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Properties and dynamics of the image potential states on graphite investigated by multiphoton
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Multiphoton photoemission spectroscopy of graphite using 267466 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 additiams=theindn=2 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, the=1 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 oftfs for then=1 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 graphit€0163-182609)09547-§

[. INTRODUCTION occupied band structure of graphite. Whereas the occupied
bulk band structure of graphite is well understood and dif-
Image potential states on surfaces have received considerent theoretical and experimental observations converge,
erable attention during the last years. This is mostly due tdhis is not the case for the bound unoccupied stdtdhe
the fact that the formation of bound image potential states i€xperimental investigation of the unoccupied states of graph-
a quite common phenomenon on a large variety of differentt€ started with the work of Faustet al. in the early 1980s
surfaces and they can therefore be used to investigate at§nd angllélar-resolved inverse photoemission spectroscopy
compare the electronic properties of different surfaces. IWARIPES.™ The authors report two unoccupied bands at
addition, the recent developments in ultrafast laser spectro@P0ut 4 eV above the Fermi energy, one of which shows
copy allow direct time-resolved investigation of the dynam-d'sperSIon along the axis and th‘? other does not._Bpth were
ics of the image potential staté% The attractive Coulomb attributed to the lowest unoccupiedband that exhibits high

interaction between an electron located in front of the surfacé lectron densities between the carbon planes and is therefore

and its image charge and a repulsive barrier towards the buﬁi(enoted as interlayer band. The band with vanishing disper-
9 9 P sion perpendicular to the surface was identified either as a

arising from a gap in the projected bulk band structure Ie‘fj‘dgurface state split-off from the bottom of the interlayer band

to the formation of bound image potential states. Although, oq 5 spectroscopic feature due to a nondirect transition to
their existence was proposed previously

. : : in 1939 byihe interlayer band itself The latter observation is sup-
Shockley, they were derived from detailed theoretical con- yorteq by the observation that surface modifications like the
siderations by Echenique and Perfdrysing multiple-  exposure to reactive oxygen and hydrofeto not influence
reflection theory and later verified and investigated by in- the inverse photoemission signal at 3.6 eV above the Fermi
verse photoemission spectrosctby® and two-photon  energy. However, discrepancies between these observations
photoemission spectroscopP-PES."****°Due to the and the results from angular-resolved secondary electron
collective character of the excitation, i.e., the polarization ofemission spectroscof{?* as well as from target current
bulk electrons, the formation of image potential states doespectroscopi?? initiated a controversy concerning this in-
not depend on the exact structural properties of the surfacerpretation. Summarizing, the experimental evidence allows
and is therefore a quite universal phenomenon. It is importhe placement of the minimum of the interlayer band either
tant to note, however, that their actual properties like bindingat about 4 or at 7.5 eV above the Fermi energy. To compli-
energy and lifetime are determined by the bulk properties otate the situation even more, both interpretations are sup-
the material. ported by theoretical calculations, by Holzwaehal?* for
Whereas the properties of the image potential states arbe lower interlayer band minimum and by Tatar and Rabii
known for a large number of metal surfadéSthere is very  for the placement at 7.5 eV.
limited information available for semimetals and layered ma- Tentative interpretations of the feature at about 4 eV
terials. To our knowledge the existence of image potentiahbove the Fermi energy in terms of an image potential state
states on semimetals was only demonstrated for Sb arake given, based on the quenching of the state by an acciden-
TiS,.1® For graphite an image potential state has beenal surface contaminatiéfhor derived from an inconsistency
proposed? but an unambiguous experimental evidence hadetween experiment and thedfyHowever, it remained im-
been missing up to now. This is due to ambiguities in thepossible to distinguish between an image potential state, an
interpretation of experiments performed to determine the unintrinsic surface state or effects due to the bottom of the

0163-1829/99/6(24)/170379)/$15.00 PRB 60 17 037 ©1999 The American Physical Society



