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Intriguing novel phenomena in lead films have inspired a new understanding of quantum physics, such as the
quantum size effect and quantum phase transitions, etc. The improvement of the sample quality makes it even
more promising to explore the intrinsic properties in two-dimensional systems. In this Rapid Communication, we
show that the crystalline interfacial striped incommensurate layer can increase the quality of the lead films and
significantly enhance the magnitude of magnetoresistance. By performing systematic transport measurements,
a predominant anomalous linear magnetoresistance is revealed, and the widely used Parish-Littlewood model
and Abrikosov’s explanation fail to describe the observation. Instead, we propose another model of linear
magnetoresistance based on linear band structure, which shows good agreement with the experimental results.
Our studies reveal a different origin of linear magnetoresistance which may also be helpful to understand the
linear magnetoresistance in other materials with a linear dispersion of the electronic structure.
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Crystalline lead films have been investigated over the past
30 years and have gained growing interest since intriguing
phenomena [e.g., the quantum size effect [1], superconduc-
tivity in the two-dimensional (2D) limit [2—4]] are being
continuously discovered, which have significantly deepened
our understanding of low-dimensional physics [5—10]. One
problem influencing the quality of crystalline lead films is
the lattice mismatch between the films and the substrate. This
mismatch, which results in an amorphous interface (called the
wetting layer), makes it difficult to prepare atomically uniform
ultrathin films [11], leading to a relatively low mobility and a
small magnetoresistance (MR) of films. One solution to this
mismatch is to grow a crystalline reconstruction phase as the
interface between Pb films and the Si substrate, such as the
striped incommensurate (SIC) phase, ~/7 x +/3 phase, etc.
Consequently, several novel phenomena have been observed
in ultrathin lead films including interface-induced Ising su-
perconductivity [12], anomalous quantum Griffith singularity
[13], and so on. These findings well manifest the abundant
physical mechanisms concealed in ultrathin crystalline lead
films and inspire continuous enthusiasm for investigations on
low-dimensional crystalline systems.

The MR measurement is a typical and useful method
to reveal the physical properties including the density of
states (DOS), mobility, and band structures. One striking phe-
nomenon is linear magnetoresistance (LMR), which could
be observed in some special situations and may survive
up to a very high magnetic field [14-16] (e.g., LMR in
a Cd;As; crystal can survive up to 60 T). In theory, the
Parish-Littlewood (PL) model [17] and Abrikosov’s quantum

*Corresponding author: jianwangphysics @pku.edu.cn

2469-9950/2020/102(14)/140403(5)

140403-1

explanation [18,19] are widely used to describe the LMR.
The classical PL model attributes the LMR in disordered
systems to a large inhomogeneity, which distorts the current
flow and introduces transverse Hall resistance to longitudi-
nal conducting compositions. Another mechanism of LMR
was found by Abrikosov, who ascribed LMR to the intrinsic
quantum states of systems. If the system reaches an “ex-
treme quantum limit,” which means that the electrons all
stay at the first Landau level, the LMR would appear nat-
urally according to Abrikosov’s quantum explanation [18].
However, not all cases could be well explained by these
two models such as the LMR in iron-based superconductors
[20], Dirac semimetals [21], and ferromagnetic semiconduc-
tors [22]. Several novel mechanisms have been proposed,
including spin fluctuation and the d band shift [22]. In order
to reach a deeper and wider understanding of LMR in vari-
ous systems, further experiments and explanations are highly
desired.

In this Rapid Communication, we report transport mea-
surements on 10-monolayer (ML) and 20-ML crystalline lead
films grown on the SIC phase on a Si(111) substrate via
molecular beam epitaxy (MBE). Compared to a lead film
grown on amorphous wetting layers, the 20-ML Pb film grown
on the SIC layer exhibits significantly larger mobility. As a
result, a large enhancement of MR is observed in this system.
To be specific, under a perpendicular magnetic field, the MR,
defined as MR = [R(H) — R(0)]/R(0), reaches 3% and 11%
under 15 T at 10 K in 10- and 20-ML Pb films with a SIC
phase interface. Pb thin films follow the classical quadratic
field dependence in low magnetic field regimes, however, a
predominant LMR appears at 5 T and exists up to 15 T. The
widely used PL model and Abrikosov’s explanation fail to
explain our observations. We ascribe the detected LMR in 2D
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FIG. 1. Morphology and transport properties of Pb thin films. (a) A typical STM image of 20-ML Pb film (250 nm x 250 nm). Inset:
Atomically resolved STM image of 20-ML Pb film (5nm x 5nm). (b) Temperature dependence of sheet resistance on 20-ML Pb film at zero
magnetic field, showing RRR of 13.086 defined as the ratio of resistance at 300 and 8 K [RRR = R(300K)/R(8K)]. The inset is a schematic
diagram for standard four-electrode transport measurements. Perpendicular magnetic field dependence of sheet resistance for (c) 20-ML and
(d) 10-ML Pb films on a SIC phase interface. The corresponding derivative MR (dMR/dB) is shown in (e) and (f), respectively.

