
puckered crystal structure of black phosphorus with armchair
and zigzag directions indicated. (c) Raman spectrum of the
bP device, with baseline subtracted. The spectrum was ac-
quired at ϕ = −90◦, i.e. with light polarization perpendicular
to the device axis. The three bP Raman peaks are labeled,
as well as the peak emanating from the Si substrate. (d)
Polarized Raman measurement. A2

g intensity as a function
of incoming laser light polarization angle ϕ. The maximum
of A2

g is along the armchair axis, the minimum at (−5 ± 2)◦

along zigzag, and therefore the S-D axis of the device is ap-
proximately aligned with the zigzag direction of the flake (see
SI for additional details).

plane magneto-transport was investigated by performing
several angular sweeps at various magnetic fields, as well
as magnetic field sweeps at various angles, to check for
data consistency. The normalized magneto-resistance of
the device, defined as ∆R/R = (R(B) − R(0))/R(0),
with R(0) ≡ R(B = 0) = 173.3 kΩ, is shown for various
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FIG. 2. (a) Schematics of the device with electric field E and
magnetic field B indicated, as well as crystallographic orienta-
tion. The angle ϕ is defined as the angle between source-drain
and magnetic field axis. (b) Photo of the rotator probe as
mounted in the cryostat insert. The sample is rotating with
the magnetic field in the bP plane. (c) Schematics of the
hybrid magnet of National High Magnetic Field Laboratory
used for the high-field measurements. The outer, supercon-
ducting magnet provides a field in the 0 T to 11.4 T range,
and together with the resistive insert a field of 45 T can be
reached.

magnetic fields in figure 3 on the left axis of the graph,
whereas the right axis displays the resistance values.
The zero-field resistance R(0) is also shown in the lower
panel of the same figure. Overall, the MR is observed
to have a strong dependence on the angle ϕ and varies
non-monotonically with the increasing in-plane magnetic
field.

Upon closer inspection of figure 3 it becomes appar-
ent that the maxima and minima in MR are not exactly
aligned at ϕ = 0◦ and 90◦ (as indicated by the dotted
vertical lines in the figure) but instead are slightly shifted
to a lower value (as indicated by the arrows). Tracking
the position of the maximum in MR close to −90◦ and
the minimum close to 0◦, their positions are found to
be nearly constant at all magnetic fields, and given by
(−94.4± 2.0)◦ and (−2.8± 2.0)◦, respectively. The ± 2◦

quoted here was estimated from the possible orientation

error in mounting the device on the high magnetic field
sample holder. This significant deviation from the pre-
cise values of the device axis suggest that neither the
device axis nor the current direction define the relevant
coordinate system for the MR. In fact, these angles cor-
respond within error to the orientation of the bP crystal
and the directions of zigzag and armchair axes of the bP
crystal, indicating that these are the physically-relevant
directions determining the magneto-resistance.

Figure 4 displays cross-sections of figure 3 for the paral-
lel (ϕ = 0◦) and perpendicular (ϕ = −90◦) configurations
of the magnetic field with respect to the current direction.
The longitudinal magneto-resistance (B ‖ I) is first neg-
ative, passes through a minimum at approximately 11 T,
and then increases to reach a positive value at approxi-
mately 26 T. The LMR is found to take larger value than
the transverse magneto-resistance (B ⊥ I) at a crossover
field of approximately 32.5 T. Remarkably, the magnetic
field dependence of the LMR can be well described by a
shifted parabola centred at B = (11.9±0.3) T (red line).
In contrast, the TMR is nearly constant up to 11 T field
(where the LMR reached its minimum value), and then
increases roughly linearly with the in-plane magnetic field
increasing.

Resistance measurements taken at fixed angle as a
function of magnetic field and shown in figure S4(d) of
the SI confirm this trend. At angles ϕ close to 0◦ and
−90◦, the data display a similar crossover, whereas at
ϕ ≈ −180◦ and 0◦ the data highlight the 180◦ periodicity
of the phenomenon. Finally, upon reversal of the mag-
netic field, the magneto-resistance showed no significant
dependence on the field direction, see SI figure S4(e), ex-
cept for a slight overall shift that is attributed to a small
change in carrier density occurring during a temperature
cycling of the device from base to ∼ 40 K temperatures.
Since the transport measurements were performed in a
two-point configuration, the robustness of the observed
LMR and TMR against magnetic field polarity ensures
that solely the in-plane resistivity played a role in the
experiment.

