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We have carried out a femtosecond two-photon photoemission study of layered semiconductor
2H-MoS2(0001) surface. From the detailed time-resolved two-photon photoemission measurements as a func-
tion of electron excitation energy, it is found that the relaxation lifetime of hot-electron is extremely short~<60
fs! and the inverse lifetime depends linearly on the excess energy above the conduction-band minimum.
Deviation from the Fermi liquid behavior in layered semiconductor 2H-MoS2 is discussed.
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The transient dynamics of hot electrons created by ph
excitation are attracting much interest, since the hot-elec
dynamics plays an important role in the various physical a
chemical phenomena in the condensed matter. The exc
hot electrons relax through a number of decay proces
such as electron-electron scattering, electron-phonon sca
ing, electron-impurity/defect scattering, and scattering w
other elementary excitations.1 The detailed understanding o
hot-electron dynamics will provide not only informatio
about the fundamental interactions in the many-body syst
but also knowledge of the physical and chemical surface p
cesses including the surface phase transition, adsorption
sorption, catalysis, and electrochemical reaction. Espec
from the viewpoint of both fundamental and device physi
the hot-electron dynamics in semiconductor systems i
very important issue. Up to now, the excited-electron dyna
ics in semiconductors has been studied extensively by op
spectroscopic methods on femtosecond time scales with
development of ultrafast pulse lasers. On the other ha
among the time-resolved spectroscopic methods, ti
resolved two-phonon photoemission~TR-2PPE! spectros-
copy is a unique method to observe directly the tempo
evolution of excited electrons within the conduction ba
that may not be easily accessible through optical techniqu2

Therefore, TR-2PPE spectroscopy is an effective metho
study the excited-electron dynamics over a much broa
range of electron densities. In this work, we have carried
a femtosecond TR-2PPE study of 2H-MoS2 as a prototype
layered semiconductor. TR-2PPE spectroscopy has b
used to study the hot-electron dynamics on noble and tra
tion metals and semiconductors by several researcher2–9

The present work elucidates the fundamental properties
sociated with the highly excited-electrons in tw
dimensional layered semiconductors from the results o
TR-2PPE study on 2H-MoS2 .

TR-2PPE measurements were performed with an AD
500 ~VG Mictrotech Co.! photoelectron spectrometer and
femtosecond self-mode locked Ti:sapphire laser~Tsunami,
Spectra Physics Co.!. A 2H-MoS2 single-crystal was cleave
in situ to obtain a clean~0001! surface. The cleanliness an
0163-1829/2003/67~11!/113315~4!/$20.00 67 1133
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structure of 2H-MoS2(0001) surface were checked by x-ra
photoelectron spectroscopy~XPS! and low-energy electron
diffraction ~LEED! measurements. The cleaved surface
2H-MoS2 shows no XPS signal from contaminants and e
hibits a sharp 131 LEED pattern. The output of fundamen
tal light from the Ti:sapphire laser has a pulse width of ab
50 fs, pulse energy of about 9 nJ, wavelength of about
nm, and a repetition frequency of 82 MHz. The second h
monic light, with a photon energy of around 3.3 eV, w
generated by using a 250-mm-thick beta barium borate dou
bling crystal~TP-1B Tripler, Uniwave Technology Co.!, and
a pair of external prisms was used for group velocity disp
sion compensation of the frequency-doubled light. T
frequency-doubled light was then split into two beams w
equal intensities by a beam splitter. One beam was used
pump pulse to generate the excited electron in the sam
while the other beam was used as a probe pulse to photo
the excited electrons. After one of the beams was pas
through the variable delay line, the two beams were reco
bined to make coaxial beams in order to obtain the b
spatial and temporal overlap on the sample surface. The
beams were then cross polarized using a half-wave plat
order to eliminate coherent artifacts due to the coherent t
photon excitation.9 The pulse width of the frequency
doubled light was about 80 fs and was obtained by decon
lution of a pump-probe scan~cross-correlation trace! of a
transition-metal tantalum reference, in which the lifetime
the excited electron is negligible far above the Fermi le
~.3.0 eV!.7 The total energy resolution was about 150 me
and all measurements were performed at room tempera
In order to reduce the effects of stray fields and to extend
range of detection angle~that is, momentum! being col-
lected, the sample was biased with210 V.

