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Magnetoresistance of the double-atomic-layer rect-
√

7 × √
3-In/Si(111) phase was measured in situ using the

four-point-probe technique in the temperature range from 2.5 to 33 K and magnetic fields from −8 to +8 T. The
rect-

√
7 × √

3-In/Si(111) was found to demonstrate a classical quadratic behavior of magnetoresistance at fields
lower than ∼0.2 T, and a large positive linear magnetoresistance at fields up to 8 T in the low-temperature range
of up to ∼10 K. In contrast, the results obtained on the parent single- and double-atomic In layers formed on
the NiSi2/Si(111) substrate show much lower values of magnetoresistance. In view of the density functional
theory calculation results, which reveal the presence of tiny Fermi pockets in the rect-

√
7 × √

3-In/Si(111)
electronic band structure, we attribute the observed large linear magnetoresistance at the low-temperature range
to a quantum mechanical origin.

DOI: 10.1103/PhysRevB.107.195305

I. INTRODUCTION

Metal films having a thickness of one or a few atomic
layers grown on crystalline semiconductor substrates attract
the considerable interest of researchers due to an abun-
dance of structural and electronic properties. Indium-induced
superstructures on Si(111) and, in particular, the so-called
Si(111)-rect-

√
7 × √

3-In reconstruction are of special in-
terest due to the emergence of superconductivity at the
atomic-scale limit. The rect-

√
7 × √

3-In reconstruction was
termed to indicate its quasirectangular appearance in scan-
ning tunneling microscopy (STM) images, as well as to
distinguish it from the hex-

√
7 × √

3-In reconstruction having
a lower In coverage and quasihexagonal STM appearance
[1]. Si(111)-rect-

√
7 × √

3-In has been established to incor-
porate 2.4 monolayers (ML) of In, where 1.0 ML = 7.8 ×
1014 cm−2, and has a double-atomic-layer structure [2,3]. The
rect-

√
7 × √

3-In is metallic and converts into a supercon-
ductor state [4–10] at a critical temperature which in the
optimized samples was close to that for the bulk In (i.e., 3.2 vs
3.4 K). Therefore, Si(111)-rect-

√
7 × √

3-In has been widely
used as a prototype system to explore various aspects of su-
perconductivity at the atomic-scale limit, including the role of
disorder in the film [7,10], effects of the substrates [11–13]
and molecular-adsorbate capping layers [14–16], as well as to
assess the superconductivity-associated electron-phonon cou-
pling effects [17,18]. Another item which attracts the interest
of researchers to rect-

√
7 × √

3-In concerns the peculiarities
of its electron band structure. The rect-

√
7 × √

3-In was rec-
ognized early on as a nearly-free-electron two-dimensional
(2D) metal [19], but very recent investigations have revealed
that it has a rather complicated electronic band structure,
especially regarding its spin texture [8,20]. As concerns the
effects of an applied magnetic field on the electronic transport
in rect-

√
7 × √

3-In, so far all of the available data regard the
field-induced suppression of the superconductivity at temper-
atures below transition into the superconductor state.

The goal of the present study was to explore the magne-
totransport properties of the rect-

√
7 × √

3-In normal-metal
phase above the critical temperature and to associate the ob-
tained results with the peculiarities of the system electron
band structure. To visualize the scale of the observed effects,
we have also conducted magnetotransport measurements on
the parent systems, single-atom 1 × 1-In and 2

√
19 × 2

√
3-In

and double-atom rect-
√

7 × √
3-In layers grown on a Si(111)

substrate capped with a single-layer NiSi2 [13]. Seemingly
more relevant single-atom 2 × 2-In and hex-

√
7 × √

3 phases
grown on a bare Si(111) surface were excluded from the
list, since they show up as insulators at low temperatures
[21–26]. In contrast, the single-atom In layers grown in an
In/NiSi2/Si(111) system, 1 × 1-In and 2

√
19 × 2

√
3-In, re-

main conductors at low temperatures. The 1 × 1-In phase
adopts 1.0 ML of In and has a structure similar to that of
the Tl atomic layer on Si(111) [27]. The other single-atom
In phase forming at ∼1.5 ML of In also displays a 1 × 1
structure at room temperature (RT), but converts upon cool-
ing to a striped structure having 2

√
19 × 2

√
3 periodicity.