DISCUSSION

Transport regime and length scales

To establish the regime of charge transport in the bP
flake, we compare the relevant length scales obtained
from the experimentally determined carrier density n and
mobility µ. We apply a two–dimensional Drude model
justified here by a self-consistent Schrödinger-Poisson cal-
culation showing that the charge density in bP flakes
on SiO2 is concentrated within a surface accumulation
layer with mean thickness 〈z〉 ' 3 nm [14]. Within
the effective mass approximation, the hole dispersion is
given by E = h̄2k2zz/2mzz + h̄2k2ac/2mac, quantifying the
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FIG. 3. (a) Magneto-resistance, defined as (R(B) −
R(0))/R(0), vs. the in-plane angle of rotation ϕ at various
magnetic fields, left axis. The resistance value is displayed on
the right axis. (b) Zero-field resistance value measured versus
ϕ. In both panels, the data was taken at 323 mK temperature.

anisotropy in charge carrier motion along zigzag and arm-
chair directions.

The Fermi wavevector is itself anisotropic, with
the relevant Fermi wavevector being kF,zz for charge
carriers moving in the zigzag direction with current
flow in the bP flake. The wavevector is kF,zz =
(mzz/mac)

1/4(2πn)1/2 = 0.59 nm−1, which corresponds
to a Fermi wavelength λF,zz = 2π/kF,zz = 10.6 nm. The
Fermi wavelength is larger than the mean thickness 〈z〉 of
the accumulation layer, and smaller than the flake thick-
ness t. The Fermi velocity vF,zz along the zigzag axis is
vF,zz = h̄kF,zz/mzz = 9.7 × 104 ms−1. The elastic scat-
tering time τzz = mzzµ/e = 3.3× 10−14 s and the elastic
mean free path `e,zz = vF,zzτzz = 3.2 nm [15], where the
mobility µ = µzz was measured for current flow along
the zigzag axis. The mean free path `e,zz is similar to
the thickness of the accumulation layer 〈z〉.

The Ioffe-Regel criterion for localization [16, 17] can
be used to ascertain the regime of charge transport. We
find kF,zz`e,zz = 1.9, indicating that transport within
our bP device is diffusive, albeit close to the crossover
from diffusive to localized transport (kF `e = 1). We can
compare the length scales of charge carrier transport with
the magnetic length `B =

√
h̄/eB, which decreases from

11.4 nm at B = 5 T to 3.8 nm at B = 45 T. Only at the
highest fields used in our experiments does the magnetic
length approach the thickness of the accumulation layer.
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FIG. 4. Magnetic-field dependence of the LMR and TMR
showing distinct behaviours. It is based on the data shown
in figure 3(a). The red line is a fit of the LMR (B ‖ I) data
with a shifted parabola centred at B = (11.9 ± 0.3) T. The
blue line is a guide-to-eye for the TMR data (B ⊥ I).

Spin-orbit scattering

A negative magneto-resistance in the strongly localized
regime has been observed before, and has been ascribed
to the orbital MR due to quantum-interference among
random paths in the hopping process [18, 19]. In partic-
ular, it was reported that an anisotropy in the MR is in-
dicative of this magneto-orbital mechanism and that this
orbital MR is always negative [19]. Later work suggested
that inclusion of spin-orbit scattering in the theory would
lead to a positive MR [20, 21]. Such positive MR in the
strongly localized regime has been observed in many dis-
ordered materials [22], however this reasoning is unlikely
to be applicable here given that spin-orbit coupling in
bP is so weak [5, 23]. Besides, the in-plane anisotropy of
the g-factor of bP is also negligible (gac ≈ gzz) [24, 25]
and close to the bare electron value g = 2, indicative of
negligible exchange enhancement [24].