17 038 LEHMANN, MERSCHDORF, THON, VOLL, AND PFEIFFER PRB 60

interlayer band. As a technique that gives information abouspectra fromex situandin situ cleaved samples. The quality
the unoccupied band structure, two-photon photoemissionf the cleaved HOPG surfaces is routinely characterized by
spectroscopy'® (2P-PE$ and its time-resolved in situ STM.

counterpart?’?8is well suited to identify the nature of the

electronic state seen at about 4 eV above the Fermi energy. B. Time-of-flight spectrometer

The dynamic properties of an excitation are either re- The photoemission spectra are measured with a home-
flectgd by its hpmogeneous linewidth or can.be directly in,'built UHV time-of-flight (TOF) spectrometer. The arrival
vestigated by time-resolved methods. Since image potentiglyas of the individual electrons are detected by a fast mul-
states reside in front of the surface and have a small overlag-nannel plate detectdMCP) in combination with a time-
with the bulk electronic states their lifetime is in the range oftg_amplitude convertefTAC). Laser intensities are usually
10-100 fs’ Usually this gives rise to a rather narrow line- attenuated so that the probability to detect one photoelectron
width of the photoemission peaks and allows us to applyer laser pulse is below 0.1 and saturation of the TAC as
time-resolved 2P-PES, as has been demonstrated by Schoevell as space charge effects are avoided. In order to reduce
lein et al! for then=1 image potential state on AH0O. In  the influence of stray fields between sample and spectrom-
contrast to linewidth measurements that are limited by inhoeter an extraction biasf® V is applied.

mogeneous line-broadening effetts, time-resolved meth- The time-of-flight of an electron is determined by the
ods can identify different contributions to the dynamic be-electrostatic potential between sample and MCP detector and
havior of an excitatio:>°2°:3 its initial kinetic energy. Therefore, the work function differ-

Recent experiments have demonstrated that the hot ele€nce AW between sample and spectrometer influences the
tron relaxation in graphite deviates from the Fermi-liquid time-of-flight of an electron. To correct for this influence we
behavior of a three-dimensional electron §d5Since both routinely determineAW. To achieve this the electrostatic
the image potential states and the bulk electronic structurBotential between sample and detector is determined by solv-

exhibit two-dimensional character, one can expect a clostd the EOiSSO” equation under the given boundary

relation between them, i.e., the lifetime of the image poten_c:onditions.3The properAW is found by comparing the cal-

tial states should also deviate from the behavior of the corfulated time-of-flight with the measured one. UsiAgV a
responding excitation in a three-dimensional system. relatlon_ between the t_|me-of_-fl|ght ar_1d the klne_tlc energy of
the emitted electrons is obtained. This relation is used for the

In this paper we present results of multiphoton photoemis¢ ordinate transformation that is necessary to obtain the pho-
sion spectroscopy and time-resolved 2P-PES measuremefta y P

. ) . . toemission spectrum as a function of the kinetic energy of
1o anots o' SEConS i espec (o he sample surfce
thg sing?le-photon and mu){tiphoton p%otoemiésion spec);ra ob- The energy resolution of the spectrometer can be esti-
tained after 400 nni3.1 eV) and 267 NM(4.65 eV} excita- mated from the shape of the photoemission spectrum of a

) . : material with high density of states at the Fermi energy.
tion of the pure HOPG surface_allows us to |dent|_fy all Ob'From the spectral shape that corresponds to the emission
served spectral features, especially kel andn=2 image

potential states on graphite. Time-resolved 2P-PES for thfrorn states close to the Fermi energy we estimate an energy

n=1 image potential state is then presented and discussed Fesolution of about 60 meV at a kinetic energy of 1.5 ev.
- gep ! P 4 Blie to the shorter time-of-flight this resolution decreases for
terms of optical Bloch equations for a two-level system. Fi-

; ; ; lectrons with higher kinetic energy. From the calculated tra-
nally, we discuss the close relation between the properties 9 9y

