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Black Phosphorus (BP) is presently attracting immense research interest on the global level due to its
. high mobility and suitable band gap for potential application in optoelectronics and flexible devices. It
: was theoretically predicted that BP has a large direction-dependent electrical and magnetotransport
anisotropy. Investigations on magnetotransport of BP may therefore provide a new platform for
studying the nature of electron transport in layered materials. However, to the best of our knowledge,
magnetotransport studies, especially the anisotropic magnetoresistance (MR) effect in layered BP,
are rarely reported. Here, we report a large linear MR up to 510% at a magnetic field of 7 Tesla in single
crystals of BP. Analysis of the temperature and angle dependence of MR revealed that the large linear
MR in our sample originates from mobility fluctuations. Furthermore, we reveal that the large linear
MR of layered BP in fact follows a three-dimensional behavior rather than a two-dimensional one.
Our results have implications to both the fundamental understanding and magnetoresistive device
applications of BP.

Black phosphorus (BP), an emerging layered two-dimensional (2D) semiconductor, is presently attracting
immense research interest on the global level due to its high mobility and suitable band gap for potential appli-
cations in novel electronic and optoelectronic devices'~>. Unlike other well-studied 2D materials, such as semi-
metallic graphene® with zero band gap and MoS,” with a direct band gap of ~1.5€V only in its monolayer form,
BP has a tunable thickness-dependent direct band gap varying from ~0.3 eV (bulk) to >1.4eV (monolayer)*°.
This prominent feature benefits layered BP in optoelectronic applications such as phototransistors, p-n diodes
and solar cells*®1!. So far, BP has been shown to have some remarkable properties, such as high mobility'?,
semiconductor-metal transition'? as well as superconductivity'® under high pressure. Additionally, as shown in
Fig. 1(a), owning to the puckered honeycomb lattice in each P atom layer, much work has been involved to
explore the anisotropic thermal transport properties in bulk BP#-1¢, indicating that BP could be also used as
. anovel thermoelectric material in which the anisotropic properties might be used. Similar as the anisotropic
. thermal conductivity, it was theoretically predicted that BP has a large direction-dependent photonic'”'® and
magneto-transport anisotropy'. Investigations on magneto-transport properties of BP may therefore provide a
new platform for study the nature of electron transport in layered materials. Importantly, the pressure-induced
. electronic transition and colossal magnetoresistance (MR) have been recently reported in bulk BP*, suggesting
: that BP can be used for potential application in future magneto-electronic devices. However, magneto-transport
studies, especially the anisotropic MR effect in layered BP, are rarely reported. To the best of our knowledge, the
only anisotropy conductivity measurement of BP was conducted in 1983 by Akahama et al.?°, which neither
observed the large linear magnetoresistance (LMR) nor anisotropy in bulk BP.
In the present work, we report a large and anisotropic LMR effect up to 510% at a magnetic field of 7T in
single crystals of BP when the electronic current is applied within the cleaved ac-plane (current flows along the
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Figure 1. Crystal structure and large LMR of BP. (a) Typical perspective side view of the crystal structure of
bulk BP. (b) High-resolution HADDF image of a BP flake, which shows the atom chains clearly. (¢) Selected area
electron diffraction pattern taken from the area shown in (c). (d) The temperature dependence of resistivity

Py I various magnetic fields with the current parallel to the ¢ axis and the magnetic field perpendicular to

the current along the b-axis at the temperature range from 300K to 10K. (e) Normalized LMR as a function of
magnetic field H at a series of temperatures. Here MR = [p (H) —p (0)]/p (0)] x 100%, where p (H) and p (0)

are the resistivity with and without the magnetic field H, respectively. (f) The crossover field B; as a function of
temperature. Inset shows the first derivative of MR with external magnetic field at 60K, the intersection of lines
indicates a turning point between parabolic and LMR.

c-axis) and the magnetic field is applied perpendicular to the current direction, along the b-axis. Analysis of
the temperature dependence of transport properties reveals that the large LMR in our samples originates from
mobility fluctuations. We further demonstrate that the LMR follows a three-dimensional (3D) behavior with a
small mass anisotropy.