Anisotropic Fermi surface

Non-classical LMR has been observed in a variety of
systems ranging from three–dimensional metals, topo-
logical materials, and semiconductors (see [2] for a re-
cent discussion). Already in the 1960’s this phenomenon
was attracting interest in the context of metals with non-
trivial Fermi surfaces [26], and subsequently in semicon-
ductors with non-parabolic bands [27]. More recently, it
has been discussed for massless Dirac and Weyl fermionic
systems [1, 2, 28]. In 2010, Pal and Maslov [4] derived the
necessary and sufficient conditions for the occurrence of
LMR within the context of Fermi surface morphology of
a three–dimensional electronic system; while they have
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shown that an anisotropic Fermi surface is a prerequi-
site, not all types of anisotropy will give rise to the effect.
They specified that an angular anisotropy of the Fermi
surface along the magnetic field direction is a sufficient
condition in three dimensions. Our case, for which the
electronic system is defined by a two-dimensional hole
gas confined at the bP/SiO2 interface, provides an inter-
esting example of anisotropic FS since the bP Fermi sur-
face is elliptical and its effective masses in the armchair
and zigzag directions differ by a factor of approximately
seven.

While Pal and Maslov studied the conditions for LMR
to occur on generic grounds for a three–dimensional sys-
tem, a quantitative theoretical description for LMR in
two–dimensional systems with anisotropic FS is still lack-
ing. Moreover, Goswami et al. [2] state that for a 3D
metal the existence of a finite LMR is purely a quantum-
mechanical effect and a direct consequence of the axial
anomaly. Furthermore, they showed that in the presence
of both neutral and ionic impurities, the LMR becomes
first negative for low fields, and then positive for high
fields after passing through a minimum, which is remi-
niscent of what is observed in the LMR data shown in
figure 4. We caution, however, that their theory was
developed for the quantum limit where ωcτ � 1, with
ωc the cyclotron frequency and τ the elastic scattering
time. Nevertheless, the authors of [2] underline the good
agreement of their results with calculations of Spivak and
co-workers in the semi-classical [1] and diffusive regime
[3], both valid for ωcτ � 1. These recent theoretical
advances suggest that a similar framework should be de-
veloped in 2D systems, especially given the present in-
terest in 2D atomic crystals of all kinds. For instance, it
is known that applying a purely parallel magnetic field
on a 2DEG can lead to a magneto-orbital coupling suf-
ficient to generate a substantial magneto-resistance, as
proposed theoretically by Das Sarma and Hwang [29] and
found experimentally in GaAs 2DEGs with finite widths
[30]. Black phosphorus being a simple system to test
the effects of FS anisotropy, it is in our view likely that
FS anisotropy could lead to the MR modulation found
in this work, even though no quantitative theory in 2D
exists at the moment.

CONCLUSIONS

The classically-forbidden LMR has been studied in dif-
ferent materials systems for decades and only recently
the conditions under which it can be observed were ex-
plored theoretically in three dimensions. One clear route
towards an LMR in 3D involves an anisotropic Fermi
surface, and in its simplest expression an anisotropic FS
in 2D can be thought out of an ellipse. Our work on
black phosphorus at high-magnetic field provides an im-
portant example for the appearance of LMR in a two-

dimensional anisotropic system, and such observation of
a longitudinal magneto-resistance for all fields inspected
is confirmed. This LMR was discovered to be strongly
anisotropic, non-monotonic, positive beyond ∼ 26 T and
dominant in strength beyond ∼ 30 T field. Even though
the magnetic length at the highest magnetic field used
here (45 T) is more than one order of magnitude larger
than the phosphorus bond length, this LMR work demon-
strates once more the potential generated by high mag-
netic fields in the understanding of band structure effects
on charge transport in atomic crystals. Our experimental
data strongly suggests that anisotropy most likely plays
an important role in the appearance of LMR, thereby
calling for theoretical descriptions of magneto-transport
properties in the presence of anisotropic Fermi surfaces
to be developed.
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Supporting Information for Non-Classical Longitudinal Magneto-Resistance in Anisotropic Black Phosphorus

Black Phosphorus Synthesis

Black phosphorus (bP) crystals were synthesized from red phosphorus using a published procedure [31], wherein
high purity red phosphorus (> 99.99%), tin (> 99.999%), and gold (> 99.99%) are heated in a muffle oven with SnI4
catalyst. The solid product was placed in a quartz tube, subjected to several evacuation-purge cycles with N2 gas,
and then sealed under vacuum. The evacuated quartz tube was heated to 406 ◦C at 4.2 ◦C/min, where it remained
for 2 hours. The tube was then heated to 650 ◦C at 2.2 ◦C/min and held at this temperature for 3 days. The tube
was then cooled to room temperature at 0.1 ◦C/min. The final product is crystalline bP with a typical size of a few
mm.