The double-atomic-layer In film grown on NiSi2/Si(111)
at ∼2.5 ML of In appears to be structurally akin to the
double-atomic-layer rect-

√
7 × √

3-In phase forming on a
bare Si(111) substrate. It has been found that the rect-

√
7 ×√

3-In on Si(111) stands apart from the other phases, as
it demonstrates the greatest magnetoresistance with a linear
dependence on the field down to the low-field values, that
serves as an indication of the sensitive relationship between
the structural, electronic, and transport properties of the metal
atomic layers.

II. EXPERIMENTAL AND CALCULATION DETAILS

Sample preparation and transport measurements were con-
ducted in the UNISOKU USM 1500 LT system, equipped
with scanning tunneling microscopy (STM) and four-point-
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probe (4PP) techniques, which provide measurements down
to the lowest temperature of ∼2 K with the ability to apply a
magnetic field up to 8 T perpendicular to the sample surface
with the help of a superconducting magnet. The probes used
were gold wires of 0.1 mm in diameter equally spaced by
0.2 mm along a straight line. Atomically clean Si(111)7 × 7
surfaces were prepared in situ by flashing to 1280 ◦C after the
samples were first outgassed at 600 ◦C for several hours. In
was deposited from a tantalum tube, and Ni from an electron
beam evaporator.

To prepare the Si(111)-rect-
√

7 × √
3-In phase, a two-step

procedure was used. In the first step, the Si(111)
√

3 × √
3-In

surface with 1/3 ML of In was prepared using In deposition
onto the Si(111)7 × 7 surface held at ∼500 ◦C. In the second
step, In was deposited onto a

√
3 × √

3-In surface held at RT,
until the rect-

√
7 × √

3-In phase covered the whole surface. In
each step, the structure of the surface was controlled by STM.
To form In/NiSi2/Si(111) atomic sandwiches, we employed
the procedures described in detail in Ref. [13]. In particular,
in order to grow the 1 × 1-In phase, a 2 × 2-In film with
1.0 ML of In was grown first on a bare Si(111) surface, then
1.0 ML of Ni was deposited onto it at RT, followed by sample
annealing at 300 ◦C, which results in Ni intercalation into the
top Si(111) bilayer and the formation of single-layer NiSi2

sandwiched between a Si(111) substrate and a capping In
layer which adopts a 1 × 1 structure. The other In films on the
NiSi2/Si(111), 2

√
19 × 2

√
3-In and rect-

√
7 × √

3-In, were
grown using RT deposition of In onto the Si(111)/NiSi2/1 ×
1-In surface. The large-scale and close-up STM images of
the surfaces under investigation are collected in Supplemental
Material Fig. S1 [28].

The density functional theory (DFT) calculations were
performed by using the Vienna ab initio simulation package
(VASP) [29,30], with core electrons represented by projec-
tor augmented-wave (PAW) potentials [31,32]. To obtain an
accurate Si band gap we applied the DFT-1/2 self-energy
correction method [33]. A spin-orbit interaction (SOI) was
included in all types of calculations. The Si(111)1 × 1-(In,
Ni) cell geometry was simulated by a repeating slab of ten
Si bilayers and a vacuum region of ∼15 Å. Si atoms in the
bottom three bilayers were fixed at their bulk positions, the
top seven bilayers were allowed to fully relax, and dangling
bonds on the bottom surface were saturated by hydrogen
atoms. �-centered 12 × 12 × 1 and 5 × 7 × 1 k-point meshes
were used to sample the 1 × 1 and

√
7 × √

3 Brillouin zones,
respectively. The geometry optimization was performed until
the residual force was smaller than 10 meV/Å.