films to the changes in the DOS for linear bands at the Fermi
surface.

Figure 1(a) presents the morphology and atomically re-
solved image of a 20-ML lead film measured by scanning
tunneling microscopy (STM), indicating the high quality of
samples grown on the SIC phase. The transport properties
at zero magnetic field of a 20-ML Pb film are shown in
Fig. 1(b). A relatively large residual resistance ratio (RRR) of
13 [defined as the ratio of resistance at 300 and 8 K, RRR
= R(300 K)/R(8 K)] is observed, which is twice as large
as that of the samples grown on amorphous wetting layers
(Fig. S2 [23]), showing the great improvement in sample
quality by using the SIC phase interface. The schematic of the
standard four-electrode transport measurement is presented in
the inset of Fig. 1(b). Figures 1(c) and 1(d) summarize the
perpendicular field dependence of longitudinal resistance for
both 10- and 20-ML lead films at various temperatures. The
MR monotonically decreases with increasing temperature,
which can be ascribed to the decreasing mobility at higher
temperatures (Fig. S3 [23]). Under a low magnetic field, MR
increases quadratically, and, strikingly, as the field exceeds
5 T, MR gradually turns to a linear behavior. The change
from parabolic MR to LMR could be shown more clearly
in the field-dependent dMR/dB [Figs. 1(e) and 1(f)]. The
intercept of the dMR/dB vs B curve represents the linear terms
(MR « B) while the gradient refers to the quadratic compo-
nent (MR o< B?) (see Eq. (1)). The intercepts of the curves in
the high-field regime remain finite below 30 K, indicating the
survival of LMR. The LMR at relatively low temperatures (a
large intercept and small slope) gradually evolves to quadratic

behavior (a small intercept and large slope) at higher tem-
peratures, revealing the appearance of a parabolic term and
the disappearance of LMR with increasing temperatures. In
Figs. 1(e) and 1(f), the curves could be separated into three
different parts. The first part is a straight line passing the origin
at low fields (quadratic term), the second is a smooth transition
region, and the last is a straight line with a reduced gradient
(linear and quadratic terms). The MR in the first and the last
parts could be expressed as [37]

dMR _ [2A,u*B, B < B,, )
dB ~ |Aww+244*B, B> B,
— AO/'LZBQ” B < Bcv
MR = {AIMB + Au*B?, B = B, @

where Ag, A;, and A, are constant parameters, ( is the mobil-
ity, and the crossover field B, corresponds to the crossing point
of two black solid lines. Equation (2) includes the parabolic
term of MR with the coefficient Ay under low field and a
linear component plus a quadratic term with the coefficients
A and A; at high fields, respectively. As shown in Fig. 2, the
values of Ag and A; generally decreases and A; increases with
increasing temperature. The increasing A, is quite distinct
from the previous study showing a decreasing coefficient of
the quadratic term when the temperature is increasing [37]. In
the Pb films, A, (the quadratic term in the high-field region)
increases with increasing temperature and is finally almost
equal to Ag (the quadratic term in the low-field region), in-
dicating the disappearance of LMR.
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FIG. 2. Temperature dependence of the (a) low-field quadratic term coefficient A, (b) high-field linear term coefficient A;, and (c) high-
field quadratic term coefficient A, for 10- and 20-ML Pb films. All the coefficients are obtained from the fitting results of Eq. (2).

