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Abstract. The Hall coefficient and electric conductivity of black phosphorus prepared by the
bismuth-flux method were measured at low temperatures. It is found that the conductivity
shows log T-like behaviour below about 5 K and the Hall coefficient changes its sign from
plus to minus at around 7 K with decreasing temperature. These results can be analysed
successfully on the basis of a three-carrier model, in which bulk holes, variable-range-
hopping holes and two-dimensional electrons take part in the eleciric conduction at low
temperatures, except in the case of strong magnetic fields beiow 7 K. The present analysis
supports the fact that magneto-electric properties observed at low temperatuees in black
phosphorus crystals originate from the 20 Anderson localization in an inversion layer on the
surface,

1. Introduction

Biack phosphorus (black P) is the most stable form of many allotropic modifications of
elementary phosphorus. Until recently, measurements have been performed on the
electrical transport properties of black P at low temperatures [1-4]. Recently, an inter-
esting preliminary investigation of the two-dimensional (20) Anderson-localization-like
phenomena in a needle-like black P crystal has been reported by Iwasaki ef al [5]. To
study such phenomena in more detail we have made a detailed measurement and
analysis of the negative magnetoresistance and argued that the phenomena can in fact be
explained by the 2D Anderson localization theory [6]. We have also argued, based on
the measurement of the Hall coefficient, that the 2D localization originates from an
inversion layer on the surface [7].

The purpose of the present paper is to make a quantitative analysis of the Hall
coefficient and the conductivity of black P at low temperatures in terms of a three-carrier
model and herewith to give further support to the 20 Anderson localization in the
inversion layer of black P.
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Figure 1. Geometry of a black-P sample used in the

a experiment, with an applied magnetic field (7 axis). a
current (x axis} and Hall contacts (¥ axis) for Hall
measurements. The crystallographic axes a, b and ¢
are also shown.

2. Experimental procedures

Single crystals of black P were prepared by the bismuth-flux method [8]. The prepared
crystals are needle like and have a flat surface of the a—c plane. The size of the samples
was typically 4 mm in length in the q axis direction, 100 gm in width along the ¢ axis, and
10 um in thickness along the b axis.

Figure 1 shows a schematic diagram of the geometry of a black-P sample used in the
experiment. The electric field E is applied along the x axis and the magnetic field H is
applied along the z axis. Resistance measurement was performed by the standard four-
probe method with a constant current of 0.1 uA. The potential difference between
potential probes was measured with a precision digital meter (Yokogawa Electric Works
Ltd, type 2501). Gold paste was used to make the electric contacts between a sample
and Au wires of 30 um diameter. In the Hall measurement, magnetic fields up to 15 kG
were applied by a rotatable electric magnet. The Hall voltage was amplified with a
microvolt meter (Ohkura Electric Co., model AM-1001) with a high input impedance
and measured by the precision digital meter type 2501, The sample temperatures were
measured with a Ge thermometer below 30 K and a Pt thermometer above 30 K.

3. Experimental results

From the previous experiments on the transport phenomena [7], we found that the
black-P crystals exhibit p-type conduction associated with two species of acceptor. Their
activation energies are 26.1 meV and 11.8 meV and the effective concentrations are
typically 1.36 X 10°' m~*for the shallower level and 0.44 x 10?' m~*for the deeper level.
The Hall mobility is given by the expression uy = 3.2 X 102 T2 m? V! 57! with the
maximum value of 3.6 m* V~!s™! ataround 7= 20 K.

Figure 2 shows the electric conductivity in the needle (a axis) direction for one of
our samples as a function of temperature in the region 7 < 30 K. An abrupt rise in
conductivity above T = 20 K is ascribed to the conduction due to the holes activated
from acceptors. On the other hand, the conductivity below 5 K shows a log T-like
behaviour, which may be interpretedin terms of a different type of conduction associated
with the two-dimensional Anderson localization [9].