III. RESULTS AND DISCUSSION

To set the stage, let us recall that the classical electronic
transport theory [34] shows that magnetoresistance (MR) in a
conductor behaves as

�ρ

ρ0
∝

{
(μB)2, μB < 1,

C, μB > 1,
(1)

where μ is the mobility, B is the magnetic field, �ρ = ρB −
ρ0, ρ0 is the resistance at zero field, and C is a constant. Thus,
MR grows quadratically with the field and then reaches a satu-
ration. A linear and nonsaturating dependence on B denotes a

TABLE I. Characteristics of the In/Si(111) and
In/NiSi2/Si(111) samples under investigation, including In
coverage �, sheet resistance Rs at a temperature of 5 K, and the
value of the kFl0.

Si(111) NiSi2/Si(111) � (ML) Rs (�/�) kFl0

rect-
√

7 × √
3a 2.4 41 630

rect-
√

7 × √
3b 2.4 86 300

2
√

19 × 2
√

3c ∼1.5 227 114
1 × 1c 1.0 861 30

aDouble In layer.
bDouble In layer on a single NiSi2 layer.
cSingle In layer on a single NiSi2 layer.

departure from conventional behavior. Experimentally, linear
MR (LMR) has been observed in a wide variety of 2D and 3D
materials [35]. Notably, LMR has been found to arise from
multiple factors ranging from classical [36–40] to quantum
[41].

Bearing the above in mind, let us consider the results of
the magnetotransport measurements presented in Fig. 1. In
particular, Fig. 1(a) shows the temperature dependencies of
the sheet resistance Rs for the rect-

√
7 × √

3-In phase grown
on bare Si(111) (red curve) and In layers grown on Si(111)
covered by a single-layer NiSi2, rect-

√
7 × √

3-In (yellow
curve), 2

√
19 × 2

√
3-In (green curve), and 1 × 1-In (blue

curve). Table I lists the main characteristics of the samples,
including the values of kFl0 = 2π h̄/(e2Rs), where kF is Fermi
wavelength and l0 is an elastic length, estimated using a sim-
ple 2D free-electron-gas model. As one can see, in all cases
the kFl0 are much greater than unity, ensuring the Ioffe-Regel
criterion for metallic conduction [42], hence all samples show
up as good metals. Figure 1(b) shows magnetoresistance, de-
fined as [Rs(B) − Rs(0)]/Rs(0), for all samples acquired at a
temperature of 5 K and a magnetic field ranging from −6 to
+6 T. The magnetoresistance is positive for all samples and
the largest for the rect-

√
7 × √

3 grown on a bare Si(111)
surface.

Figure 2 summarizes the data on the temperature depen-
dencies of the magnetoresistance for all samples. Note that the
upper limit for the temperatures under investigation was set at
33 K, because at higher temperatures the contribution from
the conductance through the substrate becomes noticeable.
One can see that in addition to the classical and quantum
magnetoresistance there are two other contributions to the
magnetoresistance at low fields and temperatures. The first
one is associated with the weak antilocalization (WAL) ef-
fect [43], which comes from the quantum interference of
the scattered electron waves. The magnetic field affects the
interference amplitude and leads to positive MR for WAL.
Specifically, MR versus field shows a dip in the low-field
region for the case of WAL in the narrow-field region, typi-
cally of about 0.5 T. The quantum corrections are essential for
the dirty-metal limit, when the elastic length l0 is much less
than the coherence length lφ , l0 � lφ , thus their contribution
is especially apparent for the cases of the high-resistance
1 × 1/NiSi2/Si(111) and 2

√
19 × 2

√
3/NiSi2/Si(111) sam-

ples. The second contribution is due to the magnetic-field
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FIG. 1. (a) Temperature dependencies of the sheet resistance and (b) magnetoresistance at 5 K of the rect-
√

7 × √
3-In phase grown on the

bare Si(111) (red curve) and In layers grown on the Si(111) covered by a single-layer NiSi2, rect-
√

7 × √
3-In (yellow curve), 2

√
19 × 2

√
3-In

(green curve), and 1 × 1-In (blue curve).

suppression of the superconductivity and superconductivity
fluctuations. For the rect-

√
7 × √

3/Si(111) sample, it takes
place in the vicinity of the superconducting transition tem-
perature ∼2Tc ≈ 6 K and at magnetic fields lower than the
upper critical field of 0.49 T at zero temperature [6]. Note
that at 2.5 K the upper critical field is even lower, being about
0.1 T [6]. As one can see, these effects manifest themselves
in the vertical shift of the MR data in Fig 2. Note that the
low-temperature MR curves were shifted for the two super-
conducting double-layer-In samples shown in Figs. 2(a) and
2(b). In all cases, the low-field MR data were excluded from
the data fit.

