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Properties and dynamics of the image potential states on graphite investigated by multiphoton
photoemission spectroscopy

J. Lehmann, M. Merschdorf, A. Thon, S. Voll, and W. Pfeiffer*
Physikalisches Institut, Universita¨t Würzburg, D-97074 Wu¨rzburg, Germany

~Received 1 June 1999!

Multiphoton photoemission spectroscopy of graphite using 267 nm~4.65 eV! and 400 nm~3.1 eV! excita-
tion wavelength reveals spectroscopic features that allow the identification of the multiphoton excitation
process and that correspond to the known bulk band structure. In addition, then51 andn52 image potential
states on graphite are identified, with binding energies of 0.85 and 0.15 eV, respectively. They are character-
ized by a vanishing quantum defect and are located close to the top of the band gap in the projected bulk band
structure. Accordingly, then51 image potential state and the minimum of the interlayer band are both located
about 4 eV above the Fermi level. This settles the ambiguities in the interpretation of the unoccupied band
structure of graphite with respect to the energetic location of the interlayer band. Time-resolved two-photon
photoemission spectroscopy yields a lifetime of 4066 fs for then51 image potential state. This rather long
lifetime of an image potential state at the top of the band gap and the vanishing quantum defect are attributed
to the two-dimensional structure of graphite.@S0163-1829~99!09547-8#
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I. INTRODUCTION

Image potential states on surfaces have received con
erable attention during the last years. This is mostly due
the fact that the formation of bound image potential state
a quite common phenomenon on a large variety of differ
surfaces and they can therefore be used to investigate
compare the electronic properties of different surfaces
addition, the recent developments in ultrafast laser spect
copy allow direct time-resolved investigation of the dyna
ics of the image potential states.1–6 The attractive Coulomb
interaction between an electron located in front of the surf
and its image charge and a repulsive barrier towards the
arising from a gap in the projected bulk band structure le
to the formation of bound image potential states. Althou
their existence was proposed previously in 1939
Shockley,7 they were derived from detailed theoretical co
siderations by Echenique and Pendry8 using multiple-
reflection theory9 and later verified and investigated by in
verse photoemission spectroscopy10–13 and two-photon
photoemission spectroscopy~2P-PES!.1–6,14–16 Due to the
collective character of the excitation, i.e., the polarization
bulk electrons, the formation of image potential states d
not depend on the exact structural properties of the sur
and is therefore a quite universal phenomenon. It is imp
tant to note, however, that their actual properties like bind
energy and lifetime are determined by the bulk properties
the material.

Whereas the properties of the image potential states
known for a large number of metal surfaces,4,13 there is very
limited information available for semimetals and layered m
terials. To our knowledge the existence of image poten
states on semimetals was only demonstrated for Sb
TiS2.

13 For graphite an image potential state has be
proposed,13 but an unambiguous experimental evidence
been missing up to now. This is due to ambiguities in
interpretation of experiments performed to determine the
PRB 600163-1829/99/60~24!/17037~9!/$15.00
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occupied band structure of graphite. Whereas the occu
bulk band structure of graphite is well understood and d
ferent theoretical and experimental observations conve
this is not the case for the bound unoccupied states.17 The
experimental investigation of the unoccupied states of gra
ite started with the work of Fausteret al. in the early 1980s
using angular-resolved inverse photoemission spectrosc
~ARIPES!.18 The authors report two unoccupied bands
about 4 eV above the Fermi energy, one of which sho
dispersion along thec axis and the other does not. Both we
attributed to the lowest unoccupieds band that exhibits high
electron densities between the carbon planes and is there
denoted as interlayer band. The band with vanishing disp
sion perpendicular to the surface was identified either a
surface state split-off from the bottom of the interlayer ba
or as a spectroscopic feature due to a nondirect transitio
the interlayer band itself.18 The latter observation is sup
ported by the observation that surface modifications like
exposure to reactive oxygen and hydrogen19 do not influence
the inverse photoemission signal at 3.6 eV above the Fe
energy. However, discrepancies between these observa
and the results from angular-resolved secondary elec
emission spectroscopy20,21 as well as from target curren
spectroscopy22,23 initiated a controversy concerning this in
terpretation. Summarizing, the experimental evidence allo
the placement of the minimum of the interlayer band eith
at about 4 or at 7.5 eV above the Fermi energy. To com
cate the situation even more, both interpretations are s
ported by theoretical calculations, by Holzwarthet al.24 for
the lower interlayer band minimum and by Tatar and Rab25

for the placement at 7.5 eV.
Tentative interpretations of the feature at about 4

above the Fermi energy in terms of an image potential s
are given, based on the quenching of the state by an acci
tal surface contamination22 or derived from an inconsistenc
between experiment and theory.26 However, it remained im-
possible to distinguish between an image potential state
intrinsic surface state or effects due to the bottom of
17 037 ©1999 The American Physical Society
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17 038 PRB 60LEHMANN, MERSCHDORF, THON, VOLL, AND PFEIFFER
interlayer band. As a technique that gives information ab
the unoccupied band structure, two-photon photoemiss
spectroscopy14,15 ~2P-PES! and its time-resolved
counterpart1,27,28 is well suited to identify the nature of th
electronic state seen at about 4 eV above the Fermi ene