The Hall measurement was performed for the same sample as that used in the
electric conductivity measurement (figure 2). The observed Hali voltage was found to be
proporticnal to the magnetic field above about 60 K as shown later in the inset in figure
4, while it was not below this temperature except in the case of the weak field. Figure 3
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shows the magnetic field dependence of the Hall voltage measured at 4.2 K. The Hall
coefficient was estimated at two typical fields of 1 kG (weak field) and 15 kG (strong
field) using the following expression:

Ry = Vyud/IH (1)

where Vy, {, H and d are the Hall voltage, current, applied field and thickness of the
sample, respectively. The Hall coefficient at 1 kG is suitable for estimation of the carrier
density and that at 15 kG (the strongest field used in the present study) is used to monitor
non-linearity of the Hall voltage.

Figure 4 shows the Hall coefficient as a function of temperature at magnetic fields of
1 and 15 kG. In the high-temperature range (T > 100 K), the two curves of the Hall
coefficient at 1 and 15 kG tend to merge into a single curve. This result indicates that, in
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the high-temperature range, the Hall voltage is proportional to the magnetic field in the
range H < 15 kG. The inset in figure 4 shows a linear dependence of the Hall voltage on
the applied field at 77 and 290 K. On the other hand, below 100 K, the Hall voltage
shows saturation and the Hall coefficient shows a different behaviour depending on the
applied field. We note amongst other features that at H = 1 kG the Hall coefficient does
change its sign at around 7K. That is, the conduction below 7K is electron like in
contrast with the hole conduction in the high-temperature region.

4. Analysis and discussion

4.1. Three-carrier model

In order to explain the experimental results presented above, we assumed that three
types of conduction are responsible for the transport phenomena at low temperatures
in black-P crystals produced by the bismuth-flux method. These include

(i) bulk hole conduction in the valence band,
(ii) bulk conduction by the variable-range hopping (VRH) on acceptor levels, and
{iil) 2D electron conduction in the surface layer.

The conductivity, mobility and hole concentration in the bulk hole conduction regime
have been measured in the high-temperature range and discussed in detail in our previous
paper [7]. The existence of 2D electron conduction has been confirmed by the analysis
of negative magnetoresistances observed at low temperatures in black-P crystals
obtained by the bismuth-flux method [8]. On the other hand, the vRH conduction has
not yet been confirmed. The occurrence of vRH conduction, however, will be made clear
in the following analysis.

In the measuring geometry shown in figure 1, where the electric field £ is applied
along the x axis and the magnetic field H is applied along the z axis, the average velocities
v, (i =1, 2, 3) of the three types of carriers in a steady state are expressed as

v; = iE + pv,Hfe (2)

where u; is the mobility and ¢ is the velocity of light in the vacuum. Hereafter, the
subscripts 1,2 and 3 refer to the bulk hole conduction, VRH conduction and 2D electron
conduction, respectively. The total current along the x axis is given by

Jx= Zniinb: 3)

where #n; and g; are the concentration and charge of each carrier. The total current along
the y axis is given by

jy = Z n,q;v; = 0. {4)
The y component in equation (2) is

Uy = HiEy - -u:‘ur'le'IC' (5)
Substituting equation (5) into equation (4), we have

H
E,= (E ﬂf‘]iﬂiva/z ”qu#i) rE Broo ()]

Then, substituting equations (5) and (6) into the x component of equation (2}, we have
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From equation (7) (i = 1, 2, 3), we have

2 2
[1‘*'#% ('?) - (ﬂlqtﬂl/z_ "qu‘ﬂ:) ui (g) ] Uy — (”2?2#2/2":?!#:)
H 2 2
x pi (?) Uy — (’33‘)‘3#3/2 "i%#f) uf (g) vy = @ Ey
2 H 2
= (M%Hl /E f’h%#f) I (g) Uy t+ [1 + s (“E") - ("242#2/2 ”iqaﬂi)
2 2

X 4} (%I) ] by — (”3‘13#3/2 ﬂs‘»]:‘#-a‘) u3 (g) Uy = Uy £y

and

2 2
- (H:QIM/E n,.qr.ur.) ui (g) Uy — (Hﬂzﬂz/z_ ani#i) 13 (g) Uy

2 2
+ [1 + u? (%!) - ("3?3#3/2 mqm;) 13 (‘g) ] vy = H3E,.

