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Dynamical response of surface metallic states in single crystalline ultrathin Bi(001) films on
Si(111) 7 x 7 surface was investigated at a spectral range of 0.1-12 THz by broadband terahertz
time-domain spectroscopy. The observed transmittance increased with a decrease in the thickness,
without showing a gap structure. The measured complex dielectric dispersion was analyzed using a
Drude model, and the plasma frequency (w,) and damping constant (y) were found to be inversely
proportional to the thickness. The results strongly indicate the existence of surface metallic states,
whose carrier density and damping constant are estimated to be 3.08 x 10" cm ™ and 4.83 x 10* THz,

respectively. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729149]

Semimetal bismuth (Bi) is one of the most extensively
studied materials in condensed matter physics, because it
exhibits many unique physical properties, for example, it has
the highest electrical conductivity and magneto resistance
among all metals. These properties are attributed to be unique
electronic structure of semimetal Bi, such as a long Fermi
wavelength (30-40nm) and a very small effective electron
mass. Recently, surfaces and thin films of Bi have attracted
increasing interest because of the large spin-orbit coupling
effect of Bi; this effect gives rise to characteristic surface me-
tallic states with large spin-orbit splitting arising from the loss
of the inversion symmetry at the surface (Rashba effect).'™
These metallic states are directly related to the topological
insulators, such as Bi;_,Sb, alloys (0.07 < x < 0.22)*% as well
as of Bi bilayers (BLs).”* Owing to spin splitting, the surface
states of ultrathin films could be one of the platforms for trans-
mitting the spin current, which is currently attracting signifi-
cant interests for spintronics applications.

The long mean free path and small density of states at
the Fermi level in Bi give rise to characteristic phenomena in
nanoscale ultrathin films, such as: the quantization of the
electronic states along the direction of thickness of the films
and oscillatory conductivity as a function of the thickness of
the films.” Theoretically, the quantization was expected to
originate semimetal-to-semiconductor (SMSC) transition,
which will occur at a thickness of 20-30 nm;m’11 on the
other hand, several authors have reported that the surface
metallic state hinders the SMSC transition in ultrathin Bi
films.'>'* Furthermore, carrier dynamics of the electronic
states in ultrathin Bi films has not fully been understood.
Therefore, a new reliable method to observe the surface elec-
tronic state is indispensable for understanding the physical
properties of ultrathin Bi films.

In this Letter, we show that broadband terahertz time-
domain spectroscopy (THz-TDS) is an effective method for
revealing the surface electronic states and the carrier dynam-
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ics in ultrathin Bi films. Both the surface metallic state and
the semimetal bulk states show a Drude-like response,
whereas the SMSC transition gives rise to a gap structure in
the terahertz frequency region (~40 meV, 9.7 THz).'"!"" We
measured the transmittance of ultrathin Bi films with thick-
nesses in the range of 2.8—40nm and obtained the complex
dielectric dispersion of the films for each value of thickness
in the range of 0.1-12 THz. Further, we analyzed dispersion
using a Drude model, and quantitatively evaluated the
plasma frequency, carrier density, and damping constant.
The obtained high carrier density (3.1 x 10" cm™) clearly
shows the existence of a surface metallic state, and the large
damping constant (4.8 x 10> THz) indicates the effective
surface scattering such as carrier-carrier scattering. Because
the physical parameters for the surface metallic states can be
independently evaluated, the broadband THz-TDS has a
great advantage over conventional techniques such as the
DC conductivity measurement, which only detects the prod-
uct of the carrier density and the damping constant.