The dynamic properties of an excitation are either
flected by its homogeneous linewidth or can be directly
vestigated by time-resolved methods. Since image pote
states reside in front of the surface and have a small ove
with the bulk electronic states their lifetime is in the range
10–100 fs.8 Usually this gives rise to a rather narrow lin
width of the photoemission peaks and allows us to ap
time-resolved 2P-PES, as has been demonstrated by Sch
lein et al.1 for then51 image potential state on Ag~100!. In
contrast to linewidth measurements that are limited by in
mogeneous line-broadening effects,4,15 time-resolved meth-
ods can identify different contributions to the dynamic b
havior of an excitation.2,3,5,29,30

Recent experiments have demonstrated that the hot e
tron relaxation in graphite deviates from the Fermi-liqu
behavior of a three-dimensional electron gas.6,31 Since both
the image potential states and the bulk electronic struc
exhibit two-dimensional character, one can expect a cl
relation between them, i.e., the lifetime of the image pot
tial states should also deviate from the behavior of the c
responding excitation in a three-dimensional system.

In this paper we present results of multiphoton photoem
sion spectroscopy and time-resolved 2P-PES measurem
of highly oriented pyrolytic graphite~HOPG!. In the follow-
ing we give a short survey of the experiment. The analysi
the single-photon and multiphoton photoemission spectra
tained after 400 nm~3.1 eV! and 267 nm~4.65 eV! excita-
tion of the pure HOPG surface allows us to identify all o
served spectral features, especially then51 andn52 image
potential states on graphite. Time-resolved 2P-PES for
n51 image potential state is then presented and discuss
terms of optical Bloch equations for a two-level system.
nally, we discuss the close relation between the propertie
the image potential states and the layered structure of gr
ite.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The samples used for the experiments consist of hig
oriented pyrolytic graphite~HOPG!.32 In contrast to single
crystals of graphite, HOPG is a polycrystalline material w
uniform c-axis orientation of the crystallites but random o
entation of their basal planes that is available in high pur
The surface quality of an artificial graphite single crys
turned out to be insufficient for our experiments. T
samples are cleaved eitherin situ under UHV conditions (1
310210mbar) or under ambient conditions immediately b
fore transfer into the UHV load-lock chamber. In the latt
case the samples are heated~60 min, 600 °C! to allow for
stable tunneling conditions in anin situ UHV-STM. After
this treatment the scanning tunneling microscopy~STM! to-
pography shows no significant traces of surface contam
tion and we observe no differences in the photoemiss
t
n
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spectra fromex situand in situ cleaved samples. The qualit
of the cleaved HOPG surfaces is routinely characterized
in situ STM.

B. Time-of-flight spectrometer

The photoemission spectra are measured with a ho
built UHV time-of-flight ~TOF! spectrometer. The arriva
times of the individual electrons are detected by a fast m
tichannel plate detector~MCP! in combination with a time-
to-amplitude converter~TAC!. Laser intensities are usuall
attenuated so that the probability to detect one photoelec
per laser pulse is below 0.1 and saturation of the TAC
well as space charge effects are avoided. In order to red
the influence of stray fields between sample and spectr
eter an extraction bias of 5 V is applied.

The time-of-flight of an electron is determined by th
electrostatic potential between sample and MCP detector
its initial kinetic energy. Therefore, the work function diffe
enceDW between sample and spectrometer influences
time-of-flight of an electron. To correct for this influence w
routinely determineDW. To achieve this the electrostati
potential between sample and detector is determined by s
ing the Poisson equation under the given bound
conditions.33 The properDW is found by comparing the cal
culated time-of-flight with the measured one. UsingDW a
relation between the time-of-flight and the kinetic energy
the emitted electrons is obtained. This relation is used for
coordinate transformation that is necessary to obtain the p
toemission spectrum as a function of the kinetic energy
the electrons with respect to the sample surface.

The energy resolution of the spectrometer can be e
mated from the shape of the photoemission spectrum o
material with high density of states at the Fermi ener
From the spectral shape that corresponds to the emis
from states close to the Fermi energy we estimate an en
resolution of about 60 meV at a kinetic energy of 1.5 e
Due to the shorter time-of-flight this resolution decreases
electrons with higher kinetic energy. From the calculated t
jectories we estimate an angular acceptance of the spect
eter of about610° for electrons with 2 eV kinetic energy.