/ . ctories we estimate an angular acceptance of the spectrom-
the image potential states and the layered structure of grap fer of about+10° for electrons with 2 eV kinetic energy
ite. ’

C. Two-photon photoemission spectroscopy

Il. EXPERIMENTAL DETAILS In our experiments we employ a home-built Ti:sapphire
laser system. The stretched output of the femtosecond oscil-
lator (80 MHz, 4 nJ, 45 fs, 800 njrseeds a high repetition
The samples used for the experiments consist of highlyate regenerative amplifier. The amplified laser pulses are
oriented pyrolytic graphit¢dHOPG.>? In contrast to single compressed and pulses of 65 fs duration and 23 &nergy
crystals of graphite, HOPG is a polycrystalline material withare obtained at a repetition rate of up to 300 kHz. In Fig. 1
uniform c-axis orientation of the crystallites but random ori- the experimental setup is shown schematically. Second-
entation of their basal planes that is available in high purityharmonic generation and sum frequency generation in two
The surface quality of an artificial graphite single crystal100 um thick BBO crystals are used to obtain laser pulses at
turned out to be insufficient for our experiments. The400 and 267 nm. The energy per pulse at both wavelengths is
samples are cleaved eithiersitu under UHV conditions (1  20—-30 nJ. A Mach-Zehnder interferometer generates pump
x 10" mbar) or under ambient conditions immediately be-and probe pulses with variable time delay. Two prism com-
fore transfer into the UHV load-lock chamber. In the latter pressors compensate the material induced increase of pulse
case the samples are heat&® min, 600 °Q to allow for  duration. A fused silica lens with 200 mm focal length is
stable tunneling conditions in an situ UHV-STM. After  used to focus the laser beam on the sample.
this treatment the scanning tunneling microsc¢gyM) to- Time-resolved 2P-PES requires the energy resolved re-
pography shows no significant traces of surface contaminazording of pump-probe spectra. Since the detection of elec-
tion and we observe no differences in the photoemissioftrons from the whole energy spectrum with every laser pulse

A. Sample preparation
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FIG. 3. Intensity dependence of the photoemission yield at 267
nm excitation integrated over final state energies between 0-0.2 eV
(closed squargsand 0.5-5 eV(open squargs The continuous
curves represent the fit of a power law to the data. The maximum
UHV System (LEED, Auger, STM) laser intensity is 1DW cm 2.

observed. At a ten times higher laser flueridashed ling

the yield between 0 and 0.4 eV also increases by a factor of
10, indicating a single-photon photoemission process. How-
ever, a contribution of photoelectrons with electron energies

is one O_f the major advantages of the TOF techni_que, it isabove 0.4 eV appears and rises rapidly with increasing laser
also desirable to measure the total spectrum for a given dela}

time and then move on to the next. To allow this kind of Hrensity.
' : Figure 3 displays the integrated photoelectron yield at ki-
measurement we have tuned the laser system to high lon 9 play g p y

. . : X . Yetic electron energies below 0.2 eV and between 0.5 and 5.0
term stability. The typical drift of the on-line monitored .eV as a function of the laser intensity. At low laser intensities
the yield below 0.2 eV exhibits a linear slope. The saturation

24 h. In.ordgr to check for artifacts due to laser drift or dueof the photoemission yield at high laser intensity is attributed
to deterioration of the sample surface we record the photo;,

lect ianal i red £ th be del to the saturation of the time-to-amplitude converter. The lin-
electron signal in repeated scans of the pump-probe delay.q 5 rejation together with the observation that the photoemis-

sion yield in this energy range neither depends on the size of

FIG. 1. Schematic representation of the experimental setup.