Solving the above simultaneous equation (equations (8 - 10)). we can obtain

Ra= (0 E mom it/ e )

1+ wi(Ey/E)(H/e)\ ™!
X (2 igitti = ME(H/C)Z )

where

2SS My S
E, T A e L W Ty

If the magnetic field is weak, equation (11) can be reduced to

1 2
H= EZ niqr‘”%/(z "ﬂr#.‘) .
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®

(10)

(11)

(12)

(13)

The physical parameters such as carrier concentrations and mobilities used in the

three-carrier model are discussed below.

4.1.1. Bulk hole conduction. From the experimental results of the electric conductivity
and the Hall coefficient below about 50 K, the concentration #, of the holes is approxi-

mately given by the equation
ny =1x 102 exp(—137/T) m ™3

(14)

with the activation energy of 137 X (11.8 meV) from the shallower acceptor level which
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is dominant below 50 K [10]. The mobility 1, of the holes is assumed to be expressed as
1/py = 1/ppn + 1/ ftigyp. Here, g, is the mobility due to the acoustic phonon scattering
and has been found to be proportional to T-32 [4,7] and ft;cnp,, the mobility due to the
impurity scattering, is assumed to be nearly constant. Therefore, u, is given by the
equation

u, = AN + B)ym2 Vs (15)

where the numerical parameters A and B are determined so as to fit to the experimental
curve of the mobility, conductivity and Hall coefficient.

4.1.2. vri conduction between acceptor levels. A two-carrier model consisting only of
the bulk holes and the 2D electrons can also explain the occurrence of the sign reversal
of the Hall coefficient, but quantitative agreement betweenits prediction and experiment
is quite poor, which motivates the introduction of the third type of carrier, i.e. holes
moving on acceptor levels by variable-range hopping. Assuming that the hopping hole
concentration n is almost constant and comparable with the acceptor concentration,
we may consider that n, [7] and the mobility u, [11] are given by

ny=1x10"m? {(16)
and
py = poexpl — (T,/T)tm? v=is™!, (17)

Here, the numerical parameters uy and T, in u, are determined by fitting to the exper-
imental conductivity o and Hall coefficient Ry,.

4.1.3. 2p electron conduction. The thickness d of the present sample was determined to
be 6.5 x 107°m by SEM observation and the thickness ¢ of the 2D layer near the surface
to be 5 x 107 m by analysis [6] of the observed magnetoresistance based on the 2D
localization theory [9].

According to the 2D localization theory, the sheet conductivity og is given by

an(T) = oy + (e2/2a*h) x 10 log TS S (18)
where
e?f2n%h = 1.23 x 1075 8. (19)

An apparent conductivity g; at a temperature below about 7 K is given approximately
by

0:(T) = og(T)/d = enzpu; Sm™! (20)

where the second equality defines the apparent electron concentration n; and the
electron mobility 3. 13 was determined to be 5 x 10%* m™ from the value of Ry in the
low-temperature region (figure 4). 1f the value of n; is assumed to be independent of the
temperature, the mobility u; is obtained from equations (18) and (20) as

gy =(2X1075+1.23% 10~ log T)/5.2x 103 m? V' s, (21)

The mobility 5 can also be estimated using the surface electron concentration nap
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in the 2D layer. It is related to the Fermi energy s and the diffusion coefficient D of the
electron by

us = (e/ex)D (22)
where e is defined by

er = (h*/2m*)an p. (23)
Here, the surface electron concentration a,p is given by

fop = n3d =33 x 10 m™2, (24)

Using equations (23) and (24), the mean effective mass m* = 0.22 m[12], and the value
of D which was given as 6 x 107*m?s~! elsewhere [6], we have p;=
3.4 x 1072m?V~!'s™'. This value is the same order of magnitude as that given by
equation (21), which is 0.9 X 1072 m?* V~!s7!, say, at 10 K.