C. Two-photon photoemission spectroscopy

In our experiments we employ a home-built Ti:sapph
laser system. The stretched output of the femtosecond o
lator ~80 MHz, 4 nJ, 45 fs, 800 nm! seeds a high repetition
rate regenerative amplifier. The amplified laser pulses
compressed and pulses of 65 fs duration and 2–3mJ energy
are obtained at a repetition rate of up to 300 kHz. In Fig
the experimental setup is shown schematically. Seco
harmonic generation and sum frequency generation in
100mm thick BBO crystals are used to obtain laser pulses
400 and 267 nm. The energy per pulse at both wavelength
20–30 nJ. A Mach-Zehnder interferometer generates pu
and probe pulses with variable time delay. Two prism co
pressors compensate the material induced increase of p
duration. A fused silica lens with 200 mm focal length
used to focus the laser beam on the sample.

Time-resolved 2P-PES requires the energy resolved
cording of pump-probe spectra. Since the detection of e
trons from the whole energy spectrum with every laser pu
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PRB 60 17 039PROPERTIES AND DYNAMICS OF THE IMAGE . . .
is one of the major advantages of the TOF technique, i
also desirable to measure the total spectrum for a given d
time and then move on to the next. To allow this kind
measurement we have tuned the laser system to high l
term stability. The typical drift of the on-line monitore
pulse duration of the amplified laser pulses is less than 5 f
24 h. In order to check for artifacts due to laser drift or d
to deterioration of the sample surface we record the ph
electron signal in repeated scans of the pump-probe del

III. RESULTS

A. Multiphoton photoemission from graphite

1. Photoemission at 267 nm excitation

Photoemission spectra obtained at excitation with 267
light ~4.65 eV! are shown in Fig. 2 for different laser inten
sities. The observed change of the photoemission spe
with increasing laser intensity shows that the spectrum c
sists of at least two contributions. At the lowest excitati
intensity ~dotted line! a narrow peak with an exponentia
decrease extending to about 0.4 eV kinetic electron energ

FIG. 1. Schematic representation of the experimental setup

FIG. 2. Photoemission spectra of HOPG after excitation w
267 nm~4.65 eV! at different laser intensities~I 0 is 108 W cm22!.
The energy scale reflects the initial kinetic energy of the photoe
trons. The inset indicates the single-photon photoemission~1! and
two-photon photoemission via thep bands at theL andM point in
the Brillouin zone~2!.
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observed. At a ten times higher laser fluence~dashed line!
the yield between 0 and 0.4 eV also increases by a facto
10, indicating a single-photon photoemission process. H
ever, a contribution of photoelectrons with electron energ
above 0.4 eV appears and rises rapidly with increasing la
intensity.

Figure 3 displays the integrated photoelectron yield at
netic electron energies below 0.2 eV and between 0.5 and
eV as a function of the laser intensity. At low laser intensit
the yield below 0.2 eV exhibits a linear slope. The saturat
of the photoemission yield at high laser intensity is attribu
to the saturation of the time-to-amplitude converter. The l
ear relation together with the observation that the photoem
sion yield in this energy range neither depends on the siz
the laser focus nor on the actual laser pulse duration pro
that these photoelectrons stem from a single-photon ph
emission process. In contrast, the photoelectron yield in
grated between 0.5 and 5.0 eV shows a constant slop
1.760.1 over two orders of magnitude in laser intensity. W
therefore, attribute it to a two-photon photoemission proce

In order to assign the energetic position of an intermed
state with respect to the Fermi energy it is necessary to
termine the work function. The presence of single-pho
photoemission at 267 nm indicates that the work function
the HOPG surface must be smaller than the photon energ
4.65 eV. In a semimetal the density of states at the Fe
energy is small or vanishes completely. The identification
the final-state energy of the photoelectrons stemming fr
initial states at the Fermi energy therefore requires an
trapolation of the spectrum. We estimate a work function
4.560.1 eV from linear extrapolation of one-photon phot
emission spectra obtained at low laser intensity. This met
is reasonable since the occupied and unoccupiedp bands
exhibit linear dispersion at the Fermi energy. The obtain
value of 4.5 eV for the work function is considerably small
than the literature value of 4.7 eV for the pure graph
surface.23 However, since neither cleaning of the surface
either sputtering or heating norin situ cleavage of the HOPG
did change its work function, we believe that the observ
reduction is not due to adsorbates but is an intrinsic prop
of the used HOPG material.

The two-photon contribution extends to about 4.5 eV
netic electron energy. The dominant feature in the spect
is a broad shoulder at about 2 eV final-state energy. I