Device fabrication

Black phosphorus FETs were prepared by mechanical exfoliation of bulk bP crystals onto a degenerately doped Si
wafer with a 300 nm SiO2 layer prepared by dry thermal oxidation. Exfoliation was performed in a nitrogen glove
box to suppress photo-oxidation, and the SiO2 surface was treated with a hexamethyldisilazane (HMDS) layer to
suppress charge transfer doping. Standard electron beam lithography (EBL) was used to define 5 nm Ti/80 nm Au
metal electrodes. A phosphorus oxide layer was then formed by O2 plasma etching the sample for 3 minutes with
a 300 W RF bias power and 10 standard cubic centimeters per minute O2 flow at 200 mTorr. A 3 nm Al2O3 layer
was deposited atop the bP by atomic-layer deposition (ALD) at 150 ◦C through an EBL-defined window, following
a previously reported procedure [32]. A top-gate metal layer was defined by a further EBL step followed by metal
deposition (5 nm Ti/80 nm Au).

Determination of the Flake Thickness

An atomic force microscope (AFM) was used to determine the thickness of the bP flake. The results are shown in
figure S1. These measurements were performed after the transport measurements were completed to avoid potentially
damaging the surface. AFM was performed in a nitrogen glovebox with a NanoSurf FlexAFM, in tapping mode, using
an N-type silicon tip with a radius of < 10 nm.

Because of the multi-step fabrication process, a careful evaluation of flake thickness is necessary. Source and drain
contacts were evaporated on the flake before the plasma etching process, which consumes phosphorus and produces a
POx layer on top of the flake. Evaluating the thickness from the step of the gold layer in the source or drain electrode
region therefore provides information on the original thickness of the flake before the etching process, as depicted in
figure S1 (b). This region is shown in the upper enlarged image of figure S1 (a), cut A. The height estimation along
cut A shows a double tiered flake with a thinner terrace of (20.24±0.42) nm and a thicker terrace of (36.14±0.93) nm,
giving a height difference between the two of (15.90± 1.02) nm.

Charge transport between source and drain contacts occurs, on the other hand, in the etched region, the thickness of
which can be determined by taking an AFM cross-section in the region between the two top gates (lower zoom-in and
cut B in figure S1 (a)). In this region as well, two distinct tiers were observed, related to the thinner ((10.09±0.16) nm)
and thicker ((26.04±0.30) nm) parts of the flake. Again, the height difference is (15.95±0.34) nm. From the calibration
of the reactive ion etching process [32] we know that the thin part of the flake is fully composed of POx, as shown
in the sketch in figure S1 (c). Therefore, the bP flake thickness equals the height difference between the flake tiles,
which is approximately (16± 1) nm.

Polarized Raman Characterization

Polarized Raman spectroscopy was performed using a Renishaw inVia system equipped with a 532 nm laser, a
half-wavelength retarder (half-wave plate), and a motorized stage for 2D mapping of samples. A laser spot size of
approximately 1 µm in diameter was used. Polarized Raman spectroscopy was performed keeping the sample in a
fixed position and rotating through the half-wavelength retarder the orientation of the polarization of the incoming



7

FIG. S1. (a) Atomic Force Microscopy (AFM) image of the device. Two zoomed-in images are included together with their
cross–sectional profiles (labelled cut A and cut B). The cross-sections were taken along the white lines. The upper panel, cut A,
contains a trace over one of the contacts. As the contact was deposited before the etching process, the height of the protruding
gold is equal to the thickness of the buried bP flake before etching. The lower panel, cut B, depicts etched bP. Cross sectional
schematics are depicted in (b) and (c) to further clarify the AFM measurements with (b) and (c) corresponding to cut A and
cut B, respectively. The vertical lines indicate the beginning and the end of the AFM cross sections.
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FIG. S2. Diagram of the polarized Raman setup. The incoming laser beam goes through a half-wavelength retarder before
hitting the sample. The sample is fixed and can be monitored between measurements using the built-in optical microscope. The
laser wavelength is 532 nm. The polarization of the laser source is linear and is rotated in–plane through the half wavelength
retarder. Detection occurs in a backscattering configuration.