Results and Discussion

Single crystals of BP that were prepared by using the high-pressure synthesis technique described in the Methods
section. The samples with a typical size of about 3.0 x 1.0 x 0.1 mm? were cleaved at room temperature in an
argon-filled glove box resulting in the well-developed and shining (0/0) surfaces as shwon in Supplementary Fig. S1.
The X-ray diffraction (XRD) pattern and Raman spectrum of ground BP powders are consistent with the reported
ones of bulk BP crystals???, indicating the good quality of our prepared bulk BP. Exfoliated BP flakes were ana-
lysed using a double Cs-corrected high-resolution transmission electron microscipe along the [110] zoen axis, as
shown in Fig. 1b. Each flake has identical lattice structure with its corresponding selected area electron diffraction
pattern shown in the Fig. 1c, confirming that the flake is a single crystal. The electrical contacts were arranged
in a conventional four-probe configuration. To protect the samples from oxidation, a varnish film was made on
the sample surface. The magnetotransport measurements were preformed in a Quantum Design PPMS-9 in a
maximum magentic field of 10 T at the temperature range of 300 K-10K. A sketch of the experimental con-
figurations in this study is shown inset of Fig. 1d where the current is applied parallel to the ac-plane (current
flows along the c-axis), with the magnetic field applied perpendicular to the ac-plane (i.e., H//b). More than five
samples are prepared with different thickness and size. In the main text, we just present the transport properties
of the sample with the maximum MR. For comparison, the detail data of another typical sample were shown in
the Supplementary Information. In Fig. 1d, we show the temperature dependence of resistivity p,, in various
magnetic fields at the temperature range from 300K to 10K. In zero field, an usual behavior of intrinsic semi-
conductor is observed at the temperature range of 300 K-250 K, and we can obtain a resistivity as large as 0.72 Q
cm at 300 K which is in the same order as that of the previous reported bulk BP'*%. With decreasing temperature
from 250K, p,, firstly decreases in a metallic manner reaching a minimum value at 60 K. This tansition point
can be attributed to the thermal activation of impurity donors which is quite likely to be disorders in our BP
samples. With the further decrease of temperature, as the donors freeze out, p,, exhibits an exponential increase
again with a smaller band gap energy E, = 14.6 mev (see Supplementary Fig. S1). When we applied an external
magnetic field, the temperature-dependent behavior of resistivity is not changed significantly, however its value
increases sharply with the increase of magnetic field especially at the temperature range of 180-30K. In the inset
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Figure 2. Transport properties of BP. (a) The Kohler plot: the MR as a function of H/p,,(0). The MR data
above 100 K nearly collapses onto a single universal curve scaled linearly with H and obeys Kohler’s rule, but
completely deviates from the Kohler’s rule below 100 K. (b) The magnetic field dependence of Hall resistivity
Pxyat different temperatures. (c) Hall conductivity oy and (d) longitudinal conductivity o, at selected
temperatures. The solid curves are the results of calculations using the two-carrier model. (e) Temperature
dependence of hole concentration n, and electron concentration 7, estimated from o,,. The dotted lines show
the hole concentration and electron concentration estimated from 0y (f) Temperature dependence of hole
mobility 4y, and electron mobility g, estimated from o,,. The dotted lines show the hole mobility and electron
mobility estimated from o,,. The left inset: the hole mobility above 30K is fitted by T~". The right inset: the hole
mobility below 30K is fitted by T"7.

of Fig. 1d, we plot the deduced MR in various magnetic fields as a function of temperature. The MR is defined
as [p(H)-p(0)]/p(0)] X 100%, where p(H) and p(0) are the resistivity at field H and zero, respectively. At 1 T, MR
firstly increases with the decrease of temperature and reaches a maximum of 51% at 20K, and then decreases
drastically with the further decrease of temperature. With the increase of magnetic field, the maximum MR
together with its corresponding temperature increases and a large MR of 510% was observed at 30K in 7 T. Also,
the field sensitivity of MR was established to exceed 70%/T, which makes layered BP potential applications in the
future magnetoresietance devices.

