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Resistivity measurements of a black phosphorus (bP) field—effect transistor 16 nm

thick 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
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found to be 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.

Introduction. Magnetoresistance (MR) is a phenomenon in which a material’s resistivity
increases 0t 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 w along a preferred direction. The overall force on the charge carriers ¢
(electrons or holes) is simply given by the Lorentz force, F =g(E+ vxB). From this stems two

important limiting cases: one where the current flow is perpendicular 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 isiforbidden in the latter case. However, decades of research have shown that a
material can develop 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].
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Pal and Maslov [4] have studied theoretically the non—classical LMR on generic grounds.
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
condition=Blacksphosphorus (bP) provides a key system for this since its Fermi surface (FS) is
highly anisotropie’ with effective masses for holes m,=0.11m, and m_=0.71m, (m, is the
bare electrom mass) along the armchair (ac) and zigzag (zz) directions, respectively [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 16—nm-thick bP device in the presence of a purely parallel
magnetic field that could be rotated in the plane of the bP 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.

Device structure. The geometry of the field—effect transistor (FET) device 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 #=(16+1) nm in the channel region, i.e. around 30 layers, given that the
layer—to—layer spacing in bP is 0.524 nm [8]. The channel length and average weighted width are
L=254 pymand W =44 pum,respectively. The transistor includes a conventional back gate

and two additional top gates, labeled TG1 and TG2 in Figure 1(a), employing a combination of PO

This article is protected by copyright. All rights reserved



. and Al, O, asoxide dielectrics [9]. For the measurements presented here, TG1 is not used. We
define ¢ 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

@=0" the magnetic field is parallel to the S—D axis and hence to the current (B||I), whereas at

@=7290" the'magnetic field is perpendicular to the S—D axis and the current (B L I). For clarity,

the same convention has been used in displaying the polarized Raman measurements shown in

Figure 1(c) and (d).

Raman charaeterization. The crystal orientation with respect to the source—drain 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 (Az and B, ) [10] with respect to the

linear polarization of the incident laser [11, 12]. In particular, the maximum of the Az mode
corresponds to,the‘armchair direction [10, 13, 14]. These Raman data are shown in Figure 1(d) as a
function of polarization angle ¢, 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 6= (-5+3)

from the S—D channel axis, as can be seen in Figure 1(d) (see also SI, Fig. S3).

Magneto—transport measurements. During low—temperature magneto—transport measurements,

the gate voltage dependence revealed an inherent p-type character for the bP FET. The device

2

exhibited an intrinsic carrier concentration n=2.2x10" cm™ and a field—effect mobility
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1#=83 cm’/(Vs)at T=1.64 Kand 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 setto —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 magnetic field

axis in the plane of the device. The rotator had an angular resolution within 0.02° which is much
less than the systématic errors on ¢ arising from the crystallographic orientation measurements
of bP by Ramansspectroscopy. The experiment was performed at low temperatures down to 300
mK and up to 245 T magnetic field in the hybrid magnet of the National High Magnetic Field
Laboratory.in Tallahassee, shown in Figure 2(c). The in—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 devicegdéfined as AR/ R=(R(B)—R(0))/ R(0), with R(0)=R(B=0)=173.3 k€2, is
shown for various magnetic fields in Figure 3 on the left axis of the graph, whereas the right axis
displays the résistance values. Overall, the MR is observed to have a strong dependence on the

angle ¢ and varies non—monotonically with the increasing in—plane magnetic field. Given that a

misalignment 0f*1" at 45 T would result in a perpendicular field component 0of 0.78 T, the possible
presence of this out—of—plane field was considered. Although the presence of such an
out—of—plane component is possible, it cannot itself give rise to the phenomena investigated here.
In particular, apotential correction due to weak localization at high magnetic field is expected to
decrease the resistance, and therefore it cannot explain the positive longitudinal

magneto—resistance observed at high field.
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Upon closer inspection of Figure 3 it becomes apparent that the maxima and minima in MR
are not exactly aligned at @ =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 angular
position of the maximum in MR close to —90° and the minimum close to 0", their angular

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 precise. values of the device axis suggests that neither the device axis nor the current
direction define the relevant coordinate system for the MR. In fact, these angles correspond 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.