. RESULTS the laser focus nor on the actual laser pulse duration proves

that these photoelectrons stem from a single-photon photo-

A. Multiphoton photoemission from graphite emission process. In contrast, the photoelectron yield inte-
1. Photoemission at 267 nm excitation grated between 0.5 and 5.0 eV shows a constant slope of

o ) o ) 1.7+ 0.1 over two orders of magnitude in laser intensity. We,
~ Photoemission spectra obtained at excitation with 267 Ny, erefore, attribute it to a two-photon photoemission process.
light (4.65 e\j are shown in Fig. 2 for different laser inten- | order to assign the energetic position of an intermediate
sities. The observed change of the photoemission spectigae with respect to the Fermi energy it is necessary to de-
with increasing laser intensity shows that the spectrum congarmine the work function. The presence of single-photon
sists of at least two contributions. At the lowest eXCitatiO”photoemission at 267 nm indicates that the work function of
intensity (dotted ling a narrow peak with an exponential {he HOPG surface must be smaller than the photon energy of
decrease extending to about 0.4 eV kinetic electron energy i$ g5 ev. In a semimetal the density of states at the Fermi
energy is small or vanishes completely. The identification of
] the final-state energy of the photoelectrons stemming from
Eun initial states at the Fermi energy therefore requires an ex-
trapolation of the spectrum. We estimate a work function of
ol 4.5+0.1eV from linear extrapolation of one-photon photo-
a @ ] emission spectra obtained at low laser intensity. This method
is reasonable since the occupied and unoccuptedands
exhibit linear dispersion at the Fermi energy. The obtained

267 nm Excitation

Photoelectron Yield [arb. units]
=

ok \; A ] value of 4.5 eV for the work function is considerably smaller
LT I W .\l ! than the literature value of 4.7 eV for the pure graphite
0 1 2 3 4 5 surface?® However, since neither cleaning of the surface by

Kinetic Electron Energy [V] either sputtering or heating nor situ cleavage of the HOPG

FIG. 2. Photoemission spectra of HOPG after excitation witndid change its work function, we believe that the observed
267 nm(4.65 eV} at different laser intensitied, is 1 Wcem2.  reduction is not due to adsorbates but is an intrinsic property
The energy scale reflects the initial kinetic energy of the photoelecof the used HOPG material.
trons. The inset indicates the single-photon photoemis&ipand The two-photon contribution extends to about 4.5 eV ki-
two-photon photoemission via the bands at thé. andM pointin ~ netic electron energy. The dominant feature in the spectrum
the Brillouin zone(2). is a broad shoulder at about 2 eV final-state energy. It is
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: and the next higher laser intensity consist only of a monoto-
++ @ nously decreasing slope, a pronounced photoemission peak
at about 2.25 eV kinetic electron energy appears in the spec-
20 ;;;;&****‘***M """""""""""""" trum recorded at the highest laser intensity.
: : : ; The three spectra shown in Fig. 4 are chosen from a se-
400 nm Exciation —'—LE ® guence of ten spectra recorded at different laser intensities.
0.131, T “ 3 In order to evaluate the intensity dependence, the photoelec-
002 T tee | tron yield at a given final-state energy as a function of the
applied laser intensity is fitted with a power law. The ob-
tained values for the exponentare shown in the upper part
m ] of Fig. 4. Between 0.5 and 1.6 eV the photoemission yield
o I scales quadratically with the laser intensity. This behavior
0 i 2 3 z 5 and the measured work function of 4.5 d¥ompare Sec.
Kinetic Electron Energy [V] IIIA1) proves that a two-photon photoemission process is

FIG. 4. The lower partb) shows three photoemission spectra '€SPoOnsible for the photoemission up to final-state energies
from HOPG after 400 nm excitation at different laser intensitigs ~ Of 1.6 V. At higher energy the power law for the intensity
is 1 W cm ). The inset represents the nonresonant two-photorflependence changes, indicating that three-photon photoemis-
photoemission(1) and the resonant three-photon photoemissionSion starts to dominate.
process via the=1 image potential stat@). In the upper parta) Below 0.5 eV a slight decrease of the exponent is ob-
the exponenn of the power law describing the intensity depen- served. Interestingly the change of the intensity dependence
dence of the photoemission yield is displayed as a function of th@round 0.5 eV coincides with a small change of the slope in
kinetic electron energy. The data used for the fit stem from a sethe photoemission spectfkig. 4(b)]. At the initial state 1.2
quence of ten photoemission spectra recorded in the intensity rangg/ below the Fermi energy no distinct feature in the density
of 10’1 Wem™2, of states is known neither from conventional photoemission

