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We present the temperature dependent electrical transport measurements of Ag/Si(111)-(
√

3 ×√
3)R30◦ by the in situ micro-four-point probe method integrated with scanning tunneling mi-

croscopy. The surface structure characterizations show hexagonal patterns at room temperature,
which supports the inequivalent triangle (IET) model. A metal–insulator transition occurs at ∼115
K. The low temperature transport measurements clearly reveal the strong localization characteristics
of the insulating phase.
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1 Introduction

The development of nanodevices calls for intense atten-
tion to the studies of electronic transport of materials
in reduced dimensionalities, which might be dictated
by different quantum mechanics as compared to that
in their three dimensional forms. Ultra-thin metal films
on semiconductor substrates have been a playground
for the study of electronic transport properties of low
dimensional materials [1–5], since normally the energy
bands in the semiconducting substrates are away from
the Fermi level (EF) of the system and therefore the
electrons do not interfere with the transport in the metal
films. Low dimensional metals at their two-dimensional
extremes can be achieved in the systems of monolayered
(or even submonolayered) metals on semiconductors, i.e.,
the metal/semiconductor interfaces. In such systems, de-
tailed information of both lattice and band structures is
necessary for the understanding of the transport prop-
erties because they are the most important factors that
determine the electron density of states (DOS) at EF .

Ag/Si(111)-(
√

3 ×√
3)R30◦ (referred to as

√
3-Ag in

the following) is a typical two dimensional electron sys-
tem. Atom arrangements of

√
3-Ag have been studied by

both experimental observations and theoretical calcula-
tions [6–10]. The generally accepted model was the hon-
eycomb chained triangle (HCT) model, in which one Si
trimer is surrounded by three Ag atoms that are equally
located at the corners of the honeycombs, appearing
as the honeycomb patterns in room temperature (RT)
scanning tunneling microscopy (STM) [9, 10]. Recently,
hexagonal patterns at low temperature (LT) have been
observed, which was attributed to the inequivalent trian-
gle (IET) structure with a lower total energy than that
of the HCT structure [6, 7]. The

√
3-Ag surface changes

from the symmetric HCT structure to the asymmetric
IET structure at 150 K [11, 12]. However, whether this
is a structural phase transition is still under debate. It
has been proposed that the HCT structure might not be
static and the observed honeycomb pattern at RT could
be the mixture of IET+ and IET– structure [11, 13, 14].

Although the scanning tunneling spectroscopy (STS)
investigations revealed the nearly free-electron-like two-
dimensional metallic surface state (S1) [7], photoemis-
sion spectroscopy observed the surface bands (S2 and S3)
arising from the IET structure, suggesting the asymmet-
ric characteristics of

√
3-Ag [11]. Detailed studies also

pointed out that the electronic properties of
√

3-Ag sen-
sitively depend on electron doping – the stoichiometric
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√
3-Ag surface with exactly one monolayer (ML) of Ag

atom is semiconducting [15], while adsorption of mono-
valent metals, such as noble metals (Ag, Au) or alkali
metals (K, Cs), can dope electrons into the surface band
S1 and therefore cause metallization of the system [15–
17]. Crain et al. further pointed out that Ag adsorption
caused not only the simple electronic doping but also the
move-down of the surface band bottom into the valence
band [18].

The metallization caused by adsorption of metal atoms
on

√
3-Ag results in a steep increase of electric con-

ductance as detected by four-probe measurements [15,
19]. Recently, Matsuda et al. measured the conductivity
of ∼1 ML

√
3-Ag with the surface sensitive micro-four-

point probe (MFPP) method and reported the metal–
insulator transition (MIT) occurring at ∼150 K [20].
They proposed that the LT electric transport could be
attributed to strong localization of electrons in the sur-
face states due to random potential enhanced by stand-
ing waves created around surface defects. Liu et al. fur-
ther studied the temperature-dependent electrical con-
ductance (110–300 K) by intentionally introducing de-
fects by depositing additional Au atoms on the