Figute 4 displays cross—sections of Figure 3 for the parallel (¢ =0") and perpendicular (

@=-90") configurations of the magnetic field with respect to the current direction. The
longitudinal smagneto-resistance ( B||TI ) is first negative, passes through a minimum at

approximately, 1 LT, and then increases to reach a positive value at approximately 26 T. The LMR
is found to takedarger value than the transverse magneto—resistance (B L 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 centered 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.
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Resistance measurements taken at fixed angle as a function of magnetic field confirm this

trend. These measurements are shown in Figure S4(d) of the SI. At angles ¢ close to 0° and
—90°, the data display a similar crossover, whereas at @ ~—180° and 0" the data highlight the

180° periodieitysof the phenomenon. Finally, upon reversal of the magnetic field, the
magneto—resistaniece showed no significant dependence on the field direction, see SI Figure S4(e),
except for a slight overall shift that is attributed to a small change in carrier density occurring
during a témperature 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.

Transport réegime 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 . We apply a two—dimensional Drude model justified here by a self—consistent
Schrodinger—Poisson calculation showing that the charge density in bP flakes on SiO , is
concentrated within a surface accumulation layer with mean thickness (z) ~3 nm [15]. Within
the effective mass approximation, the hole dispersion is given by

E=05+nkX42mi + k> /2m , [16], with & the band gap, quantifying the anisotropy in

charge carfier motion along zigzag and armchair directions.

The Fermi wavevector is itself anisotropic, with the relevant Fermi wavevector being k. .

for charge carriers moving in the zigzag direction with current flow in the bP flake. The
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wavevector is &, =(m_/m,)"*(2zn)"* =0.59 nm™ , which corresponds to a Fermi wavelength

A

po. =27/ k.. =10.6nm. The Fermi wavelength is larger than the mean thickness (z) of the

accumulation layer, and smaller than the flake thickness . The Fermi velocity v, along the
zigzag axis 1S v, =hk,_/m_=97x10"ms”" . The elastic scattering time

7. =m_pu/e=33x10""s and the elastic mean free path ¢, _ =v,_z_=3.2 nm [17], where

the mobilityy £2= u_ was measured for current flow along the zigzag axis. The mean free path

£, .. is similartorthe thickness of the accumulation layer (z).

The Ioffe—Regel criterion for localization [18, 19] can be used to ascertain the regime of

charge trangport. We find k,__/,. =19, indicating that transport within our bP device is
diffusive, albeit close to the crossover from diffusive to localized transport (k.¢, =1). We can

compare the length scales of charge carrier transport with the magnetic length ¢, =~h/eB,

which decreases from 11.4 nmat B= 5Tto3.8nmat B= 45T. Only at the highest fields used

in our experiments does the magnetic length approach the thickness of the accumulation layer.

Spin—orbit scattering. A negative magneto—resistance in the strongly localized regime has been
observed beforeyand has been ascribed to the orbital MR due to quantum—interference among
random paths in the hopping process [20, 21]. In particular, it was reported that an anisotropy in
the MR is indicative of this magneto—orbital mechanism and that this orbital MR is always
negative [21]. Later work suggested that inclusion of spin—orbit scattering in the theory would lead
to a positive MR [22, 23]. Such positive MR in the strongly localized regime has been observed in

many disordered materials [24]. However, this reasoning is unlikely to be applicable here given
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that spin—orbit coupling in bP is so weak [5, 25]. Besides, the in—plane anisotropy of the g -factor
of bP is also negligible (g, ~g_) [26,27] and close to the bare electron value g =2, indicative

of negligible exchange enhancement [26].