c-

FIG. 3. Intensity dependence of the photoemission yield at
nm excitation integrated over final state energies between 0–0.2
~closed squares! and 0.5–5 eV~open squares!. The continuous
curves represent the fit of a power law to the data. The maxim
laser intensity is 108 W cm22.
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17 040 PRB 60LEHMANN, MERSCHDORF, THON, VOLL, AND PFEIFFER
related to a feature seen in angular-resolved inverse ph
emission spectroscopy~ARIPES! at an energy of abou
1.5–2 eV above the Fermi energy.22 This feature was attrib-
uted to non-ki-conserving transitions from the initial sta
into a high density of unoccupied states of thep bands at the
M andL point in the Brillouin zone. It is interesting to not
that the transition energies between occupied and unoccu
p bands at theM and L point are between 4.5 and 4.
eV,22,17,34 and therefore very close to our excitation wav
length. Accordingly, we attribute the shoulder in the tw
photon photoemission spectrum to a resonant two-photon
citation at theM and L point. At final states above 2 eV
final-state energy this mechanism vanishes, since these s
can no longer be reached via the unoccupiedp bands at the
M and L point. The alternative explanation of the should
due to direct two-photon photoemission from the high d
sity of states at thes-band maximum6 can be ruled out, since
angular-resolved photoemission reveals thes-band maxi-
mum at 4–5 eV below the Fermi energy.35,36

At kinetic electron energies above 2 eV the photoemiss
yield declines rapidly and only a small photoemission yie
is observed above 3 eV. This reflects a decrease of the
sity of states in the initial, the intermediate or the final sta
In order to obtain spectroscopic information of the sm
peak at 3.9 eV kinetic electron energy long spectrum in
gration times are required. The origin for this emission pe
is the presence of an image potential state at the surfac
HOPG and will be more thoroughly discussed in Sec. III

2. Photoemission at 400 nm excitation

Photoemission spectra using an excitation wavelength
400 nm ~3.1 eV! are shown in Fig. 4~b! for different laser
intensities. The highest photoelectron yield for all appli
laser intensities is observed at low electron energy follow
by an almost exponential decrease with increasing kin
electron energy. Whereas the spectra recorded at the lo

FIG. 4. The lower part~b! shows three photoemission spect
from HOPG after 400 nm excitation at different laser intensities~I 0

is 109 W cm22!. The inset represents the nonresonant two-pho
photoemission~1! and the resonant three-photon photoemiss
process via then51 image potential state~2!. In the upper part~a!
the exponentn of the power law describing the intensity depe
dence of the photoemission yield is displayed as a function of
kinetic electron energy. The data used for the fit stem from a
quence of ten photoemission spectra recorded in the intensity r
of 107– 109 W cm22.
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and the next higher laser intensity consist only of a mono
nously decreasing slope, a pronounced photoemission p
at about 2.25 eV kinetic electron energy appears in the sp
trum recorded at the highest laser intensity.

The three spectra shown in Fig. 4 are chosen from a
quence of ten spectra recorded at different laser intensi
In order to evaluate the intensity dependence, the photoe
tron yield at a given final-state energy as a function of
applied laser intensity is fitted with a power law. The o
tained values for the exponentn are shown in the upper par
of Fig. 4. Between 0.5 and 1.6 eV the photoemission yi
scales quadratically with the laser intensity. This behav
and the measured work function of 4.5 eV~compare Sec.
III A 1 ! proves that a two-photon photoemission process
responsible for the photoemission up to final-state ener
of 1.6 eV. At higher energy the power law for the intens
dependence changes, indicating that three-photon photoe
sion starts to dominate.

Below 0.5 eV a slight decrease of the exponent is o
served. Interestingly the change of the intensity depende
around 0.5 eV coincides with a small change of the slope
the photoemission spectra@Fig. 4~b!#. At the initial state 1.2
eV below the Fermi energy no distinct feature in the dens
of states is known neither from conventional photoemiss
spectroscopy nor from theoretical calculations.17,24,25On the
other hand, the intermediate-state energy at about 1.9
above the Fermi energy coincides with the high density
unoccupied states of thep bands at theM andL point in the
Brillouin zone.17,19 The changing slope in the photoemissio
spectra as well as the reduced exponentn below 0.5 eV
might, therefore, be explained by the predominant popula
of p-band states close to theM andL point and subsequen
photoemission from these states. For the two-photon ph
emission process with a final-state energy above 0.5 eV
lack of such a high density of unoccupied intermediate sta
leads to the quadratic power law.

As mentioned, the photoelectrons emitted with more th
1.6 eV kinetic energy originate from a three-photon pho
emission process. This spectral contribution is dominated
a distinct peak at 2.25 eV final-state energy that correspo
either to resonant intermediate states 0.85 and 3.95 eV be
the vacuum level or to a high density of initial states abo
2.6 eV below the Fermi level. The latter two possibilities c
be ruled out since both states should have been visible in
two-photon photoemission spectrum at 267 nm excitation
2.2 and 0.7 eV final-state energy. Accordingly, there is e
dence for a resonant intermediate state 0.85 eV below
vacuum level in the three-photon photoemission spectrum
400 nm as well as in the two-photon photoemission spect
at 267 nm. The nature of this intermediate state will be
dressed more thoroughly in the following section.