Figure 3 shows the temperature dependence of the
crossover field extracted from Fig. 1(e) and 1(f) for both
20- and 10-ML Pb films (see Fig. S11 for the extraction of
B. above 30 K for the 20-ML Pb film [23]). The crossover
field monotonically increases with increasing temperature and
shows a tendency for saturation around 50 K. As shown in
Fig. 3, the crossover field could be well fitted by a thermal
activation equation (the red lines in Fig. 3) which reads B, =

Ae_kBAT + C, where A is the activation energy, A and C are
coefficients, and kp is the Boltzmann constant. The relatively
large DOS in the Pb films makes the quantum limit much
larger than 15 T, thus Abrikosov’s quantum scenario is not
consistent with our observation [23]. The classical PL model
predicts that LMR more likely occurs in a more disordered
system, however, the 20-ML Pb film with relatively high mo-
bility exhibits a clearer LMR compared to the 10-ML Pb film
with low mobility. Besides, the behaviors of 1/u vs B, curves
are found to contradict the expectation of the PL model [23].
Moreover, the theories based on the orbital effects and the
scattering of the cyclotron electrons including the “hot spot”
theory [30-32] can also be excluded due to the observation of
LMR under a parallel field (detailed discussions are given in
the Supplemental Material [23]).

To understand the observed LMR, we propose a phe-
nomenological model based on the linear band structure. In
our model, we assume a small region of a Dirac-type band
(linear dispersion) around the Fermi surface and the other
bands are the normal parabolic bands resulting in the quadratic
behavior of MR. Figure 4(a) presents the DOS versus energy
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FIG. 3. Temperature dependence of the crossover field B, for
both (a) 20-ML and (b) 10-ML films. The red lines are theoretical fit-
ting curves (B, = AeikBAT + C). The fitting parameters A, C, and A
are summarized in this figure.

of the aforementioned band structure. In 2D systems, the DOS
N(E) of the parabolic band is independent of energy [the ver-
tical solid line in Fig. 4(a)] while the N(E) of the Dirac-type
band linearly changes with increasing energy values [the solid
line with a finite slope in Fig. 4(a)]. The up and down arrows
on the x axis represent the two opposite directions of spins and
the y axis separates the band structure with different spin di-
rections. The blue area represents the occupied electron states
and the band structure takes a hole-type shape since holes are
predominant in lead films. When an external magnetic field
is increasing, Zeeman splitting would lead to the opposite
shift of the band structures and the electrons in the elevated
bands would naturally tend to lower their energy and thus
jump to the states with opposite spin directions [illustrated by
the curved arrow in Fig. 4(a)]. In Fig. 4(a), the spin splitting
is linear to the external magnetic field (64 = gugB, where g
is the Landé factor and pp is the Born magneton), and leads
to the slight increase of the Fermi level (black dashed line).
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FIG. 4. Illustrations for the origin of LMR. (a) The DOS de-
pendence of energy in the band structure consisting of linear (the
oblique lines) and quadratic bands (the vertical lines) in a 2D system.
The blue color represents the states occupied by electrons and the
horizontal dashed line represents the Fermi surface while the vertical
dashed lines represent the change of DOS, §N(EF), at the Fermi
level. The change of DOS at the Fermi surface leads to LMR. (b)
Iustration of the thermally activated behavior of crossover field. (¢)—
(e) Hlustration of the appearance of LMR. Only when the magnetic
field makes the Fermi surface reach the border of linear bands does
the DOS start a relatively large change leading to the appearance of
LMR.
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Thus, the DOS in the Fermi level also decreases [marked as
ON(Er)] and consequently affects the value of the conduc-
tance. The change in DOS is proportional to the magnetic field
ON(Er) = —ygupB, where y is a constant determined by the
shape of the band structures. In 2D systems the conductance
can be expressed as o0 = %j%r(EF )N (EF) [23]. Thus, the MR
can be deduced as

Sp(B) _ _bo(B) _ 8(x(Ep)N(Er)) _ _T(Ep)SN(Er)
£0 00 T0No 70No
N(EF)
+t(Ep)6(T> N 3)

where jp is a constant representing the Fermi-surface current
density and 7 is the relaxation rate. The Pb film is a typical
s-wave superconductor where the electron-phonon interaction
is dominant. Therefore, the relaxation rate of Pb thin films
can be understood by the deformatlon potentlal theory [33,34]
and thus can be expressed as - = + L =L L K(T)NE)
[33,34,38,39], where g is the term 1ndependent of the mag-
netic field and K(7') is a temperature-dependent function.
After applying this function in Eq. (3), the LMR can be
deduced clearly,