Anisotropic Fermi surface. Non—classical LMR has been observed in a variety of systems
ranging from thréee—dimensional metals, topological materials, and semiconductors (see [2] for a
recent diseussion): Already in the 1960’s this phenomenon was attracting interest in the context of
metals with aion=trivial Fermi surfaces [28], and subsequently in semiconductors with
non—parabolic bands [29]. More recently, it has been discussed for massless Dirac and Weyl
fermionic systems [1, 2, 30]. 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 shown that an anisotropic Fermi surface is a
prerequisite, 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/Si0 , interface, provides an interesting example of anisotropic FS since the bP

Fermi surface 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 system, a quantitative theoretical description for LMR in two—dimensional
systems with anisotropic FS is still lacking. 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

This article is protected by copyright. All rights reserved



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 reminiscent 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

.t > 1, With"@_ “the cyclotron frequency and 7 the elastic scattering time. Nevertheless, the

authors of [2]sunderline the good agreement of their results with calculations of Spivak and

co—workers lin_the’ semi—classical [1] and diffusive regime [3], both valid for @7 <1. These

recent theoretical advances suggest that a similar framework should be developed in 2D systems,
especially given the present interest in 2D atomic crystals of all kinds. For instance, it is known
that applying a purely parallel magnetic field on a two—dimensional electron gas (2DEG) can lead
to a magneto—orbital coupling sufficient to generate a substantial magneto—resistance, as proposed
theoretically byiDas Sarma and Hwang [31] and found experimentally in GaAs 2DEGs with finite
widths [32]. 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 different material systems for
decades, and only recently the conditions under which it can be observed were explored
theoretically in thrée dimensions. One clear route towards an LMR in 3D involves an anisotropic
Fermi surfacepand 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 important 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
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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
demonstrates once more the potential generated by high magnetic fields in the understanding of
band struéturereffects on charge transport in atomic crystals. Our experimental data strongly
suggests that anisetropy most likely plays an important role in the appearance of LMR, thereby
calling for theoretieal descriptions of magneto—transport properties in the presence of anisotropic

Fermi surfaces.to.be developed.
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We report on magneto—transport measurements on a black phosphorus device in parallel
magnetic field, up to 45 T, as a function of the angle between the source—drain axis and the
magnetic field.| We observe strongly anisotropic and non-monotonic transverse and (classically
forbidden) longitudinal magneto—resistance with increasing in-plane field. These findings
demonstrate the potential generated by high magnetic fields in the understanding of band structure

effects on transport in anisotropic crystals.
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Figure 1 ( a) Optical microscopy image of the device with labeling of source (S) and drain (D)

contacts, top gates TG1 and TG2, as well as the definition of the angle ¢ 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. ( ¢) Raman spectrum of the bP device, with baseline
subtracted. The spectrum was acquired at ¢ =-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. A; intensity as a function of incoming laser light

polarization angle, ¢ . The maximum of A; is along the armchair axis, the minimum at (-5+2)’

along zigzag, and therefore the S—D axis of the device is approximately aligned with the zigzag

direction of the flake (see SI for additional details).
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Figure 2 ("a) Schematics of the device with electric field E and magnetic field B indicated, as
well as crystallographic orientation. The angle ¢ 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. ( ¢) Schematics of the hybrid magnet of
National High"Magnetic Field Laboratory used for the high—field measurements. The outer,
superconducting magnet provides a field in the O T to 11.4 T range, and together with the resistive

insert a field of 45 T can be reached.
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Figure 3 Magneto—resistance, defined as (R(B)—R(0))/ R(0), vs. the in—plane angle of rotation
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¢ at various magnetic fields, left axis. The resistance value is displayed on the right axis. The data

was taken at 323 mK temperature.
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Figure 4 Magnetic—field dependence of the LMR and TMR showing distinct behaviours. It is

based on the datasshown in Figure 3. The red line is a fit of the LMR (B||I)) data with a shifted
parabola centered:at B=(11.9+0.3) T. The blue line is a guide-to—eye for the TMR data (B L I

).
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