For fitting the results of measurements, the following for-
mulas were found to be convenient to consider the case, when
quadratic growth changes for the linear one [44],

�Rs

Rs(0)
= β

B2

3Bk
, B � Bk, (2)

�Rs

Rs(0)
= β

(
B − Bk + B2

k

3B

)
, B � Bk, (3)

where �Rs(B) = Rs(B) − Rs(0), and β is a constant equal to
the tangent of the angle between the asymptote and B axis.
Note that the carrier mobility extracted from our MR data is
μ2

MR = β/3Bk .
As one can see in Figs. 2 and 3, the magnetoresistance

�Rs(B)/Rs(0) is the largest for the rect-
√

7 × √
3/Si(111)

sample, being 23% at 8 T. The sample demonstrates also
the largest value of the slope of the LMR, as well the

largest value of the mobility μMR of 2700 cm2/(V s) at low
temperatures. In addition, the magnetoresistance of the
rect-

√
7 × √

3/Si(111) is the only one which shows a strong
temperature dependence.

The origin of the large LMR value for the rect-
√

7 ×√
3/Si(111) sample, as compared to those for the other sam-

ples under investigation, is not completely clear. However,
Abrikosov’s theory of the quantum LMR [41] can be used
in order to get a hint considering the sample electronic band
structure. The presence of the two tiny Fermi pockets St

4
and St

5, as evident from the spin-polarized DFT calculations
around the Y point of the surface Brillouin zone (SBZ) [see
Fig. 4(d)] with an approximately linear crossing of the bands
at the Fermi energy (within the numerical accuracy), is of
particular essence here. The low density and small effective
mass of the carriers due to the linear band crossing ensure
that they can be confined to the lowest Landau level at low
temperatures and thus reach the quantum limit. This leads to
a LMR, given by [41]

�Rs

Rs(0)
= NiB

πn2eRs(0)
, (4)

where n is the density of electrons and Ni is the concentration
of the static scattering centers. Such quantum MR is linear on
B, positive, and nonsaturating.

Applicability of the theory of quantum LMR [41] re-
quires h̄ωc � kBT , i.e., the temperature T should be small
enough. Since the classic quadratic MR changes to LMR in
our measurements on rect-

√
7 × √

3/Si(111) at B � 0.2 T
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FIG. 2. Temperature dependencies of the magnetoresistance for (a) rect-
√

7 × √
3/Si(111), (b) rect-

√
7 × √

3/NiSi2/Si(111), (c) 2
√

19 ×
2
√

3/NiSi2/Si(111), and (d) 1 × 1/NiSi2/Si(111) acquired at a magnetic field ranging from −8 to 8 T. Experimental data are represented by
the circles, while the fit functions by the dashed lines. The close-up versions of the dependencies in the ±3 T field range are presented in
Supplemental Material Fig. S2 [28].

[see Fig. 3(c)], we take B = 0.2 T to calculate the upper
temperature limit. A reasonable estimation for the effective
mass of the carriers of the pockets according to the DFT
calculations (see Table III) is ∼0.01–0.02m0 (m0 is electronic
rest mass). Substitution in the equation �E = h̄ωc = h̄eB/m∗
gives a limit temperature of about 14–27 K, which is rea-
sonably consistent with our experimental observations, which
show that the large LMR value and its independence of tem-
perature persist for rect-

√
7 × √

3/Si(111) up to ∼10 K.

TABLE II. Surface state (S1 and S2 holelike bands and S3 elec-
tronlike band) band parameters of single-layer 1 × 1/NiSi2/Si(111),
the absolute value of the effective mass m∗, the Fermi velocity
vF (108 cm/s), carrier concentration n (1014 cm−2), elastic scat-
tering time τe (fs), and carrier mobility μ [cm2/(V s)] evaluated
from a comparison of the calculated band structure and transport
measurements.