spectroscopy nor from theoretical calculatidhé*?°0On the
related to a feature seen in angular-resolved inverse photather hand, the intermediate-state energy at about 1.9 eV
emission spectroscopyARIPES at an energy of about above the Fermi energy coincides with the high density of
1.5-2 eV above the Fermi eneréyThis feature was attrib- unoccupied states of the bands at thévl andL point in the
uted to nonk,-conserving transitions from the initial state Brillouin zonel”*°The changing slope in the photoemission
into a high density of unoccupied states of theands at the spectra as well as the reduced exponerelow 0.5 eV
M andL point in the Brillouin zone. It is interesting to note might, therefore, be explained by the predominant population
that the transition energies between occupied and unoccupied 7-band states close to thé andL point and subsequent
7 bands at theM and L point are between 4.5 and 4.7 photoemission from these states. For the two-photon photo-
eV,221734and therefore very close to our excitation wave-emission process with a final-state energy above 0.5 eV the
length. Accordingly, we attribute the shoulder in the two-lack of such a high density of unoccupied intermediate states
photon photoemission spectrum to a resonant two-photon exeads to the quadratic power law.
citation at theM and L point. At final states above 2 eV As mentioned, the photoelectrons emitted with more than
final-state energy this mechanism vanishes, since these state$ eV kinetic energy originate from a three-photon photo-
can no longer be reached via the unoccupteldands at the emission process. This spectral contribution is dominated by
M andL point. The alternative explanation of the shouldera distinct peak at 2.25 eV final-state energy that corresponds
due to direct two-photon photoemission from the high den-either to resonant intermediate states 0.85 and 3.95 eV below
sity of states at the~band maximurfican be ruled out, since the vacuum level or to a high density of initial states about
angular-resolved photoemission reveals thdand maxi- 2.6 eV below the Fermi level. The latter two possibilities can
mum at 4-5 eV below the Fermi energy/® be ruled out since both states should have been visible in the

At kinetic electron energies above 2 eV the photoemissiorwo-photon photoemission spectrum at 267 nm excitation at
yield declines rapidly and only a small photoemission yield2.2 and 0.7 eV final-state energy. Accordingly, there is evi-
is observed above 3 eV. This reflects a decrease of the dedence for a resonant intermediate state 0.85 eV below the
sity of states in the initial, the intermediate or the final statevacuum level in the three-photon photoemission spectrum at
In order to obtain spectroscopic information of the small400 nm as well as in the two-photon photoemission spectrum
peak at 3.9 eV kinetic electron energy long spectrum inteat 267 nm. The nature of this intermediate state will be ad-
gration times are required. The origin for this emission pealdressed more thoroughly in the following section.
is the presence of an image potential state at the surface of
HOPG and will be more thoroughly discussed in Sec. Il B. B. Identification of the n=1 and n=2 image potential states

Photoelectron Yield [arb. units]

As outlined above, both the multiphoton photoemission
spectra at 267 and at 400 nm excitation exhibit evidence for

Photoemission spectra using an excitation wavelength ahe presence of a resonant intermediate state close to the
400 nm (3.1 eV) are shown in Fig. @) for different laser vacuum energy. Figure 5 shows photoelectron spectra re-
intensities. The highest photoelectron yield for all appliedcorded at 267 and 400 nm excitation. As discussed in Sec.
laser intensities is observed at low electron energy followedll A 2 the peak at 2.25 eV in the photoemission spectrum at
by an almost exponential decrease with increasing kinetid00 nm excitation must be due to a resonant intermediate
electron energy. Whereas the spectra recorded at the lowestate in a three-photon photoemission process. At 267 nm

2. Photoemission at 400 nm excitation
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FIG. 5. Photoemission spectra of HOPG after excitation with
400 nm (solid line) and 267 nm(dotted ling light. The resonant
multiphoton excitation via th@=1 image potential state is indi-
cated in the inset fofl) 400 nm and2) 267 nm excitation.

