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Time-resolved tunneling current measurement in the subpicosecond range was realized by
ultrashort-pulse laser combined scanning tunneling microscopy, using the shaken-pulse-pair
method. A low-temperature-grown Galb, _, (x=0.36%) sample exhibited two ultrafast transient
processes in the time-resolved tunnel current signal, whose lifetimes were determined to be
0.653+0.025 and 55.1+£5.0 ps. These values are of the same order of magnitude as those measured
in the conventional pump—probe reflectivity measuremen004 American Institute of Physics
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Smaller and faster are the key words in the progress oflelay time between the two pulség, To decrease broadband
current nanoscience and technology. Thus, for further adnoise, the delay time of the two pulsgss modulated with a
vances, a method of exploring the ultrafast transient dynamsmall amplitudeAty at frequencyw, and the tunneling cur-
ics of the local quantum functions in organized small struc+ent is detected by a lock-in amplifier. Since the tunneling
tures is eagerly desired. Ultrashort optical pulse technologgurrentl, responds to the modulation as
in the near-infrared to ultraviolet region has allowed us to
observe transient phenomena in the femtosecond range, the _ _ dl, 5
optical-monocycle regioh? which, however, has a draw- li(tg + Atg sin wt) = Iy(ty) + Aty sin ot * O(Aty, (1)
back of a relatively low spatial resolution due to electromag- 4
netic wavelength. On the other hand, scanning tunneling mithe coefficientAty(dl,/dty) of the term sirwt is obtained by
croscopy(STM), although its time resolution is limited by lock-in detection. Since the laser intensity is not modulated
circuit bandwidth(~100 kH2), enables us to observe spatial in this system, thermal expansion and shrinking of the STM
dynamics at the atomic level in real spac€herefore, the tip does not occur. Then, with the numerical integration of
integration of ultrashort optical technology with STM has thedl,/dty signal,l(ty) can be obtained, conserving the spa-
been one of the most exciting goals since their inveritidn. tial resolution of STM and high accuracy.

Pioneering works were performed by Hametsl,*~" which In the pulse-pair-excited STM measurement, the first la-
have attracted the extensive interest of researchers in variossr pulse in each pulse pair acts as the pump pulse to excite
fields. However, there remain critical problems which haveand modulate the electronic structure of the sample surface,
prevented the achievement of the laser-combined STM meavhich might cause deviation in the tunneling current. Then,
surement, such as the displacement current due to the strélye tunnel current is again deviated by the second laser pulse.
capacitance of the tunneling gap and photoelectrons prdn the case of a short delay time between the two pulses, the
duced by multiple photoabsorptiéi’ In such cases, since a excited state induced by the first pulse partially remains
large area is included in the processes, the superior spawéen the second pulse impinges on the sample. Thus, the
resolution of STM cannot be utilized. In particular, the ther-

mal expansion of the STM tip by photoillumination causes

much large noise in the tunneling current, making the mea- Delay Gircuit

surement difficult. : ST™
Here, we show the results of the time-resolved tunneling ?Aﬂle;rtl.r::

current measurement in the subpicosecond range, which cai o

advance the development of future research in terms of ulti- g 1 N

mate temporal and spatial resolutions. e f
A schematic of the measurement system is shown in Fig. i\e Lo

1. We adopted the recently developed shaken-pulse-pair-
excited STM(SPPX-STM method, which realizes highly
sensitive measurement free from the thermal expansion ef-

fect of the tip and sampi&The tunneling junction is directly _ ]
illuminated by a sequence of laser pulse pairs and average Ti:Sapphire ook - -

: : : Laser OCKIN. | o,
tunneling current|,(ty), is measured as a function of the Amplifier —/\/—

Ref & >

dauthor to whom correspondence should be addressed; http:/
dora.bk.tsukuba.ac.jp FIG. 1. (Color) Schematic of the system setup.
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amount of tunneling current deviation due to the second (a)
pulse can be different from that caused by the first pulse, and
dependent on the delay time. Although such ultrashort spikes
in the tunneling current cannot be resolved by any amplifier
of present STM systems, if the deviation also changes the
total amount of tunnel current for each pulse pair, this change
can be detected as the average value of the tunneling curren
Thus, we can observe the ultrafast transient phenomenon by
measuring the time-averaged tunnel current, as the probe sig
nal, as a function of the delay time.