√
3-Ag

surface [21]. But with 0.02 ML Au atoms deposited on
the surface, they observed weak localization effect below
180 K. To clarify the picture of the localization across
the MIT on

√
3-Ag, electrical transport data at lower

temperatures are required.
In this paper, we report the measurements of electric

conductance of Ag-adsorbed
√

3-Ag surface as a func-
tion of temperature (77–270 K) by in situ MFPP as well
as STM characterizations. Our occupied-state STM im-
ages show hexagonal patterns at RT, supporting the IET
model without structural phase transition. The tempera-
ture dependent resistivity indicates the MIT occurring at
around 115 K. The data in a broad temperature range
clearly reveal the strong localization characteristics of
the LT transport.

2 Experiments

The experiments were performed in an ultrahigh vacuum
(UHV) chamber with the base pressure of 1×10−10 Torr.
We used n-type Si (P-doped) substrates with the RT re-
sistivity of 5 Ω·cm. The samples were prepared in UHV
by direct current heating up to 1250 ◦C. The LEED pat-
terns showed that the (7×7) reconstruction is formed on
Si(111) surface. Then 1 ML Ag was deposited at the rate
of 0.025 ML/min for 45 min (1 ML=7.84×1014 cm−2)
followed by annealing at 550 ◦C for 3 min to form the
(
√

3×√
3)R30◦ reconstruction. The sample temperature

was monitored by an infrared pyrometer. After the sam-

ple was cooled down to RT, we deposited additional 0.05
ML Ag atoms as dopants. The STM characterizations
were carried out with an LT STM (Omicron). The STM
tips were made from a W wire.

Electric transport measurements on low dimensional
metal systems are technically difficult since they are
chemically active and only survive in UHV environments.
Besides, surface-sensitive methods are required to avoid
the substrate effects that could be coupled with the
transport of the metal systems atop. Several methods,
including monolithic MFPP and independently driven
four-tip STM probes, have been developed to fulfil the
task [22–26]. Here we used the monolithic MFPP method
integrated with our LT STM. As shown in Fig. 1(a), four
electrodes were made on the standard STM scanning
head, connecting to the external measurement circuit.
The standard tip carrier was modified by attaching a
BeCu spring in the middle of the three gold-coated poles
[Fig. 1(b)]. This modified ceramic probe carrier was in-
terchangeable with the standard tip carrier in UHV, and
made the electric contacts between the four electrodes on
scanning head and those on the probe carrier (the three
poles and the spring), respectively. A 30◦ ceramic slope
was fixed on the other side of the probe carrier, hosting
the four-probe chip [Fig. 1(c)]. In the current work, two
types of probe chips were used. One was the commercial
type from Capres Corpoartion [27]. The other was made
of four Au wires attached separately on a ceramic plate.
Taking the advantage of STM preamplifier, the probe
chip could be driven to the sample surface automati-
cally with tunneling current (It) as the feedback signal.
After the stable tunneling between the probe and sam-
ple was detected, the amplifier was turned off and a few
more steps were applied to the STM coarse motor for ap-
proaching until all the probes got good contacts to the
surface. The conductivity was measured with standard
four-probe scheme in which the current flowing through
the outer pair of probes (I) was swept while the voltage
drop between the inner pair of probes (V ) was recorded.
The integration of the MFPP with LT STM also allowed
the vibration-proof environments and a broad tempera-
ture range (4–300 K) for transport measurements.

3 Results and discussion

3.1 STM characterizations

Since the appearance of 6×1 phase on
√

3-Ag surface
signals that no excess Ag atoms is doped [28], we obtain
the stoichiometric

√
3-Ag by gradually increasing the Ag

deposition dosage to minimize the ratio of 6×1 phase.
Figure 2 (a) shows the STM image of the

√
3-Ag surface
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Fig. 1 (a) STM head with four electrodes (Omicron standard). (b) The ceramic probe carrier with three golden legs and
a spring leg at the center. (c) The ceramic probe carrier with an MFPP chip attached.

at RT. Only a tiny amount (less than 0.1% area ratio) of
6×1 phase can be found near the step edges (not shown
here). Then we intentionally deposit additional 0.05 ML
Ag on the surface. Those Ag atoms act as 2D adatom
gas (2DAG) at RT [29] and do not change STM images
or LEED patterns at all.