B. Identification of the n51 and n52 image potential states

As outlined above, both the multiphoton photoemissi
spectra at 267 and at 400 nm excitation exhibit evidence
the presence of a resonant intermediate state close to
vacuum energy. Figure 5 shows photoelectron spectra
corded at 267 and 400 nm excitation. As discussed in S
III A 2 the peak at 2.25 eV in the photoemission spectrum
400 nm excitation must be due to a resonant intermed
state in a three-photon photoemission process. At 267
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PRB 60 17 041PROPERTIES AND DYNAMICS OF THE IMAGE . . .
excitation a photoemission peak appears at 3.85 eV fi
state energy. The difference between the final-state energ
400 and 267 nm excitation is 1.6 eV. Within the experime
tal uncertainties this is in excellent agreement with the
ergy difference of the 400 and 267 nm photons, i.e., 1.55
We therefore conclude that both photoemission peaks at
and 3.85 eV are related to the same intermediate state w
binding energy between 0.80 and 0.85 eV. Using the w
function of 4.5 eV~Sec. III A 1! this corresponds to a stat
about 3.7 eV above the Fermi level. Whereas with 400
excitation, this state must be populated by a two-photon p
cess and a third photon is required for the photoemissio
can be directly populated by the absorption of one 267
photon.

Experiments performed with different HOPG samp
have shown that the magnitude of the photoemission pe
relative to the nonresonant background photoemission va
significantly with the quality of the cleaved surface. In ad
tion, an exposure of the cleaved surface to the backgro
pressure in the UHV system over several days leads
reduction of the peak amplitudes. This indicates that the
termediate state 3.65 eV above the Fermi energy must
surface state. However, this experimental evidence is no
sufficient to distinguish between an intrinsic surface st
and an image potential state.

Figure 6 displays a photoemission spectrum at 400

FIG. 5. Photoemission spectra of HOPG after excitation w
400 nm ~solid line! and 267 nm~dotted line! light. The resonant
multiphoton excitation via then51 image potential state is indi
cated in the inset for~1! 400 nm and~2! 267 nm excitation.

FIG. 6. Photoemission spectrum of then51 andn52 image
potential state at 400 nm excitation. The spectrum around thn
52 is multiplied by a factor of 15. The solid line corresponds to
Lorentzian fit including an exponential decrease of the backgrou
The center and the linewidth from the fit are given for the pho
emission peaks.
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excitation on a linear scale. In addition to the photoemiss
peak at 2.25 eV a peak is seen at 2.95 eV final-state ene
Assuming the same excitation pathway as for the peak
2.25 eV, i.e., single-photon photoemission from the sta
this corresponds to a state with a binding energy of 0.15
The presence of two unoccupied states with 0.8560.05 eV
and 0.1560.05 eV binding energy leads to their identific
tion as then51 andn52 image potential states.

The binding energiesEb(n) of the hydrogenic bound im-
age potential states are described by the follow
equation,15 where n is the quantum number anda is the
quantum defect

Eb~n!5
0.85 eV

~n1a!2 , n51,2,... . ~1!

From the energy difference of 0.7 eV between then51 and
n52 image potential state a quantum defect ofa520.04
60.05 is obtained. This demonstrates that the image po
tial states on graphite exhibit an almost ideal hydrogenl
behavior. A more detailed discussion is presented in Sec.

C. Lifetime of the n51 image potential state

1. Time-resolved two-color photoemission spectroscopy

On the basis of the known excitation pathways in mu
photon photoemission on HOPG with 267 and 400 nm lig
the results of two-color pump-probe experiments can now
analyzed. In a two-color time-resolved 2P-PES experim
then51 image potential state can be populated by a 267
pump-photon, and the subsequent photoemission by the
nm probe-photon leads to the photoemission of an elec
with 2.25 eV final-state energy. A pump-probe spectrum
a final-state energy of 2.25 eV is shown in Fig. 7 togeth
with spectra for 0.25 eV lower and 0.35 eV higher final-sta
energy. The latter two spectra are symmetric with respec
zero delay time. In contrast, the finite lifetime of the ima
potential state leads to a shift and a slightly asymme
broadening of the pump-probe signal. The maximum
shifted by 40 fs relative to zero delay time towards posit

d.
-

FIG. 7. Normalized pump-probe spectra for two-photon pho
emission via then51 image potential state~closed symbols! and
via intermediate states 0.25 eV below and 0.35 eV above this s
~open symbols! are shown. The shaded area is the fit of a Gauss
to the cross correlation of pump and probe pulses as it was obta
from time resolved 2P-PES on a polycrystalline tantalum surfa
The optical Bloch equations for a two-level system were used to
the experimental data~line graphs!.
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17 042 PRB 60LEHMANN, MERSCHDORF, THON, VOLL, AND PFEIFFER
delay. This confirms that the 267 nm pulse acts as the pu
pulse. Both observations, the shift and the small asymme
indicate that the intermediate state has a significant lifet
in the order of the pulse duration. A similar shift of th
pump-probe spectrum in time-resolved two-color 2P-PES
image potential states has been reported by Schoen
et al.,1 Hertel et al.,2 and Shumayet al.5