FIG. 7. Normalized pump-probe spectra for two-photon photo-
emission via then=1 image potential statéclosed symbolsand
via intermediate states 0.25 eV below and 0.35 eV above this state
(open symbolsare shown. The shaded area is the fit of a Gaussian

excitation a photoemission peak appears at 3.85 eV ﬁnat_o the cross correlation of pump and probe pulses as it was obtained

tat The diff betw the final-stat rom time resolved 2P-PES on a polycrystalline tantalum surface.
state energy. The difierence between the final-stale energy gy, o optical Bloch equations for a two-level system were used to fit
400 and 267 nm excitation is 1.6 eV. Within the experimen-y, . experimental datéine graphs.
tal uncertainties this is in excellent agreement with the en-
ergy difference of the 400 and 267 nm phc_)to_ns, I.€., 1.55 Ve, citation on a linear scale. In addition to the photoemission
We therefore conclude that both photoemission peaks at 2.233<

: : ~“peak at 2.25 eV a peak is seen at 2.95 eV final-state energy.
and 3.85 eV are related to the same intermediate state W'thﬁssuming the same excitation pathway as for the peak at

?inding er}e£95y b\?t\éveen”(l)f(i aQ.OI 0.85 eV. L(sting the work, 55 ey "i.e., single-photon photoemission from the state,
unction of 4.5 eV(Sec. ) this corresponds to a state this corresponds to a state with a binding energy of 0.15 eV.

about 3.7 eV above the Fermi level. Whereas with 400 Mo presence of two unoccupied states with 6895 eV
excitation, this state must be populated by a two-photon pro; nd 0.15-0.05eV bhinding energy leads to their identifica-
cess and a third photon is required for the photoemission, ion as then=1 andn=2 image potential states

can be directly populated by the absorption of one 267 nm The binding energieE,(n) of the hydrogenic bound im-

photon. age potential states are described by the followin
Experiments performed with different HOPG sampleseguati%nlg, where n is the guantum numbgr ard is the 9
have shown that the magnitude of the photoemission peakti '

. o guantum defect
relative to the nonresonant background photoemission varie

significantly with the quality of the cleaved surface. In addi- 0.85 eV
tion, an exposure of the cleaved surface to the background Ey(n)= _2 =1.2,.... (1)
pressure in the UHV system over several days leads to a (n+a)

reduction of the peak amplitudes. This indicates that the in- .
termediate state 3.65 eV above the Fermi energy must be I;rom the energy difference of 0.7 eV between thel and

. . : : =2 image potential state a quantum defectaef —0.04
surface state. However, this experimental evidence is not yéll 0.05 is obtained. This demonstrates that the image poten-

sufficient to distinguish between an intrinsic surface Statefial states on graphite exhibit an almost ideal hydrogenlike

and an image potential state. . . ) N .
Figure 6gdispplays a photoemission spectrum at 400 anl‘i)ehawor. A more detailed discussion is presented in Sec. IV.

- C. Lifetime of the n=1 image potential state
Center: 2.25 eV

o2t [=i] . . .
FIWHM: 0.1920.02 eV 1. Time-resolved two-color photoemission spectroscopy