Band m∗ vF n τe μ

S1 (h) 1.71 1.11 0.61 28.1 28.9
S2 (h) 2.17 0.88 0.99 35.4 28.8
S3 (e) 2.37 0.81 0.92 38.4 −28.5

To tie together the electronic and transport properties, let
us consider now the electronic band structure of rect-

√
7 ×√

3/Si(111) in greater detail [Figs. 4(b) and 4(d)], in

TABLE III. Surface state (S1, S2, and S3 electronlike bands and
S4 and S5 holelike bands, tiny pockets St

4 and St
5 are electronlike and

holelike, respectively) band parameters of double-layer rect-
√

7 ×√
3/Si(111), the absolute value of the effective mass m∗, Fermi

velocity vF (108 cm/s), carrier concentration n (1014 cm−2), elastic
scattering time τe (fs), and carrier mobility μ [cm2/(V s)] evaluated
from a comparison of the calculated band structure and transport
measurements.

Band m∗ vF n τe μ

S1 (e) 1.58 0.97 0.182 222 −247
S2 (e) 1.85 0.85 0.340 255 −242
S3 (e) 1.16 1.16 1.370 161 −244
S4 (h) 1.70 1.70 0.744 209 216
St

4 (e) ∼0.01 1.27 0.004 170 −42600
S5 (h) 1.25 1.24 0.176 174 244
St

5 (h) ∼0.02 0.52 0.008 414 36400
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FIG. 3. Fitting parameters of Eqs. (2) and (3): (a) Mobility μMR, (b) LMR slope β, and (c) Bk extracted from the MR data shown in Fig. 2
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3/Si(111), rect-
√

7 × √
3/NiSi2/Si(111), 2

√
19 × 2

√
3/NiSi2/Si(111), and 1 × 1/NiSi2/Si(111).

particular in comparison with that of 1 × 1/NiSi2/Si(111)
[Figs. 4(a) and 4(c)]. The choice of 1 × 1/NiSi2/Si(111)
among other In/NiSi2/Si(111) samples was dictated due
to the insufficient knowledge of their electronic proper-
ties. In particular, the electronic band structure of 2

√
19 ×

2
√

3/NiSi2/Si(111) remains unknown due to the absence
of an available model of its atomic structure [13]. Though
the atomic structural model for

√
7 × √

3/NiSi2/Si(111)
was established, the absence of appropriate angle-resolved
photoemission spectroscopy (ARPES) data excludes the pos-
sibility to determine the accurate position of the Fermi level,
hence hampering meaningful discussions on the transport
properties.

Let us start with a relatively more simple case of 1 ×
1/NiSi2/Si(111). The results of previous investigations [13]
showed that the position of the Fermi level deduced from
the ARPES data of 1 × 1/NiSi2/Si(111) coincides with that
found in the DFT calculations. One can see in Fig. 4(b)
that the Fermi surface of 1 × 1/NiSi2/Si(111) has two hole
pockets centered in the � points of the SBZ (denoted S1

and S2) with a negligible spin splitting and the one elec-
tron pocket centered in the K point (denoted S3) with a

small spin splitting. In order to estimate the conductivity of
1 × 1/NiSi2/Si(111), we extracted the carrier effective mass
m∗ and Fermi velocity vF from the band-structure data (see
Table II) and then estimated the conductivity as σ = ∑

i σi =∑
i qiniμi, where ni and μi are the carrier density and mobility

for a given band, and qi is the carrier charge. Recall that for
electrons, q = −e and μ < 0; for holes, q = e and μ > 0. For
the electronic transport in metals at low temperatures, mobil-
ity can be expressed by a simple formula [45] μ = eτe/m∗,
where m∗ is a carrier effective mass and τe is an elastic
relaxation time, which is related to electron elastic length l0
and Fermi velocity vF as l0 = vFτe and is assumed to be the
same for all bands, being determined solely by the density of
the defects. For Rs = 861 �/�, this gives an elastic length
l0 = 311 Å. A positive value of the effective Hall mobility,
μeff = +8.0 cm2/(V s), indicates that 1 × 1/NiSi2/Si(111)
is a hole metal, where μeff = ∑