In such measurement, the relationship between the
excite/relax phenomena of interest and the time-resolved sig-
nal in the tunnel current is rather complex. However, this ()
method combines and conserves the ultimate temporal reso
lution of the optical pump—probe approach and the ultimate
spatial resolution of STM. Namely, SPPX-STM satisfies the
requirement for exploring the ultrafast dynamics of the local
guantum functions occurring in organized small structures.

Experiments were performed on low-temperature-grown
GaNAs;_, (x=0.36%; grown at 450 °C and annealed at
600 ° O, which is an excellent candidate for future fast in-
formation transfer systems and highly efficient solar cells,
similar to other 11I-V—N compound semiconductdr€’ -40 -20 0 20 40

For comparison, we first examined the dynamics of the Delay Time [ps]

GaNAs,;_, sample by the conventional optical pump—probe
method. The system setup was similar to that shown in Figf_:IG. 2. (Color) (a) Derivative tunneling current as a fungtion of delay time
1; Ti:sapphire excitation laser of 300 mW, central wave- o 8 GaNAs. (x=0.36% sample annealed at 600 °) Tunneling

! . v current obtained by numerical integration of the data@n The best-fit
length of 800 nm, bandwidth of 30 nm, pulse width of 25 fs, curve is drawn together.
and oscillation frequency of 80 MHz. The intensity of the
pump pulses was adjusted to5 mW focused into several
micrometers. The polarizations of the pump and probe pulsefor simplicity, since the absolute value cannot be determined
were set perpendicular to each other. The sample was firbly this experiment. There exist two exponential components
excited by the intense pump pulse and the reflectivity juswith fast(~1.0 p3 and slow(~50 p9 decay times for each
after pumping was measured by the probe pulse with siside of thex axis. The curves foty;<<O andty;>0 were
times lower intensity of the pump pulse. The intensity of theconfirmed to have similar shapes at various intensity ratios,
reflected probe pulse was measured as a function of the delag., the time constant and the intensity ratio of the two decay
time between pumping and probing. In the spectrum, twacomponents were always the same for both sides. The asym-
exponential components with decay times of 0.8 and 10 psetry of the graph for the negative and positive delay times
were obtained. These were respectively attributed to the lifeis due to the difference between the light intensities of the
times of the intra<(faster ong and interbandslower ong¢  two pulseg1:2 in this case; intense pulse impinging first for
carrier relaxation processes, similar to the case of GahAs. ty<O0 region. The difference between the baselines for the

For the SPPX-STM measurement, performed in air, gositive and negative sides indicates the existence of a long-
weak feedback was applied to the SENpiezo with a cutoff ~ time-scale physical process in the system, the origin of
frequency less than 0.2 Hz. The sample bias voltage and thehich is not yet clear.
reference current were set at —2.0 V and 100 pA in order to  The two decay times obtained by the SPPX-STM mea-
reduce the surface photovoltage effect by forming a forwardurement are in similar ranges as those obtained by the con-
bias condition. The incident angle of the laser pulsesyentional pump—probe reflectivity measurement, which sug-
s-polarized, was 40°-50°, and the light intensity at the tip—gests that the system is probing the same ultrafast transient
sample gap was-10 mW focused into~50 um. The delay phenomena. In the conventional optical pump—probe
time was swept as a triangular function~a200 s periodicity = method, the density of the hot electrons excited by the first
with a sinusoidal modulation of 0.5 ps at20 Hz. The time pulse is reflected in the change of the reflectivity of the sec-
constant of the lock-in-amplifier was 100 ms and the decaynd pulse, because the existence of the hot electrons prevents
amount was —24 dB/oct. the following excitation of electrons into the same energy