Single crystalline ultrathin Bi(001) films were grown in
an ultrahigh vacuum chamber (<4 x 10~? Torr) at room tem-
perature and characterized in situ using reflection high-
energy electron diffraction.'® Bi was deposited on a clean
Si(111)-7 x 7 surface, which was prepared by DC resistive
heating at ~1500K. One bilayer (BL) has a thickness of
3.9A in the Bi(001) plane. The Bi deposition rate was cali-
brated by ex situ Rutherford backscattering experiments. Af-
ter the Bi(001) films were deposited, they were annealed at
~350K to obtain atomically flat films."> We prepared ultra-
thin Bi(001) films with different thicknesses ranging from
2.8 to 40 nm. The film samples were transferred to a sample
chamber (pumped down to 10 °Torr) in the broadband
THz-TDS system within 10h after they were prepared. We
observed the film transmittance at room temperature in the
range of 0.1-12 THz using the THz-TDS system. Details of
the system were described previously.'®

© 2012 American Institute of Physics
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FIG. 1. (a) Temporal waveforms of the terahertz wave transmitted through
an ultrathin Bi(001) film with a thickness of 40 nm and a referential Si sub-
strate. (b) Amplitude spectra obtained by Fourier transformation. (¢) LEED
pattern obtained from the 40-nm-thick Bi(001) film and the scanning tunnel-
ing micrograph of the same film obtained from a 7.7 x 7.7 nm? area (lower-
right inset).

Figure 1(a) shows the temporal profiles of the terahertz
waveforms transmitted through an ultrathin Bi(001) film
with a thickness of 40 nm and a referential Si substrate. Fig-
ure 1(b) shows the amplitude spectra obtained by Fourier
transformation. The ratio of the transmittance of the ultrathin
Bi(001) film to that of the referential Si decreases with an
increase in the thickness over the entire frequency range up
to 5 THz.

Figure 1(c) shows the low-energy electron diffraction
(LEED) pattern and the scanning tunneling micrograph
(STM) for the ultrathin Bi(001) film with a thickness of
40nm. The LEED result shows several sharp diffraction
spots, indicating that this film exhibits high crystallinity. The
STM image indicates that Bi atoms are regularly arranged at
the surface of the thin film. The surface roughness estimated
by the atomic force microscope measurement was less than
several nanometers, indicating that the film has a wide flat
area. Therefore, the surface of the Bi film at which the tera-
hertz wave transmitted can be treated as uniform.

Figure 2(a) shows the transmittance spectra of ultrathin
Bi(001) films with different thicknesses ranging from 2.8 to
40nm. The transmittance increases with a decrease in the
thickness, and the transmittance for each value of thickness
gradually decreases toward the lower frequency. Stronger
absorption in a low frequency region within a spectral range
of 0.1-12 THz suggests that no gap structure was observed
in ultrathin Bi(001) films. In order to discuss the electronic
structure of ultrathin Bi(001) films in detail, we calculated
the sheet dielectric constant of ultrathin Bi(001) films using
the following formula:'’”-'®

i(m+ Del = T/T,
(0) =14 /Ty S

Here, n, is the dielectric constant of Si, d the thickness of the
ultrathin Bi(001) film, and 7/T, the complex transmittance of
the Bi film relative to that of the referential Si substrate.
Figure 2(b) shows the real and imaginary parts of the
complex dielectric constant for ultrathin Bi(001) films with a
thickness of 40 nm. Because of the absence of the gap struc-
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FIG. 2. (a) Transmittance of ultrathin Bi(001) films with thickness in the
range of 2.8—40nm. (b) The real and imaginary parts of the complex dielec-
tric dispersion observed for an ultrathin Bi(001) film with a thickness of
40 nm (circles), and the fitting lines obtained by Drude model analysis (solid
lines).

ture, we fitted the real and imaginary parts of the complex
dielectric constant using Drude model

>

__r
o(w+iy)’ )

e(w) = €x —
where e is the dielectric constant at a higher frequency, w,
is the plasma frequency, and y is the damping constant.
Here, w), and y are the adjustable parameters. The solid lines
in Fig. 2(b) show the best fits for the experimental results.
Using this fitting procedure, we determined the plasma fre-
quency and damping constant for all samples with different
thicknesses. We also calculated the carrier density by substi-
tuting the plasma frequency into n = eomjwlz, /e*. Here,
m; ~ 0.005m, is used as the effective mass in the direction
parallel to the electric field of the terahertz wave.'”