To reveal the relationship between the MR and external magnetic field, in Fig. le, we present an overview of
the magnetic field dependence of the MR at a series of temperatures. At 300 K, MR shows a quadratic growth
below a threshold field B; (6 T at 300K as shown in Fig. 1f) and then transforms into a linearly rising behavior
with the increase of magnetic field without sign of saturation. With the decrease of temperature, the value of B,
decreases, especially below 100K, the crossover field falls down to 1T with a tendency towards a slightly sublinear
dependence in the high magnetic region at low temperatures (see Supplementary Fig. S2 and Fig. S3). Strikingly,
only a slight difference in the magnitude of MR was observed in different samples (see Supplementary Fig. S4
and Fig. S5), which further supports the high-quality of BP crystals. Remarkably, a pronounced cusp of MR
was founded in the low-field region at temperatrues below 20K (see Supplementary Fig. S3 and Fig. S5). This
phenomenon is reminiscent of the weak antilocalization (WAL) effect that has widely been reported in materials
with strong spin-orbital coupling (SOC)*?* or topological insulators*>?. It should be pointed that similar results
have been observed in the graphen®”, in which the carriers have a Berry phase of w due to its chiral character.
However, further investigations are required to verify the origin of the WAL in layered BP.

Figure 2a presents the so-called Kohler plot*, in which the MR ratio is plotted as a function of H/p,,(0). Above
100K, MR data nearly collapse onto a single universal curve scaled linearly with H though a small deviation from
Kohler’s rule is observed, indicating a single relevant scattering process is dominant in bulk BP. When the tem-
perature decreases below 100K, complete deviation from Kohler’s rule is found, suggesting that more than one
type of carrier dominate the electronic transport properties. To gain a further insight into the carrier transport in
BP crystals, we performed the Hall effect measurements with the current along the c-axis (The anisotropy is small
with the current along the a-axis, as shown in Supplementary Fig. S6) and the magnetic field along the b-axis.
Fig. 2b shows the corresponding magnetic field dependence of Hall resistivity p,, at selected temperatures. At the
whole temperature range, the positive slope indicates the predominance of hole carriers. However, nonlinear field
dependence of p,, is observed below 100 K in the high field region, which concides with the Kohler’s rule and sig-
nals that more than one carrier domain the transport properties. Moreover, it is of interest to notice that the slope
of p,, changes from positive into negative with the increase of magnetic field below 20 K. This behavior has been
observed in the bulk BP under pressure'?, graphene®, NbSb,*!, and LuPtBi semimetal®?, which is supposed to be
the change of band structure induced by magnetic field or pressure. Considering the positive slope at low field
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Figure 3. PL model for the origin of LMR in bulk BP. The data of mobility vs. MR in 7 T and reciprocal of the
crossover field 1/B;.

and its highly nonlinear H dependence, it is reasonable to assume that the bulk BP has two types of carrier with
different scattering time, one is the high-mobility hole carrier and the other is the low-mobility electron carrier.

Based on the above scenarios, the conductivity tensors are analyzed by the two-carrier model®® to deter-
mine the mobility and concentration of hole and electron carriers, respectively, as described in Methods. Using
the fitting results both for Hall conductivity o,, (Fig. 2c) and longitudinal conductivity o, (Fig. 2d), we can
independently obtain the Hall and longitudinal mobilities and concentrations for hole and electron carriers,
respectively. We found that, as shown in Fig. 2e,f, both the Hall and longitudinal mobilities and carrier concen-
trations agree well with each other in the whole temperature range, indicating the validity of the two-carrier
model in our fitting procedure. In addition, as shown in Fig. 2e, at temperatures above 250K, the hole concen-
tration firstly decreases with the decrease of temperature which is consistent with the usual behavior of intrinsic
semiconductor. In the temperature range of 250 K-50K, the impurities are thermal activated, which leads to a
temperature-independent behavior. At temperatures below 50K, the concentration decreases drastically and an
extremely low carrier concentration of 1.58 x 10'?cm ™2 was obtained at 10 K. As shown in Fig. 2f, the hole mobil-
ity of BP starts with a T~! behavior up to 30K, and then follows a negligible temperature variation of T2 when the
temperature decreases below 30 K. The behavior of temperature-dependent mobility in our bulk BP agrees well
with the previously reported few-layers BP!#, however the value (in the range of 28000-1700 cm?V ~1s™!) is nearly
two orders of magnitude larger than the later one. Moreover, based on the power law, we can deduce that the lat-
tice vibration scattering dominates the temperature-dependent mobility at the temperature range of 300 K-30K,
whereas the ionized impurity scattering dominates the low-temperature mobility.