i qiniμ
2
i /

∑
i qiniμi. It is

worth noting that though the electronic band structure of
1 × 1/NiSi2/Si(111) does not contain appropriate pocket fea-
tures, the sample displays LMR below 3 T, which can be
attributed to the classical mechanism proposed by Parish and
Littlewood [36].
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FIG. 4. (a), (c) Calculated electronic band structures and (b), (d) Fermi-surface maps of the In/NiSi2/Si(111)1 × 1 and rect-
√

7 ×√
3/Si(111) surfaces, respectively. To distinguish the bands, they are highlighted by different colors. The Fermi-level position is shown by the

red dashed line. The inset in (d) shows the tiny pockets in the vicinity of the Y point with a greater magnification.

For the rect-
√

7 × √
3/Si(111) sample, the position of the

Fermi level was estimated through a comparison of the calcu-
lated constant-energy maps with the Fermi surface obtained
with ARPES on the single-domain rect-

√
7 × √

3/Si(111)
surfaces [8,19]. As a result of the evaluation, the calculated
Fermi level was shifted by −80 meV. The corresponding band
parameters for rect-

√
7 × √

3/Si(111) are listed in Table III.
Using the same procedure as above for 1 × 1/NiSi2/Si(111),
we obtained that Rs = 41 �/� for rect-

√
7 × √

3/Si(111)
gives an elastic length l0 = 2966 Å. A positive value of the ef-
fective Hall mobility μeff = +2907 cm2/(V s) indicates that
rect-

√
7 × √

3/Si(111) is also a hole metal. It is worth noting,
however, that the value of the effective Hall mobility appears
to be quite sensitive to the tiny Fermi pocket parameters. If
one excludes them from the estimation, the effective Hall
mobility changes sign and lowers the value by an order of
magnitude to μeff = −236 cm2/(V s). In this respect, the Hall
measurements should be quite useful to evaluate the role of
tiny Fermi pockets in the transport properties of rect-

√
7 ×√

3/Si(111) samples.

IV. CONCLUSIONS

In conclusion, the magnetotransport properties of the
double-atomic-layer rect-

√
7 × √

3-In phase grown on

Si(111), in comparison with those of the parent phases,
double-atomic-layer rect-

√
7 × √

3-In and single-atomic-
layer 2

√
19 × 2

√
3-In and 1 × 1-In, grown on Si(111)

terminated by a single-layer NiSi2, were investigated at low
temperatures ranging from 2.5 to 32.7 K and magnetic fields
ranging from −8 to +8 T. It was found that among other
phases the rect-

√
7 × √

3-In on Si(111) demonstrates the
greatest magnetoresistance [Rs(B) − Rs(0)]/Rs(0), which
amounts to 23% at 2.5 K and 8 T. Magnetoresistance in
rect-

√
7 × √

3/Si(111) shows a linear dependence on the
field down to the low-field values, where it displays a
temperature-dependent crossover to a classical quadratic
behavior. The linear dependence on the field can be
understood and described in the framework of Abrikosov’s
theory of quantum linear magnetoresistance [41]. We
suggested that the transport properties and especially the
value of the effective Hall mobility can be greatly affected
by the tiny Fermi pockets present in the electronic band
structure of the rect-

√
7 × √

3-In phase. The prospective
Hall measurements are desirable to test this assumption,
especially with a controlled changing of the Fermi-level
position (e.g., using appropriate doping) to affect the
feeling of those pockets. It was also found that the
following phases, double-atomic-layer rect-

√
7 × √

3-In
and single-atomic-layer 2

√
19 × 2

√
3-In and 1 × 1-In, grown
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on a NiSi2/Si(111) substrate display much lower MR values.
Bearing in mind that an added NiSi2 layer affects both the
structural and electronic properties of the In/Si(111) samples,
it is difficult to distinguish which of the factors plays the most
decisive role.
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