In the unoccupied-state STM image [Fig. 2(b)], the√
3-Ag surface shows a honeycomb pattern with two

identical bright features in each unit cell. However, the
occupied-state STM image [Fig. 3(c)] clearly shows two
different types of protrusions forming a hexagonal pat-
tern. This is inconsistent with the HCT model, in which
the distribution of electron DOS within a (

√
3 × √

3)
unit cell should have been symmetric. With STS inves-
tigations, Zhang et al. have claimed that the electronic
structures of the RT and LT phases of

√
3-Ag are similar

[30]. In the current work, the asymmetric DOS distri-
bution in a unit cell observed at RT is also identical to
that at LT [6, 8]. Therefore we conclude that there is no
HCT-IET structural phase transition on

√
3-Ag surface

and the asymmetric IET structure can be stabilized at
RT.

Fig. 2 (a) STM image (300×300 nm2, –1.8V/100pA) of the sto-
ichiometric

√
3-Ag surface at RT. Inset is the LEED patterns at 32

eV. (b) and (c) High-resolution STM images (3 × 3 nm, 10 pA)
taken with the bias at 0.4 V and –0.5 V, respectively. The surface
unit cell is indicated by the rhombuses.

3.2 Conductivity measurements

We first check the surface sensitivity of our MFPP
method by measuring the resistance of two types of sur-
faces, i.e., the stoichiometric

√
3-Ag surface and the one

doped by 0.05 ML Ag adatoms. Figure 3 shows the I–V

curves measured at RT with the probe spacing of 10 µm.
Both of them show linear line shape, indicating the re-
sistance of the stoichiometric

√
3-Ag and Ag-doped sur-

faces as 17.3 kΩ and 2.16 kΩ, respectively. In general,
the electric current applied to metal/semicondutor inter-
face flows through three channels in parallel: the surface
states, the space charge layer (SCL) and the substrate
bulk. In the current work, the EF of the

√
3-Ag surface

locates at 0.16 eV above the bulk valence-band maxi-
mum [31]. This leads the SCL to be an inversion layer
on the n-type Si substrate, separated by an depletion
layer from the bulk [5]. Therefore the measuring current
is effectively confined within the surface-state channel
and high surface sensitivity is obtained in our MFPP
measurements.

Fig. 3 I–V curves of the stoichiometric
√

3-Ag surface (black)
and the one doped by 0.05 ML Ag adatoms (red) measured by
MFPP method at RT.

To further verify the surface sensitivity of our measure-
ments, we compare the resistance of

√
3-Ag measured by

probes with different spacing (d). According to Ohm’s
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law, the resistance of an infinite 2D system measured by
the four-point probe is independent of d. We replaced the
commercial MFPP chip (d=10 µm) with four Au wires,
whose spacing can be adjusted from ∼100 µm to ∼1 mm.
The results show no detectable change when d �200 µm,
confirming that our MFPP measurements present the
electric transport characteristics of the 2D

√
3-Ag sys-

tem. Since the Au wires are durable against repeated
touching-detaching cycles to the sample surface, we use
the Au-wire type probes with the spacing of 200 µm in
the following experiments.

3.3 Metal–insulator transition

Temperature dependent resistance of the Ag-doped
√

3-
Ag surface is measured with the Au-wire probes (d=200
µm) from RT down to 77 K. The data during cooling-
down and heating-up processes are collected and the re-
sults show no difference. The sheet resistivity (ρ2D) of
the surface states is calculated from the measured re-
sistance (R) by ρ2D = πR/ ln 2 [32], as shown in Fig.
4. Between RT and 170 K, ρ2D exhibits a metallic tem-
perature dependence [dρ(T )/dT > 0], while it turns to
be insulating below 110 K with a discontinuity point at
around 115 K, indicating the occurance of MIT. At in-
termediate temperatures between 170 K and 115 K, ρ2D

barely changes.