light. The detector, placed in backscattering configuration, was not polarization selective and acquired the full signal
coming from the sample. A diagram of the Raman setup is shown in figure S2. In order to monitor degradation and
possible mechanical shifts of the sample during measurement, optical images of the device were acquired before each
spectrum. No significant change in morphology and position of the sample between the beginning and the end of the
measurements was observed.

The collected spectra are shown in figure S3. The three characteristic bP peaks, A1
g, B2g and A2

g [33], are clearly
visible as well as their intensity modulation with the incoming laser beam polarization angle. The collected spectra
underwent a linear background subtraction, obtained by fitting with a line the 10%-15% data in the beginning and
in the end of each spectrum, where no peak is present.

The ability of Raman spectroscopy to determine the crystallographic orientation of bP is well known [34]. Using the
A2

g peak is the most straightforward route to determine it, since it exhibits a maximum intensity along the armchair
direction [33, 34]. Previous work [35] used this technique to successfully determine the crystal orientation of bP for a
flake of comparable thickness than ours and by using the same wavelength. In contrast, the intensity trend of the B2g

peak is more complex. In cross-polarized Raman measurements it displays a four-lobe intensity versus angle [34, 35],
both for parallel and perpendicular polarization detected, with a shift in angle among the two. The A2

g peak is thus a
better indicator of crystal orientation. Since the peak wavenumber is well defined and the full with at half maximum
(FWHM) is constant for each trace in the data set, the A2

g peak intensity can be simply identified as the maximum
value of the peak in the acquired raw data.

This intensity versus ϕ is shown in figure 1 of the main text and it is clearly sinusoidal. Fitting a sine function to
these data, leaving both period and phase as free parameters (adjusted R2 > 0.98), a periodicity of (87.2±1.1)◦ and a
center value of (35.7± 1.6)◦ are obtained. This corresponds to the angular position of the intensity maximum, which
is along armchair direction, at −95.1◦. Since armchair and zig-zag directions are orthogonal, this gives the zig-zag
direction at −5.1◦.

Imposing a 90◦ periodicity constraint on the sine fitting function for A2
g, an equally good fit convergence is obtained

(adjusted R2 > 0.97). The maximum of the A2
g peak, corresponding to the armchair axis, is at −96.0◦, and its

minimum, which corresponds to the zig-zag direction, at −6.0◦. This is a shift of less than 1◦ with respect to the
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FIG. S3. Raman spectra with baseline subtracted. The data traces are acquired at different polarization angles ϕ as shown
in the figure. The angle labeling convention is similar than in the main text. The data shown in the figure are shifted with
a constant offset to allow a peak height evaluation. At all polarizations, the three Raman peaks of bP, namely A1

g, B2g and
A2

g are clearly visible, in addition to a peak related to the Si substrate (shown by arrows). The modulation of the bP Raman
peaks intensity with polarization angle can be seen and it is particularly significant for the A2

g peak.

unconstrained fit, well within our interval of confidence. It can therefore be stated that the zig-zag direction is at
(−5± 3)◦ with respect to the source-drain direction, see figure 1 of the main text. The 3◦ error is an estimation that
takes into account both the propagated error and the systematic error due to the possible orientation misalignment
of the sample with respect to the Raman setup.