The two-color pump-probe signal is composed of seve
contributions: One originating from the 267 nm-pump a
400 nm-probe process and a second one originating from
reversed absorption sequence. In addition to the resonan
citation via then51 image potential state, bulk states at t
same energy might also contribute to the pump-probe sig
A priori it is not possible to distinguish between these co
tributions. However, to allow an unambiguous determinat
of the lifetimes of intermediate states it is necessary to se
rate them. By fitting each spectrum with a Lorentzian pe
shape and an exponentially decreasing background~compare
Fig. 6! we can determine the background contribution a
the area of the resonant photoemission peak for every pu
probe delay separately. The latter contribution as a func
of the pump-probe delay reflects exclusively the dynamics
the n51 image potential state, whereas the backgrou
gives information on the dynamic behavior of the involv
bulk states. The comparison of the pump-probe signals
the n51 image potential state with that of the total phot
emission yield at 2.25 eV shows that the photoemission
the 400 nm-pump and 267 nm-probe sequence or via b
states with 0.85 eV binding energy, has in this case no
nificant influence.

Since a finite lifetime of an intermediate state leads t
shift of the maximum of the two-color pump-probe signal,
is crucial to unambiguously identify absolute zero delay.
the Cu~111! surface it has been demonstrated that the n
resonant two-photon excitation from the occupied surf
state can be used.2 On graphite the situation is slightly mor
complicated. The pump-probe signals at final-state ener
for which the intermediate states have a lifetime sh
enough so that they represent the pure cross correla
width of pump and probe pulses can be used as a refer
for the absolute zero delay. The pump-probe signals at
and 2.6 eV final-state energy represent our best choice
this. In the following it will be shown that lifetime effect
play only a negligible effect for these pump-probe signal

The pump-probe signals at zero delay include both p
sible excitation sequences, 267 nm pump–400 nm probe
400 nm pump–267 nm probe. Therefore, a pair of interm
diate states separated by 1.55 eV is involved. One can ex
from Fermi-liquid theory37 that the intermediate state wit
the lowest energy, i.e., 1.85 eV, should exhibit the long
lifetime. A relaxation lifetime of about 20 fs at 1.85 e
above the Fermi energy is known from literature.6,31 Since
there is almost no difference between the pump-probe
nals at 2.0 and 2.6 eV final-state energy we conclude
there is only negligible lifetime broadening and a shift of t
pump-probe spectra due to this fast relaxation of the low
lying intermediate states. This is additionally supported
the two-color pump-probe signal recorded on a polycrys
line tantalum surface for intermediate states 2 eV above
Fermi energy~shaded area in Fig. 8!. For these states th
relaxation lifetime is known to be less than 10 fs,38 and sig-
p
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nificant lifetime broadening and shift of the pump-probe s
nal can be excluded.

Besides the shift and the broadening of the pump-pr
signal at 2.25 eV it is worth noting an additional deta
Whereas the signal is zero at large negative delay a co
bution of about 5% remains at positive delay of more th
200 fs and decays on a ps time scale. This small contribu
is attributed to the electron dynamics in states at about 0
eV above the Fermi energy that are populated by the 267
pump pulse and then photoemitted by a two-photon pr
process. On time scales in the order of ps the relaxa
behavior in states close to the Fermi energy is dominated
the cooling of the electron gas due to the electron-pho
interaction. This gives rise to the small longlived contrib
tion to the pump-probe signal.

2. Optical Bloch equations

Since the lifetime of then51 image potential state is in
the order of the pulse duration its effect on the pump-pro
effect is primarily seen in a shift of the pump-probe signal
2.25 eV final-state energy with respect to the pure cross
relation of the 267 and 400 nm laser pulses. It has rece
been shown that the shift of the pump-probe signal in a tim
resolved two-color photoemission experiment can be use
accurately determine the lifetime of the involved state2,5

Since pump and probe pulse overlap it is not possible
describe the multiphoton photoemission response of the
tem by a rate equation model, but the coherent characte
the excitation must be considered and therefore the use o
optical Bloch equations for a multilevel system is required39

Under the assumption that the coherence in the final sta
immediately lost, it is sufficient to use the Bloch equatio
for a two-level system, as it was shown by Hertelet al.2

The optical Bloch equations for a two-level system a
derived from the equation of motion for the density matrix
the energy representation. The relaxation towards the t
mal equilibrium is treated in the phenomenological rela
ation time approximation, that assumes time-independen
laxation rates. The population decay of the excited stat
described byT1 and the decay of the polarization by th
transversal relaxation timeT2 . In the absence of phase
destroying elastic-scattering events but a finite lifetimeT1 of
the excited state, the transversal relaxation timeT2 reflects
the dephasing of the polarization due to the different spec
components of a lifetime broadened state. Under excita
conditions where population transfer back to the ground s
is not yet significant it can be shown that the relationT2
52T1 must hold.39 In the presence of phase-destroying sc
tering events with a dephasing timeTw , however, the re-
duced transversal relaxation timeT2 is given by39

T25S 1

2T1
1

1

Tw
D 21

. ~2!