4.2. Temperature dependence

The Hall coefficient Ry was calculated using equation (13) in the low-field limit and was
fitted to the experimental data by varying A and B in equation (15) and g, and T, in
equation (17). Figure 5 shows the comparison between the calculated (full curve) and
experimental Ry; at 1 kG. The values of the parameters used in the calculation are 4 =
2400 K2 m? V=15l B=300K2 Ty=13000K and gy =23m?V~'s"1. The above
value of A is larger by a factor of 8 than the experimental value [7]. The discrepancy may
be partly due to experimental errors or a scattering of samples. The calculated Ry is in
accordance with experiments, i.e. it reproduces the maximum at around 30 K, ashoulder
near 10 K, and the inversion of the sign at about 7 K. As a trial for another possibility,
we have also calculated the Hall coefficient using a two-carrier model consisting only of
the bulk holes and 2D electrons. The broken curve in the figure shows the Ry calculated
by the two-carrier model, which was obtained by subtracting the VRH component from
the Ry, by the three-carrier model {full curve). The result is unreasonable, since the sign
reversal is shifted from around 4 K to around 9 K and the value of Ry becomes much
larger than the experimental results at around 20 K.
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The broken curve in {a} was catculated by the two-carrier model.

We have also calculated the conductivity using the same values of the parameters as
those used in the calculation of Ry. Figure 6{a) shows the calculated (full curve) and
experimental conductivity. The calculated curve is in good accordance with experiment
and reproduces the log T-like dependence of 0. The broken curve shows the conductivity
calculated by the two-carrier model. The result indicates that the two-carrier model
cannot be fitted to the experimental data. Figure 6(b) shows oy, 0;, 0; and o=
0y + 05 + 03, where g, is the conductivity due to the bulk hole conduction, o, that due
to the vrH conduction and o, that due to the 20 electron conduction. We find that the
2 conduction is dominant at low temperatures below 7 K and the viH conduction puts
in an appearance only in a rather narrow temperature range around 10 K,

We note that, in the present successful analysis, only the numerical values obtained
by experiments [7] and the universal constants from the 2D Anderson localization theory
[9] were used except those of the vRH conduction. The characteristic temperature T, of
the vRH conduction, which was one of the fitting parameters, wasobtained tobe 13000 K.
This value is much smaller than those for p-type InP [13], suggesting a large density of
states and/or large localization length of holes in black P [14]. Further observations on
the vRH conduction in black P are desirable in the present situation.

4.3. Magnetic field dependence

For large magnetic fields, the Hall coefficient Ry must be calculated using the original
equation {11). Figure 7 shows the calculated and experimental Ry at 15 kG and their
comparisons with those at 1 kG shown in figure 5. Above 10K, the theoretical result at
15 kG is in fairly good agreement with experiments but does change its sign below about
7 Kincontrast with the experimental data. The origin of this discre pancy between theory
and experiment at high magnetic fields is not clear at present.

5. Conclusions

‘We have observed that black-P crystals prepared by the bismuth-flux method have the
characteristic properties that the electric conductivity shows a log T-like behaviour
below about 5 K and the Hall coefficient shows its sign reversal at around 7 K. We have
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also found that these observations can be analysed successfully, except in the case of
strong magnetic fields below 7 K, by the three-carrier model, in which bulk holes, VRH
holes, and 2D electrons take part in the electric conduction at low temperatures. The
two-carrier model without vkRH holes cannot explain the experimental results. The
success of the three-carrier model containing 2D electrons gives further support to the
model that the negative magnetoresistance effect observed at low temperatures in the
black-P crystal [6] originates from the Anderson localization of a 2D electron gas in the
inversion surface layer.

The three-carrier model cannot explain the disappearance of the sign reversal of the
Hall coefficient observed at strong magnetic fields. Its physical origin is not known and
is left for future studies.
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