Centor: 2.65 e On the basis _of _the known excitfation pathways in mL_JIti-
FWHM: 0.17£0.03 &V photon photoemission on HOPG with 267 and 400 nm light
. the results of two-color pump-probe experiments can now be
analyzed. In a two-color time-resolved 2P-PES experiment
then=1 image potential state can be populated by a 267 nm
pump-photon, and the subsequent photoemission by the 400
nm probe-photon leads to the photoemission of an electron
with 2.25 eV final-state energy. A pump-probe spectrum for
a final-state energy of 2.25 eV is shown in Fig. 7 together
FIG. 6. Photoemission spectrum of the=1 andn=2 image  With spectra for 0.25 eV lower and 0.35 eV higher final-state
potential state at 400 nm excitation. The spectrum aroundnthe €Nergy. The latter two spectra are symmetric with respect to
=2 is multiplied by a factor of 15. The solid line corresponds to aZero delay time. In contrast, the finite lifetime of the image
Lorentzian fit including an exponential decrease of the backgroundpotential state leads to a shift and a slightly asymmetric
The center and the linewidth from the fit are given for the photo-broadening of the pump-probe signal. The maximum is
emission peaks. shifted by 40 fs relative to zero delay time towards positive

0.1t

Photoelectron Yield [arb. units]

2.0 2.5 3.0
Kinetic Electron Energy [eV]
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delay. This confirms that the 267 nm pulse acts as the pumpificant lifetime broadening and shift of the pump-probe sig-
pulse. Both observations, the shift and the small asymmetryjal can be excluded.
indicate that the intermediate state has a significant lifetime Besides the shift and the broadening of the pump-probe
in the order of the pulse duration. A similar shift of the signal at 2.25 eV it is worth noting an additional detail.
pump-probe spectrum in time-resolved two-color 2P-PES ofVhereas the signal is zero at large negative delay a contri-
image potential states has been reported by Schoenlefition of about 5% remains at positive delay of more than
et al,! Hertelet al,? and Shumat al’® 200 fs and decays on a ps time scale. This small contribution
The two-color pump-probe signal is composed of severalS attributed to the electron dynamics in states at about 0.55
contributions: One originating from the 267 nm-pump and€V @bove the Fermi energy that are populated by the 267 nm

400 nm-probe process and a second one originating from tHRUMP Pulse and then photoemitted by a two-photon probe
reversed absorption sequence. In addition to the resonant e focess. _On time scales in the orc_zler of pS the r_elaxat|on
citation via then=1 image potential state, bulk states at the 2€Navior in states close to the Fermi energy is dominated by
same energy might also contribute to the pump-probe sign _he coqhng of _the.electron gas due to the e!ectron-ph_onon
A priori it is not possible to distinguish between these Ccm_mteracnon. This gives rise to the small longlived contribu-
tributions. However, to allow an unambiguous determinatiortin t© the pump-probe signal.
of the lifetimes of intermediate states it is necessary to sepa-
rate them. By fitting each spectrum with a Lorentzian peak
shape and an exponentially decreasing backgrécowhpare Since the lifetime of thex=1 image potential state is in
Fig. 6) we can determine the background contribution andthe order of the pulse duration its effect on the pump-probe
the area of the resonant photoemission peak for every pumgffect is primarily seen in a shift of the pump-probe signal at
probe delay separately. The latter contribution as a functio2.25 eV final-state energy with respect to the pure cross cor-
of the pump-probe delay reflects exclusively the dynamics ofelation of the 267 and 400 nm laser pulses. It has recently
the n=1 image potential state, whereas the backgroundeen shown that the shift of the pump-probe signal in a time-
gives information on the dynamic behavior of the involvedresolved two-color photoemission experiment can be used to
bulk states. The comparison of the pump-probe signals foaccurately determine the lifetime of the involved state.
the n=1 image potential state with that of the total photo- Since pump and probe pulse overlap it is not possible to
emission yield at 2.25 eV shows that the photoemission viglescribe the multiphoton photoemission response of the sys-
the 400 nm-pump and 267 nm-probe sequence or via bullem by a rate equation model, but the coherent character of
states with 0.85 eV binding energy, has in this case no sigthe excitation must be considered and therefore the use of the
nificant influence. optical Bloch equations for a multilevel system is requited.
Since a finite lifetime of an intermediate state leads to dJnder the assumption that the coherence in the final state is
shift of the maximum of the two-color pump-probe signal, it immediately lost, it is sufficient to use the Bloch equations
is crucial to unambiguously identify absolute zero delay. Orfor a two-level system, as it was shown by Heeelal®
the Cu111) surface it has been demonstrated that the non- The optical Bloch equations for a two-level system are
resonant two-photon excitation from the occupied surfacalerived from the equation of motion for the density matrix in
state can be us€don graphite the situation is slightly more the energy representation. The relaxation towards the ther-
complicated. The pump-probe signals at final-state energig®al equilibrium is treated in the phenomenological relax-
for which the intermediate states have a lifetime shortation time approximation, that assumes time-independent re-
enough so that they represent the pure cross correlatidaxation rates. The population decay of the excited state is
width of pump and probe pulses can be used as a referen¢lescribed byT; and the decay of the polarization by the
for the absolute zero delay. The pump-probe signals at 2.0ansversal relaxation timé,. In the absence of phase-
and 2.6 eV final-state energy represent our best choice fatestroying elastic-scattering events but a finite lifetimeof
this. In the following it will be shown that lifetime effects the excited state, the transversal relaxation tipereflects
play only a negligible effect for these pump-probe signals. the dephasing of the polarization due to the different spectral
The pump-probe signals at zero delay include both poscomponents of a lifetime broadened state. Under excitation
sible excitation sequences, 267 nm pump—400 nm probe ar@bnditions where population transfer back to the ground state
400 nm pump-267 nm probe. Therefore, a pair of intermets not yet significant it can be shown that the relatibn
diate states separated by 1.55 eV is involved. One can expeet2T; must hold® In the presence of phase-destroying scat-
from Fermi-liquid theory’ that the intermediate state with tering events with a dephasing timie,, however, the re-
the lowest energy, i.e., 1.85 eV, should exhibit the longestluced transversal relaxation tirfie is given by®
lifetime. A relaxation lifetime of about 20 fs at 1.85 eV . 1) L