Figure 1 shows the two-photon photoemission~2PPE!
spectrum of the 2H-MoS2 measured with photon energy o
3.31 eV at zero pump-probe delay. As shown in Fig. 1,
observed 2PPE spectrum exhibits a broad feature. This b
feature indicates that a phonon assisted indirect transi
contributes to the observed 2PPE spectrum in addition
©2003 The American Physical Society15-1
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direct transition contributions.10 From the band-structure
calculation11 and optical absorption spectra,12 2H-MoS2 is
an indirect semiconductor with an indirect gap of 1.2 eV,
which the valence-band maximum~VBM ! is located at theG
point and the CBM is located in the middle of theG andK
points in the Brillouin zone. From the comparison with t
experimental ionization potential determined by the pho
emission measurements with the He I resonance linehn
521.2 eV) for the same 2H-MoS2(0001) surface, it is found
that the high-energy cutoff and low-energy edge of
present 2PPE spectrum correspond to the 2PPE from
VBM and the cutoff due to the vacuum level, respective
Therefore, from the measured kinetic energy of the pho
electron (Ek), the corresponding intermediate-state ene
(Ei) can be determined by assuming the high-energy e
(Ek max) in the 2PPE spectra as the highest intermediate-s
with one-photon energy (hn) above the VBM (EVBM), i.e.,
Ei2EVBM5Ek2Ek max1hn. As shown in Fig. 1, the
intermediate-states observed in the 2PPE spectrum c
spond to the energy region between 2.1 and 3.3 eV ab
VBM, that is, to an excess energy of about 0.9–2.1 eV ab
the CBM. In Fig. 1, there is no spectral intensity in th
higher intermediate-state energy region beyond the h
energy edge of the 2PPE spectrum, indicating that there i
2PPE from electronic states between the Fermi level
VBM. This means that there is no midgap state below
Fermi level in the present 2H-MoS2 samples.

TR-2PPE measurements were carried out by monito
the number of photoelectrons at a given kinetic energy a
function of delay time between the pump and probe puls
This pump-probe scan directly reflects the temporal evo
tion of the hot-electron population at a given intermedia
state. The present TR-2PPE spectra were measured w
pair of cross-polarized laser pulses. In this case, the temp
profile of the observed cross-correlation trace is described
the convolution of the autocorrelation function of the tw
laser pulses~Gaussian instrumental function! and the expo-
nential decay function exp(2utu/t) of the excited hot electron
in the conduction band, wheret is the relaxation lifetime of
the excited hot-electron.9 Using this expression, we can de
rive the relaxation lifetimes of hot electrons at various el
tron excitation energies from the experimental cro

FIG. 1. Two-photon photoemission spectrum of 2H-MoS2 mea-
sured with a photon energy of 3.31 eV at zero pump-probe de
The horizontal axis corresponds to the intermediate-state en
with respect to the valence-band maximum~VBM !.
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correlation traces. However, the population of an exci
state might be refilled due to the energetic decay of exc
electrons in energetically higher-lying states, building up
secondary electron cascade.3–5,9 Therefore, the observed
cross-correlation trace might be affected by this cascade
fect, in fact, the deviations from the convoluted function
the simple exponential decay with the Gaussian instrume
functions have been observed in the cross-correla
traces.3–5,9This cascade effect definitely plays a more impo
tant role for the lower excited states. In the inset of Fig. 2,
show a cross-correlation trace at the excited-electron en
of 2.19 eV above VBM and the exponential fit to experime
tal results. As shown in the inset of Fig. 2, even at the low
excited-electron energy in the present experiments, the
served cross-correlation trace is reproduced fairly well by
convoluted function of a single exponential decay functi
with the autocorrelation function of the two laser pulses. T
means that the cascade effect is negligibly small in
present cross-correlation measurements for 2H-MoS2. Since
the present measurements have been done for high ex
energy region~higher than about 1 eV above CBM! and the
observed relaxation lifetimes are very short~all below 65 fs
as described latter in Fig. 2!, the contribution from the cas
cade effect to the cross-correlation trace should be ne
gible. The transport of photoexcited electrons away from
photoelectron probing depth also makes significant contri
tions to the observed relaxation lifetime. However, this tra
port effect can be also neglected, since 2H-MoS2 has a two-
dimensional layered structure. Therefore, the convolution
single exponential decay function with the autocorrelat
function of the two laser pulses is adequate to describe
results of this experiment.