In the slowly varying envelope approximation whic
leads to the rotating-wave approximation and with the dip
approximation for the optical excitation of the two-level sy
tem, one obtains a set of coupled differential equations2 that
are solved by numerical integration. Since the initial state
the present case is in the continuum of occupied state
graphite, we assume resonant excitation of the excited s
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To obtain the photoemission signal as a function of pum
probe delay the population in the excited state is convolu
with a Gaussian pulse shape that corresponds to the p
pulse duration.

It is important to carefully determine the input paramet
for the optical Bloch equations in order to obtain reliab
results for the intermediate state lifetime. As discussed
Sec. III C 1, the position of absolute zero delay and the cr
correlation width for pump and probe pulses can be de
mined from the pump-probe signal at a somewhat lower
higher final-state energy~compare Fig. 7!. The calculation of
the pump-probe signal, however, requires the knowledge
the duration of both pulses. Since we have no direct mea
for the duration of the 400 nm pump pulse it is impossible
determine the probe pulse duration from the measured sig
We have, therefore, simulated the pump-probe signal
several pairs of pump and probe-pulse durations that all
sult in the same cross correlation width. For an intermed
lifetime of about 40 fs this shows that the shape of the pum
probe signal is only slightly changed as long as the pump
probe pulse durations are changed by less than 50%. In o
to keep the number of free parameters small we have, th
fore, assumed identical pulse durations for pump and pr
pulse. The best fit of the pump-probe signal at 2.0 and 2.6
final-state energy is shown in Fig. 7 as dotted lines und
neath the open symbols and reveals a pulse duration of 9

The observed linewidth of a photoemission peak is due
homogeneous and inhomogeneous broadening and due t
finite energy resolution of the spectrometer. In the desc
tion of the two-photon photoemission process with Blo
equations an inhomogeneous linewidth cannot be dis
guished from a system with aT2 time decreased due to ela
tic scattering events. In a 2P-PES experiment the linew
corrected for spectral resolution must therefore directly c
respond to the transversal relaxation timeT2 . Since the 60
meV energy resolution of the spectrometer increases the
width G of the photoemission peak~Fig. 6! only by 20 meV
we can estimate the value ofT2 from the deconvoluted pho
toemission linewidth of 170 meV using the relationT2
5\/G and obtainT25862 fs. The error represents th
variation ofG in different measurements.

The only free input parameter left is the lifetimeT1 of the
intermediate state. Under the assumption ofT258 fs and a
pulse duration of 90 fs for pump and probe pulse we obt
the best fit of the pump-probe signal with a lifetimeT1 of the
n51 image potential state of 40 fs. From the variation of t
mean square error between the theoretical curve and the
perimental data as a function ofT1 one can estimate th
68.6% confidence interval as 34 fs,T1,46 fs. The best fit
varying T1 and T2 is achieved withT1540 fs and T2
510 fs with their 68.6% confidence intervals given by 28
,T1,46 fs and 8 fs,T2,45 fs. Obviously it is impossible
to obtain an estimate forT2 from the variation of both pa-
rameters since they are strongly correlated. However,
best fit of T2 agrees with the value determined from t
linewidth of the photoemission peak.

IV. DISCUSSION AND CONCLUSION

Summarizing the experimental results, we have una
biguously identified then51 andn52 image potential state
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on graphite. Their binding energies are 0.85 and 0.15
respectively. Time-resolved two-color 2P-PES reveals a l
time of 4066 fs for then51 state. In addition we find tha
the multiphoton photoemission spectra obtained after
and 267 nm excitation are consistent with the known b
band structure of graphite.17 An energy diagram that sche
matically represents the projected band structure and
most relevant multiphoton excitation processes is shown
Fig. 8. It is obvious that the two-photon photoemission p
cess via then51 image potential state must include a no
ki-conserving transition.

The interaction between the image potential states and
unoccupied bulk band structure determines the binding
ergy of the states and their electronic relaxation behav
Their properties therefore give information about the un
cupied bulk band structure and vice versa. As shown in S
III B the image potential states on graphite are characteri
by a vanishing quantum defecta. The multiple-reflection ap-
proach for image potential states40 allows to relatea to the
electronic properties of the substrate. A quantum defec
a50 corresponds to wave functions of the image poten
states which have a node at the termination plane tha
located half a lattice constant above the surface atoms a
pronounceds-like tail into the bulk. One-dimensional wav
function calculations15 and the multiple reflection approach40

show that such wave functions are only found if reals-like
solutions for the bulk states exist at energies close to
binding energy of the image potential state. The quant
defect a is therefore a measure for the energy differen
between the image potential state and bulk states in the
jected bulk band structure. This theoretical description
glecting the explicit structure of the surface is in agreem
with the observations for quite a number of me
surfaces.13,15According to this, the vanishing quantum defe
for the image potential states on graphite leads to the c
clusion that then51 state seen at 3.65 eV above the Fer
energy is energetically close to as-like bulk band. Since