Next we will discuss the origin of the large LMR in BP crystals. It is well known that the positive LMR can arise
from either quantum or classical effects®. On the one hand, we did not observe the Shubnikov-de Haas (SdH)
oscillations to support the presence of quantum MR even at low temperatures and high fields (see Supplementary
Fig. S7), and we can thus rule out the quantum origin of the LMR in BP. On the other hand, as we will show below
that the presence of LMR can be well described by the classical disorder model, where the LMR is expected to be
governed by carrier mobility. The classical LMR has been observed in several material systems, including semi-
metals**=*, narrow band-gap semiconductors*’, multi-layer graphene*!, and topological insulators*»**. The core
of this model is the inhomogeneities produce the large spatial fluctuations in the conductor tensor, which leads to
the electronic cycloidal trajectories around low-mobility islands and induces the LMR. Based on this model, the
linear crossover field B; (the amplitude of MR) is inverse proportion (proportion) of carrier mobility. In Fig. 3, we
plot the values of MR in 7 T at the temperature range 300 K-30 K where exhibits both the LMR and the crossover
field 1/B; as a function of mobility, it is obviously found that both the MR and 1/B; increase correspondingly
with the increase of carrier mobility. We can therefore conclude that the LMR of layered BP crystals is a classical
effect and originates from mobility fluctuations due to multiple-electron scattering of high-mobility carriers by
low-mobility islands in bulk BP.

Let us turn on our attention to the anisotropy of MR in BP crystals. Figure 4a shows the magnetic field
dependence of MR for sample I at 80K at various angle 6 (see the inset of Fig. 4b for the definition of §). Our data
reveals that the amplitude of MR is anisotropic with larger LMR for an external magnetic field closer to the b-axis
(0= 0°). For a 2D system, the LMR at § = 90° should decrease to quite a small value due to the decrease of contri-
bution of magnetic field and MR vs. the field scaling factor ¢,= H cos § curves also should overlap onto one curve.
However, as shown in Fig. 4a, the MR of BP at § = 90° still keeps a large value and the LMR vs. H curves deviate
from each other (see Supplementary Fig. S8), proving that the 3D bulk transport may contribute the anisotropy of
LMR in BP crystals. In order to obtain the contribution of anisotropy of band structure, the factor of anisotropy
of 3D band structure was added into the scaling factor ¢, , and ¢, can be expressed as follow:

€y = \/cos2 0+~ 2 sin’0 (1)

where y reflects the ratio of the effective masses of electrons moving in direction of § = 0° and 90°. As mentioned
above, the LMR in the bulk BP is proportion of the mobility g, in the semi-classical model, the resistance R is
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Figure 4. Scaling behavior of the field dependence of MR and the temperature dependence of mass
anisotropy . (a) The field dependence of the MR obtained in various magnetic field orientations at 80 K.

(b) Data in (a) plotted with H scaled by a factor . The inset shows the schematic of measurement where ¢
suggests the angle between the magnetic field and the normal direction of ac-plane. § = 90° means the magnetic
field is parallel to ac-plane. (c) The temperature dependence of . Inset: angle dependence of ¢, at different
temperatures. (d) Polar plots of the angle-dependent R, (0)/R,,(90°) at different temperatures in a magnetic field
of 5T.

closely related to the mobility by the relation R = 1/ney, where the mobility can be expressed as y = er/m* with 7
being the relaxation time, m* the effective mass, and e the electron charge. Therefore, the anisotropy of effective
mass is expected to play an essential role in the anisotropy of LMR. As shown in Fig. 4b, the MR curves at 80 K
at various 6 can be collapsed onto one single curve with the field scaling factor ¢, and thus we can determine the
value of 7y to be 2.1, which is much smaller that of (~12.1) the well-known 2D graphite*!. However, this value is
similar to that of (~2 at 100 K) the layered WTe, showing a 3D Fermi surface of moderate anisotropy**. The small
anisotropy of BP may arise from the unique puckered atomic structure in the out-of-plane direction, which is
similar to case of layered WTe, that exhibits the distortion of the tellurium layers.