Figure 2a) shows the raw signals and the fitting results states. The change in the reflectivity observed by the optical
as functions of delay time. The up and down scans represepump—probe method, for a pump intensity two orders of
the data obtained for the increasing and decreasing paths ofagnitudes higher than that used in the SPPX-STM experi-
the delay time, respectively. There is a slight shift of the twoment, is on the order a§R/R=10"°-10°. Thus, the amount
signals due to the existence of the lock-in time constant. Thef change expected to appear in the average tunneling cur-
delay-time-dependent tunneling current, obtained by the nurent upon the change in the reflectivity is obviously too small
merical integration of the data in Fig(&, is shown in Fig. to be detected by the SPPX-STM measurement. Moreover, in
2(b). The vertical axis represents the amount of change in théhe real measurement, a higher tunnel current was observed
tunneling current flowing from the tip to the sample. Here,when the delay time was shorter despite the photoexcitation
the left-hand side of the graph is adjusted to the zero poinby the second pulse being smaller. Since the hot electrons

0.2 — 5 — up scan
= down scan

Differentiated Tunnel Current [A/s]

Delay Time [ps]

1.5~ ; - down s
T down scan
===~ fitting

Tunnel Current Deviation [pA]

Downloaded 09 Nov 2004 to 130.158.131.51. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



3270 Appl. Phys. Lett., Vol. 85, No. 15, 11 October 2004 Takeuchi et al.

tained from the area just below the STM tip similar to ordi-

— nary STM measurement. Namely, the signal in Fig. 2 is the
é 190 demonstration of subpicosecond time-resolved tunneling cur-
5 rent measurement by laser-combined STM.

% 100 — Before summarizing this study, we briefly mention the
= analytical procedure of the time-resolved signal obtained by
e 50 — SPPX-STM experiment. First, for extracting the lifetimes of
;% the transient processes from a SPPX-STM spectrum, one

should not directly compare the fitting functioftsvo expo-
0 nential and one step functipand the integrated experimen-

I I [ | | I I

0 100 200 300 400 500 600 tal data. This is due to the fact that the latter is strongly

affected by the measurement conditions, such as the laser
Current Setting [pA] pulse width, amplitude of the delay time modulation, and the

lock-in time constant. Thus, we must always take them into
FIG. 3. (Color) Relationship between time-resolved signal intensity and account in the fitting proceduFé_We found that the model
average tunnel current, measured while varying tip—sample distance. function shown by the dotted line in Fig(l9 gives the best

fit to the experimental result, the dotted lines in Figa)2
feel a lower tunneling barrier, the lower density of the hotThe lifetimes, obtained in this analysis, are 0.653+0.025 and
electrons should result in a smaller tunnel current. Then55.1+5.0 ps, respectively.
what causes the observed change in the average tunnel cur- Second, when the delay time is as short as the pulse
rent in the SPPX-STM measurement? width, the interference between the two pulses causes the

In general, hot electrons produced by laser pulses kinetipscillation of the illumination intensity and breaks the con-

cally relax first in energy space through energy-dissipatingition of constant excitation intensify’ This causes oscilla-
phonon scattering until they reach local thermal equilibrium;tion of tunnel current via the thermal expansion of the STM
which takes place in the time scale of subpicoseconds t@p and/or other photoinduced current respohi¥8When the
picoseoconds, depending on temperattine kinetic stage  delay time modulation is larger than the pulse width, the
Then the hydrodynamic stage, relaxation processes from thescillation causes an artifact signal in the region of
local thermal equilibrium due to scatterings to the 9|°ba|—Atd<td<Atd. Thus, this signal can affect the observation
equilibrium due to collective motion, follows with the time of f55t decay processes. This signal can, however, be effec-
scale of a few tens of picoseconds. During the processes, th_ﬁ,ew reduced by increasingty and ».*® Actually, this com-
nonuniformity of the electron density induced locally by the yonent did not obviously appear in the present experimental
laser pulse gradually vanishes. Finally, the overall thermalgogit.

equilibrium is reached? When the electron density is high, In conclusion, the time-resolved tunneling current mea-

hich can advance the development of future research in

the electron density becomes higher. Since the local thermqérmS of ultimate temporal and spatial resolutions
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