Figure 2 shows the measured relaxation lifetimes of
electrons in the conduction band as a function of excit

y.
gy

FIG. 2. Relaxation lifetime of excited hot-electron in the co
duction band as a function of excited-electron energy relative
valence-band maximum~VBM ! for 2H-MoS2 . The inset shows the
cross-correlation trace measured at the excited-electron energ
2.19 eV above the VBM. Open circles and solid line show t
experimental data and fits to the experimental data by the conv
tion of the exponential decay with the Gaussian instrumental fu
tion, respectively.
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electron energy relative to VBM. In general, the domina
process that determines the relaxation lifetime of hot elec
on a femtosecond time scale is considered to be elect
electron interaction. For the ordinary interacting electron g
Landau’s theory of Fermi liquids has shown a quadratic
pendence of electron-electron scattering rates on the elec
excitation energy in both three- and two-dimensional~3D
and 2D! electron gasses within logarithmic corrections.13 As
shown in Fig. 2, the experimental relaxation lifetime of ho
electron monotonously becomes faster with increasing e
tron excitation energy. This qualitative trend is consist
with the standard Fermi liquid picture, but this energy dep
dence seems to differ quantitatively.

In order to discuss the detailed excitation-energy dep
dence of the relaxation lifetime, we plot the inverse rela
ation lifetimes ~decay rates! versus the electron excitatio
energy above VBM in Fig. 3. In general, the electron-phon
scattering also significantly contributes to the hot-elect
relaxation. However the contribution from electron-phon
scattering is independent of electron excitation energy in
measured energy region, since the Debye temperatur
2H-MoS2 is about 570 K~Ref. 14! and is quite lower than
the relevant excitation energy region. If we assume a se
rate mechanism for energy-dependent decay process w
decay time oftdecay and all other energy-independent pr
cesses with a constant decay time oft1 , the observed relax
ation lifetimet can be described in accordance with the M
thiesen’s rule

1

t
5

1

tdecay
1

1

t1
. ~1!

In order to estimate the excited-electron energy depende
of relaxation lifetime, the energy-dependent decaytdecayhas
been approximated by the empirical function 1/tdecay
5A(Ei2EVBM2Ec)

B, and we have carried out a fit to th
experimental data using Eq.~1! by a least-squares metho
The fitting line using this empirical function is shown b
solid line in Fig. 3, with 1/tdecay5@0.015 (Ei2EVBM
21.20)1.01# fs21 and 1/t150.0007 fs21. As shown in Fig. 3,

FIG. 3. Inverse relaxation lifetime~decay rate! of excited hot-
electron in the conduction band as a function of excited-elec
energy relative to valence-band maximum~VBM ! for 2H-MoS2 .
Solid line shows the empirical function fit~see text!.
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this fitting line using an empirical function reproduces t
experimental dependence fairly well. The indirect energy g
of 2H-MoS2 is about 1.2 eV, therefore, this result sugge
that the decay rate of hot electron has an almost linear
pendence on the excess energy above CBM. An impor
point to note is that the hot-electron relaxation in the laye
semiconductor is in contrast to a prediction by Fermi liqu
theory, in which the decay rate of the hot electron associa
with the electron-electron scattering has a quadratic dep
dence on the electron excitation energy.

A possible explanation of a deviation from the Fermi li
uid theory can be related to the two-dimensional laye
character of electron gas in 2H-MoS2. In the previous TR-
2PPE study for the highly oriented pyrolytic graphi
~HOPG!, a similar linear dependence of decay rate on
electron excitation energy has been reported.15,16 Xu et al.15