Figure 3(a) shows the estimated carrier density as a
function of the film thickness. The thickness dependence of
the estimated plasma frequency is also shown in the inset of
this figure. The carrier density and plasma frequency dramat-
ically increase with the decrease in the film thickness.
Because the ultrathin Bi(001) films have the same crystal
structure as a Bi single crystal within our measured range of
thickness,'* the increase in the plasma frequency should be
attributed to the change in the dominant electronic states in
the carrier dynamics from the bulk to the surface. The esti-
mated value of the carrier density is two orders of magnitude
higher than that of the bulk, as shown by a broken line in
Fig. 3(a). This difference in the value of the carrier density
can be explained by the presence of a surface metallic state
that was previously reported in ultrathin Bi(001) films.?
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FIG. 3. (a) Carrier density as a function of the film thickness. The inset
shows the estimated plasma frequency as a function of the film thickness.
(b) Estimated damping constant as a function of the film thickness. The car-
rier density and damping constant of bulk Bi are shown by broken lines in
(a) and (b), respectively.lg‘21

From these results, we conclude that the increases in both
the plasma frequency and the carrier density are attributed to
a metallic state localized at the surface.>*° Because the con-
tribution of the surface component relative to that of the bulk
component increases with a decrease in the film thickness,
the plasma frequency and the carrier density increase
drastically.

In order to discuss the surface metallic state in detail, we
estimated the carrier density using the following procedure.
The observed Drude dispersion is the average of the semime-
tal bulk carriers and metallic surface carriers, because the
thickness of the film is considerably less than the wavelength
of the terahertz wave (effective medium approximation).
Then, the carrier density can simply be written as

n—n%—l—n 761—2615'
R R A

3)
Here, ng is the carrier density at the surface, ng=2.75
x 10" cm™ is the carrier density of the bulk," dg=0.39 nm
is the thickness of the top bilayer,'* and d the total thickness
of the ultrathin film. Here, we considered two bilayars for
the surface metallic states: the surface of the Bi film and the
interface between the Bi film and the Si substrate (see the
inset of Fig. 3(b)), because of the weak substrate-film inter-
action.” The result of the fitting is shown by the solid line in
Fig. 3(a), and the estimated carrier density of the surface is
ng=3.1x10"cm™.

Figure 3(b) shows the thickness dependence of the esti-
mated damping constant. The damping constant also
increases with a decrease in the thickness. Assuming the sim-
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ilar thickness dependence of the damping constant to that of
the carrier density (Eq. (3)) and the bulk damping constant
of y5=9.1 THz,*' the estimated surface damping constant
becomes ys=4.8 X 10> THz (ts = 2.1fs). yg represents
phase relaxation due to the scatterings at the surface, which
includes the surface and the carrier-carrier scattering because
of the high carrier density of the surface metallic states. In
fact, we found that unlike yp, 75 is almost independent of
temperature, indicating that the temperature-independent
carrier-carrier or surface scattering is dominant.

The observed increase in the carrier density and damp-
ing constant with an increase in the film-thickness strongly
indicates that the surface metallic state dominates the carrier
response of Bi thin films. As a result, the SMSC transition
might not contribute significantly to the conductive proper-
ties of Bi thin films because the surface states have much
higher carrier density than the bulk states. Therefore, Bi
ultrathin films as a whole always exhibit metallic or semi-
metallic properties without showing semiconducting
behavior.

In conclusion, we have carried out time-domain tera-
hertz spectroscopy for single-crystalline ultrathin Bi(001)
films with different thicknesses in the range of 2.8—40nm.
From the results of our study, no gap structure was observed
in the terahertz region, owing to which the SMSC transition
did not occur in ultrathin Bi films. By analyzing the complex
dielectric dispersion of ultrathin Bi films using a Drude
model, the plasma frequency and damping constant
increased with a decrease in the thickness. The experimental
results strongly show the existence of surface metallic states
whose plasma frequency and damping constant are quantita-
tively evaluated. As presented here, broadband THz-TDS is
a powerful tool for investigating the carrier dynamics in
ultrathin films, owing to which it offers a promising
approach to study spin-splitting metallic surface states attrib-
uted to the Rashba effect and topological insulators in future.
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