Figure 4c shows the temperature dependence of ~y, which is deduced from the anisotropic MR data. It can be
seen that the values fall within the range of 1.5-2.3, and we can notice that the value of y firstly increases cor-
respondingly with the decrease of temperature reaching a maximum value at 30 K and then decreases with the
further decrease of temperature, which coincides well with the change tendency of mobility and MR. In Fig. 4d,
the angle dependence of MR at various temperatures is shown. It is clearly evident that the anisotropy reaches
the largest at 30 K, which reflects the change tendency of band structure and agrees well with the temperature
dependence of 7. We should point out that, the recent angle-resolved photoemission spectroscopy experiments
have revealed that the band width along the out-of-plane direction becomes smaller at temperature below 30K,
which indicated the charge carriers of bulk BP are more localized in the 2D plane at low temperatures?. Here,
we suppose that the temperature induces the dispersion of band transforms gradually from quadratic gradually
towards the linear which exhibits a larger anisotropy of effective mass and therefore a higher mobility and larger
MR.

In conclusion, we have observed for the first time a large and anisotropic LMR in single crystals of BP. The
large LMR is up to 510% at a magnetic field of 7T when the electronic current is applied along the c-axis within
the cleaved ac-plane and the magnetic field is applied perpendicular to the current direction, along the b axis.
Detailed transport measurement revealed that the large LMR is a classical effect and originates from mobility
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fluctuations due to multiple-electron scattering of high-mobility carriers by low-mobility islands in bulk BP. By
using angular-dependent MR measurements, we further demonstrated that large LMR of layered BP in fact fol-
lows a three-dimensional behavior rather than a two-dimensional one. Our results have implications to both the
fundamental understanding and magnetoresistive device applications of BP.

Methods

Sample preparation. Bulk black phosphorous (BP) was prepared from red phosphorous at high tempera-
ture of 800 °C and high pressure of 2 GPa for 10 min. The prepared bulk BP was cleaved or ground to powder in a
glove box filled with Ar gas for the subsequent use.

Materials Characterization. The ground BP powder was characterized by the SEM, XRD and Raman
measurements. The SEM image was taken by a scanning electron microscopy (S-4800, Hitachi, Japan). The
XRD patterns were collected on SmartLab with Cu-Ko radiation (\ = 1.5406 A, Rigaku, Japan). The Raman
measurement was carried out on a Renishaw inVia micro-Raman spectroscopy with a laser radiation of 514 nm.
The dispersion BP sheets were dropped onto holey carbon support film with 200 mesh copper grids TEM and
SAED. The TEM images and SAEDs of the BP sheets were obtained in a transmission electron microscopy (JEM-
2010, JEOL, Japan).

Transport measurements. The cleaved samples with a typical size of about 3.0 x 1.0 x 0.1 mm? were used
for transport measurements. The standard four-probe Hall (R,,) and resistive (R,,) measurements were carried
out in a Quantum Design PPMS-9 using a constant current mode. For all measurements except for the angular
dependence of the transverse magnetoresistance (MR), the magnetic field H was applied perpendicular to the
cleaved ac plane of the crystal. The R,,(H) and R,,(H) were measured by sweeping H between +-7T at fixed tem-
peratures. Angular dependence of the transverse MR was measured for different orientations, where 6 being the
angle between H and the normal to the ac plane. Electrical contacts were prepared by platinum wires and a silver
paste.

Two-carrier model analyses. The conductor tensors of BP crystal are analyzed by a two-carrier model in
which one carrier is of high mobility and the other is of low mobility. The longitudinal conductivity o,, and Hall
conductivity o, can be described as:

Pxx
Oxx = 3 2
Poc T Py 1
Px
O = 5 5
P T Py (2)

Thus, in field regime (0-5T), the carrier concentrations and mobilities can be independently extracted by
fitting o, and o, with the two following Equations

o (H) = neeft, npep,
XX 1 + /Jész 1 + MhZHZ (3)
nee,uezH nheuth
Uy (H) = 2.2 2112
1+ H 1+ p H (4)

The n, (n,) and . (4,) indicate the carrier concentrations and carrier mobilities of electron (hole), respectively.
The fitting parameters are dependent on temperature T, but independent on external magnetic field H.
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