have concluded that this linear energy dependence ca
quantitatively explained as a relaxation lifetime due to t
acoustic plasmon emission. In the layered electron
~LEG!, the plasmons are acoustical excitations and can c
tribute to the quasiparticle lifetime even for the small ele
tron excitation energy.17,18 In the case of small interlaye
separation, the acoustic plasmon emission becomes
dominant decay channel for quasiparticles, and the co
sponding decay rate exhibits the linear dependence on
excess energy.15 As a result, a possible origin of the prese
linear dependence of hot-electron decay rate on the ex
energy above CBM might be explained by the LEG mod
indicating that the acoustic plasmon scattering dominates
relaxation of hot electrons in the present layered semic
ductor 2H-MoS2. In the form of a linear dependence o
hot-electron decay rate on the electron excess energy«, 1/t
5@bee«# fs21 the proportional factorbee for a graphite has
been reported to be 0.029 eV21 fs21 by Xu et al.15 Recently,
Dobryakovet al.19 have also reported the linear dependen
of the relaxation rate on the electron excitation energy in
high-Tc oxide-superconductor YBa2Cu3O72d with layered
crystal structure from the femtosecond pump-probe meas
ments of the transient reflectivity. According to this repo
the proportional factorbee for YBa2Cu3O72d is 0.027
eV21 fs21 and is almost the same as that of the graphite.
the other hand, Xuet al. have also reported a linear depe
dence of hot-electron decay rates in the layered semicon
tor SnS2 .20 The proportional factorbee for the present
2H-MoS2 is 0.015 eV21 fs21 and is almost the same as th
of SnS2 reported by Xuet al. This proportional factorbee is
in inverse proportion to the square of the average distancr s
between electrons in the layer. The lower carrier density
the semiconductor 2H-MoS2 than in graphite and
YBa2Cu3O72d can explain the differences in the propo
tional factorbee. This dependence of proportional factorbee
on carrier density seems to indicate that the acoustic plas
emission dominates the hot-electron relaxation. Howe
more systematic experiments that include carrier density
pendence would be necessary.

Another possible interpretation of the deviation from t
Fermi liquid behavior can be related to the band struct
effects on the quasiparticle lifetimes. Gonzalezet al.21 have
proposed an alternative mechanism involving unconv

n
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BRIEF REPORTS PHYSICAL REVIEW B67, 113315 ~2003!
tional screening that originates from the specific band str
ture of graphite, although also associated to the elect
electron interaction. They have concluded that
suppression of screening related to the specific band struc
of graphite leads to deviations from conventional Fermi l
uid behavior. On the other hand, Spataruet al.22 have carried
out anab initio calculation of quasiparticle lifetime accoun
ing for the band structure of graphite, as determined from
imaginary part of the self-energy operator within the G
approximation. They have also derived the significant dev
tions from the quadratic dependence expected from
Fermi liquid theory. Especially, they have found the pr
nounced anisotropies in the quasiparticle lifetimes with
anomaly originated from the lack of electron-electron sc
tering in thep* band aroundM point of the Brillouin zone.
Furthermore, Mooset al.23 have reported that the ho
electron lifetimes in HOPG derived from TR-2PPE expe
ments exhibit an anomaly similar to that found inab initio
calculation around the electron excitation energy correspo
ing to theM point of the Brillouin zone. Therefore, anothe
possible interpretation of the deviation from the Fermi liqu
behavior in the present layered semiconductor 2H-MoS2 is
the anisotropic quasiparticle lifetimes due to the band str
ture effects. However, a quantitative discussion of this b
structure effect requires detailed theoretical calculation,
is beyond the scope of this Brief Report. It remains an in
esting question whether the observed linear behavior is o
specific to materials such as graphite, SnS2 , 2H-MoS2, and
YBa2Cu3O72d , or it is generally true for layered com
pounds. The present TR-2PPE experiments were perfor

*Author to whom correspondence should be addressed. E-m
a-tanaka@srpe.phys.tohoku.ac.jp
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lieve that the observed experimental linear dependence
decay rate on the excess energy above CBM reflects the
trinsic hot-electron dynamics in the 2H-MoS2, and effects
such as surface preparation or cesiation23 can be excluded.
We want to emphasize that a quadratic dependence of
electron decay rate on quasiparticle energy, dictated by
Fermi liquid theory and phase space considerations, app
not directly applicable to two-dimensional layered semico
ducting materials.

In summary, we have performed a femtosecond tim
resolved two-photon photoemission study of layered se
conductor 2H-MoS2(0001) surface. It is found that th
decay rates of hot-electrons depend linearly on the exc
energy above CBM. This indicates that a quadratic dep
dence of hot-electron decay rate on quasiparticle ene
dictated by the Fermi liquid theory and phase space con
erations, are not directly applicable to layered materia
and that the relaxation of hot electrons in the layered se
conductor system can be related to the acoustic plas
scattering or band structure effects on the electron-elec
scattering.
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