FIG. 8. Projected band structure of graphite derived from R
17 under the assumption that the band dispersion perpendicul
the surface exhibits a monotonous behavior. The occupieds band is
shifted downwards by 1 eV to achieve agreement with experime
results~Ref. 35!. The energetic position of the vacuum energy a
the n51 andn52 image potential state are indicated by vertic
lines. The critical transition with 267 nm light at theM andL point
in the band structure~1! and the two-photon excitation via then
51 image potential state with 267 nm-pump and 400 nm-pro
process~2! is represented schematically by arrows.
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there is no evidence fors-like bands at energies below 3.7
eV,17 we derive from the vanishing quantum defect that th
lowest unoccupieds band is located at about 3.7 eV abov
the Fermi energy. This is in agreement with those bulk ban
structure calculations that predict the minimum of the inte
layer band at this energy.17,24

The existence of then51 image potential state and its
small difference in energy with respect to the minimum
the interlayer band answers the question about the origin
the feature seen in inverse photoemission at about 3.7
above the Fermi energy.18,19,22 Due to the limited energy
resolution in these experiments and since non-ki-conserving
transitions cannot be excluded it has been impossible to d
tinguish between bulk and surface contributions, i.e., the s
nal from the interlayer band and then51 image potential
state. The observation that the feature at about 3.7 eV
sometimes influenced by surface modification22 and some-
times not19 can be explained by different sensitivity to eithe
the surface state or the bulk band contribution in differe
experiments.

The vanishing quantum defect of the image potential st
for graphite sheds light on the nature of surface states
layered materials in general. In addition to non-ki-conserving
transitions Fausteret al.has proposed a surface state split-o
from the interlayer band to explain the ARIPES results18

Calculations using an effective potential derived from anab
initio treatment of a single carbon plane that includes ele
tron correlation effects predict such a state just below t
minimum of the interlayer band.41 This illuminates that on
graphite then51 image potential state could be viewed als
as a splitoff state from the unoccupieds band. This corre-
spondence is due to the fact that the unoccupied band st
ture in graphite exhibits a two-dimensional character and t
the interaction of an excited bulk electron with all other ele
trons in the layer determines its energy in a similar way as
is the case for an image potential state. This close relat
between image potential states and the unoccupieds-like
bands could, therefore, help to improve the understanding
collective phenomena in graphite or in layered materials
general.

The image potential state lifetime is determined by th
interaction with bulk states and by the carrier relaxation
the substrate. A long lifetime reflects a small overlap wi
the bulk states or a long lifetime of the bulk states. In ord
to decide what determines the image potential state lifeti
of 40 fs on graphite it is necessary to compare it with oth
e
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known lifetimes. A lifetime of 40 and 55 fs has been dete
mined recently for then51 image potential state on Cu~100!
and Ag~100!, respectively.5 In both cases, however, the im
age potential state is located at about midgap in the proje
band structure. Therefore, these states have small ove
with bulk states, resulting in a rather long lifetime. In co
trast, the image potential state on graphite is located clos
the minimum of the unoccupieds band and should be com
pared for example with then51 image potential state on
Cu~111! having a lifetime of about 15 fs.2,5 Taking this into
account, the lifetime on graphite is much longer than tho
found on metal surfaces. This could either indicate a we
interaction between the image potential state and the b
bands although the state is located at the top of the band
or a long relaxation lifetime of the electrons in the corr
sponding bulk band. The latter explanation is related to
two-dimensional character of the bulk band structure
graphite, since the localization of the interlayer band wa
functions between the carbon planes reduces the ove
with final states of the relaxation process. However, a cl
identification of the physical mechanism requires a theor
cal treatment of the image potential states on graphite
includes band-structure effects. The feasibility of this h
been demonstrated recently for the Cu~100! and Cu~111!
surfaces.42

In conclusion, multiphoton photoemission on graphite
400 and 267 nm excitation allowed the unambiguous ide
fication of then51 andn52 image potential state on graph
ite. The observed binding energies of 0.85 and 0.15 eV,
spectively, and the corresponding quantum defect ofa50
show that then51 image potential state is located close
the top of the band gap of the projected band structure. T
observation settles the controversy concerned with the un
cupied band structure of graphite. Both the minimum of t
interlayer band and then51 image potential state give ris
to a feature seen in inverse photoemission at about 3.7
above the Fermi energy and cannot be resolved in those
periments. Time-resolved 2P-PES reveals a lifetime of
66 fs for then51 image potential state. We relate the l
cation of then51 image potential state close to the top
the band gap and its rather long lifetime to the tw
dimensional character of the interlayer band. Additional e
periments on other layered materials and theoretical inve
gations of the surface states in quasi-two-dimensio
systems should lead to an improved understanding of
dynamic properties of a layered electron gas.
,
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