Additional electronic transport characterization

Magneto-transport measurements, shown in figure 3 and figure 4 of the main text, were performed at the National
High Magnetic Field Laboratory in Tallahassee in a Helium-3 cryostat located in the 45 T hybrid magnet. Electronic
transport measurements were performed using standard ac lock-in techniques. A sourcing voltage of 1 V at 11.144
Hz with a resistance of 1 MΩ in series was used. As the sample resistance was non-negligible compared to that of
the sourcing resistor, the exact current being sourced to the sample was weakly dependent on the sample resistance.
This was corrected for in the analysis. A mechanical actuator was used to sweep the angle of the source-drain axis
over more than 180◦ with respect to the magnetic field in the sample plane, as shown in figure 2 of the main text.
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FIG. S4. (a) Source-drain resistance R as a function of VTG2 at B=0 T. This data were acquired during a different cooldown.
(b) Angular sweep at B=0 T. The blue dashed line on the graph shows the average value that is used to normalize the data
shown in Fig. 3 and 4 of the main text. (c) Angular measurements for various sweep rates, namely 9.7◦/min, 19.4◦/min, and
29.2◦/min, acquired at B = −11.4 T. (d) Magnetoresistance measurements at fixed angles, namely -167.2◦, -99.2◦, -7.8◦ and
27◦. (e) Magnetoresistance for both polarity of the magnetic field. The two measurements (red - negative - and blue - positive)
were acquired during two different cooldowns. In all panels except (a), VTG2 = −1 V. All data were acquired at T ∼ 323 mK.
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A top gate sweep is shown in figure S4 (a). In the experimental conditions used for the angle–resolved magneto–
transport measurements, at VTG2 = −1 V, the channel is conducting and well below the pinch-off point. The resistance
value shown in figure S4 (a) is approximately 15% higher than the resistance values shown in figure 3 (b). This is
most likely due to a slight charge density shift because the data were acquired during different cooldowns. A similar
effect is also visible in figure S4 (e) since the data at positive and negative magnetic fields were also taken before and
after a temperature cycle.

Field-effect mobility and carrier concentration can be estimated from measurements with a fixed back gate voltages
of 0 V and -25 V at 11.4 T, and at 1.5 K. From linear interpolation of the conductance versus gate voltage [36, 37],
the threshold voltage for the device of VT = 31 V is obtained. The threshold voltage is defined as the voltage at
which the induced charge compensates the intrinsic doping, in our case related to acceptors [38]. The intrinsic carrier
concentration can thus be extracted as n = CoxVT /e, where e is the electron charge and Cox is the capacitance per
unit of area of the 300 nm SiO2 back gate oxide, equal to 11.5 nF cm−2. A carrier density of 2.2 × 1012 cm−2 is
obtained. Using the Drude model, the mobility can be estimated as µ = L/(WRne), where L and W are the FET
channel length and width, respectively, and R is the resistance of the device. The obtained value is 83 cm2 V−1 s−1. To
check for consistency, an angular sweep at zero magnetic field was performed and is shown in figure S4 (b). Within the
resolution of our experiment, no angular dependence is observed, thereby confirming the absence of possible spurious
effects related to the rotation mechanism. The average resistance of the device is (173334± 13) Ω. This value is used
as the normalization for the MR data shown in figure 3 and figure 4 of the main text.

We also took data at different sweep rate, in order to rule out dynamical effects. As shown in figure S4 (c), there
is no significant difference between the various data sets, and therefore such dynamical effects can be excluded. As a
further check for data consistency, experiments were performed at several fixed angles, as a function of magnetic field,
see figure S4 (d). These data taken at fixed angle are fully consistent with those shown in figure 3 of the main text.

To rule out any influence of self heating due to the mechanical rotation of the device, the measured valus of
the thermometers located on the sample holder were carefully investigated. In spite of the absolute value of the
thermometers being not fully reliable at high magnetic fields, the analysis of their relative values provides us confidence
about the absence of any significant self-heating spurious effect. This is consistent with the fast thermal exchange
occurring between the device, the rotator and the 3He liquid bath. Moreover, the temperature stability as a function of
time was evaluated by comparing measurements at similar magnetic field, but acquired at different times. Temperature
measurements taken at different time in the day differed by less than 3% (9 mK at ∼ 323 mK).

Given that a misalignment of 1 ◦ degree at 45 T would result in a perpendicular field component of 0.78 T, the
possible presence of this out-of-plane field was considered. Although the presence of such out-of-plane component is
possible, it cannot itself give rise to the phenomena investigated here. In particular, a potential correction due to
weak localization at high magnetic field should decrease the resistance, and therefore it cannot explain the positive
longitudinal magnetoresistance observed at high field.
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