Fig. 4 The temperature dependent sheet resistivity (ρ2D) of Ag-
doped

√
3-Ag surface from 270 K to 77 K. The black dashed line

from 240 to 170 K shows the fitting results with Eq. (1).

The different temperature dependence of ρ2D in the
above three temperature ranges correspond to different
electric transport mechanisms. Above 170 K, despite of
the interaction between impurity states, the Ag-doped√

3-Ag surface can still be considered as a free-electron-
like 2D metallic system [7]. The temperature dependent
sheet resistivity can be fitted to the Boltzmann transport
equation:

ρ2D =
4π2m∗λ
�e2k2

F

kBT (1)

where kB is the Boltzmann constant, λ is electron-

phonon coupling constant, m∗ is the effective mass, and
kF is the Fermi momentum. The dashed line in Fig. 4
shows the fitting results with Eq. (1), where m∗/(kF)2

is determined by the angle-resolved photoemission spec-
troscopy (ARPES) measurements reported by Matsuda
et al. [20]. The fitting shows that the electron-phonon
coupling constant λ=1, larger than that of typical bulk
metals (λ=0.1–0.3), but consistent with the previously
reported result on

√
3-Ag surface [20].

Below 115 K, the temperature dependence of ρ(T )
indicates the insulating characteristics of the electrical
transport on

√
3-Ag surface. It is not related to the for-

mation of a band insulator since ARPES measurements
showed that the surface band structure remains metallic
without energy gap opened at EF [20]. Moreover, it can-
not be directly attributed to the lattice structure either
because our STM characterizations do not support the
picture of HCT-IET structural transition. Localization
theories have been introduced to describe the MIT oc-
curring on the

√
3-Ag surface [20, 21]. Here with the ex-

perimental measurements in a broad temperature range,
we investigate such a picture in detail. Within the weak
localization picture, the conductivity of 2D metals (σ2D)
depends on the temperature in the following:

σ2D = α · e2

2π2�
· ln T + C (2)

where α is the power related to the temperature de-
pendence of the phase relaxation time of the carriers
(τφ ∝ T−α) and C is a constant. The value of α should
be between 1 and 2 in the case of weak localization, far
below our fitting result (λ=10.2), as shown in Fig. 5(a).
The weak localization picture is not valid to describe the
MIT on the Ag-doped

√
3-Ag surface.

The strong localization in 2D metals represented by
Mott’s variable range hopping (VRH) model calculates
σ2D as

σ2D = σ0 exp

(
−

(
ΔE

kBT

)1/3
)

(3)

where ΔE is the activation energy. As shown in Fig.
5(b), such a model fits the experimental results well. We
obtain ΔE=1.1 eV. Then the localization length can be
obtained by ξ=

√
33/πD2DΔE, where D2D = m∗/(π�

2)
is the electron DOS at EF, which is dependent on the
doping level. We use an approximation of m∗ = 0.13me

[16, 18] and obtain D2D = 0.54 eV−1 ·nm−2, from which
the localization length ξ is estimated as ∼38 nm.

Between 170 and 115 K, the temperature dependence
of ρ2D does not fit to the Boltzmann model or the local-
ization models. Similar behavior has been reported on
the Au-adsorbed

√
3-Ag surface [21]. Such a complicated

transport phenomenon might be originated from the
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Fig. 5 The temperature dependent ρ2D below 115 K fitted to (a)
the weak localization theory and (b) the strong localization the-
ory, respectively. The experimental data are plotted in scattered
points while the fitted results are plotted in solid lines.

interaction between the electronic states of Ag dopants
and the intrinsic surface states of

√
3-Ag.

4 Conclusion

In summary, we present both RT STM characterizations
and in situ MFPP electric transport measurements in a
broad temperature range (from RT to 77 K) on the

√
3-

Ag surface. Our STM image shows a hexagonal pattern
at RT, supporting the IET model without structural
phase transition. The temperature dependence of sheet
resistance clearly indicates an MIT occurring at 115 K.
This MIT can be well described by the strong localiza-
tion theory with the variable range hopping model.
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