MR — 3p(B) _ _5N(Ep)(

Po No

B
I 5
No - (1 4+ KNytp)

1 2
1+ KN()‘L'())

“

Interestingly, the crossover from the low-field quadratic
MR to high-field LMR can also be explained in the frame-
work of our phenomenological model. In Fig. 4(c), the Fermi
surface is initially in the quadratic band area. When the exter-
nal field slightly shifts the DOS of the bands (corresponding
to the small magnetic field regime) and the electrons have
not reached the linear band regime, the DOS at the Fermi
surface remains a constant and cannot give rise to the LMR
[Fig. 4(d)]. Only when the field is large enough to make
the electron occupy the states in the linear band, does the
DOS begin to decrease and lead to the LMR [Fig. 4(e)]. The
field required to reach the border of the linear bands is the
crossover field B.. Furthermore, the observed thermally acti-
vated behavior of B, (Fig. 3) can be understood as follows. At
finite temperatures, the thermal activation would bring some
of the lower band’s electrons to the upper band [Fig. 4(b)].
The number of such electrons shows an activation function
relationship with the temperature én exp(—kBAT), where A
describes the gap between the lower and upper bands. Since
the number of electrons decreases at lower bands, a higher
magnetic field is required to make the lower band’s electron
reach the border of linear bands. Therefore, the crossover field
also shows a thermal activation behavior. Indeed, the data in
Fig. 3 can be well fitted by the thermal activation function

B, = Ae R + C with an activation energy of 1.4 and 1.0
meV for the 20- and 10-ML Pb films, respectively. The small
activation energy could exist in the lead thin films due to
the intricate band structures [12]. Moreover, the Kohler rule
cannot be applied to our systems (Fig. S6 [23]). The inap-
plicability of the Kohler rule is consistent with the proposed

model since our model assumes a scattering time dependent
on the external magnetic field.

The expectations of our model are well consistent with the
experimental data. The main assumption of this model is the
existence of a linear band in a small region near the Fermi
level, which has been indicated by previous works, including
band-structure calculations and angle-resolved photoemission
spectroscopy (ARPES) measurements. The ARPES data of
21-ML Pb films along the I'M direction show linear bands
away from the I'" point and parabolic bands around the I'
point, which is confirmed by the band-structure calculations
[40]. Further investigations on 23- and 24-ML Pb films along
the 'K direction reveal similar band structures with linear
energy dispersion near the Fermi surface [41]. The emer-
gence of linear bands near the Fermi level is also widely
observed in thinner films, such as 6- to 10-ML Pb films
[42-45]. Therefore, the band structure of Pb thin films ex-
hibits both parabolic and linear bands, which is well consistent
with our model. Moreover, the prevailing classical PL model
explains the LMR in disordered systems [17,25,46], while
Abrikosov’s quantum explanation requires the quantum limit
[18], which is very hard to reach for most materials. Differ-
ent from them, our work proposes another model of LMR,
which is not only a different understanding of LMR, but also
inspires further investigations on the linear MR in 2D systems
with a linear energy dispersion (e.g., the topological materials
and high-temperature superconductors FeSe and FeTe;_,Se,,
etc.), especially for those with less disorder and a relatively
high carrier density.

In summary, with the improvement of sample quality,
we performed detailed magnetic transport measurements on
both 10- and 20-ML crystalline Pb films. Surprisingly, a
pronounced LMR is detected from 8 to 30 K in both films
and cannot be interpreted by the widely accepted theories,
i.e., the classical PL model and Abrikosov’s quantum ex-
planation. With an attempt to understand the concealing
mechanism of the observed LMR, we propose a phenomeno-
logical model based on a band structure composed of linear
and quadratic bands, which suggests that the observed LMR
originates from the changes of DOS at the Fermi surface.
The model can well describe the crossover from quadratic
MR to LMR and explains the temperature dependence of
B.. With systematic studies of MR in Pb thin films, our
work reveals a different mechanism of LMR, which could
be applied to various 2D materials with linear energy
dispersion.
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