2. Optical Bloch equations

above the Fermi energy is known from literatr&. Since B

there is almost no difference between the pump-probe sig- T2o= 2_1'1+ T_qo
nals at 2.0 and 2.6 eV final-state energy we conclude that

there is only negligible lifetime broadening and a shift of the In the slowly varying envelope approximation which
pump-probe spectra due to this fast relaxation of the lowerleads to the rotating-wave approximation and with the dipole
lying intermediate states. This is additionally supported byapproximation for the optical excitation of the two-level sys-
the two-color pump-probe signal recorded on a polycrystaltem, one obtains a set of coupled differential equafidnat

line tantalum surface for intermediate states 2 eV above thare solved by numerical integration. Since the initial state in
Fermi energy(shaded area in Fig.)8For these states the the present case is in the continuum of occupied states of
relaxation lifetime is known to be less than 10°%tgnd sig-  graphite, we assume resonant excitation of the excited state.

@
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To obtain the photoemission signal as a function of pump-

probe delay the population in the excited state is convoluted ol Shuid | A
with a Gaussian pulse shape that corresponds to the probe
pulse duration. o B

It is important to carefully determine the input parameters — ns A
for the optical Bloch equations in order to obtain reliable 3 2t : Band A (2)5
results for the intermediate state lifetime. As discussed in > : :
Sec. Il C 1, the position of absolute zero delay and the cross 2 0 (1): Epp—
correlation width for pump and probe pulses can be deter- ! :
mined from the pump-probe signal at a somewhat lower and -2y o wBand H
higher final-state energigompare Fig. Y. The calculation of
the pump-probe signal, however, requires the knowledge of 4 oBand
the duration of both pulses. Since we have no direct measure K 1—- W

for the duration of the 400 nm pump pulse it is impossible to
determine the probe pulse duration from the measured signal. FIG. 8. Projected band structure of graphite derived from Ref.
We have, therefore, simulated the pump-probe signal fol7 under the assumption that the band dispersion perpendicular to
several pairs of pump and probe-pulse durations that all rethe surface exhibits a monotonous behavior. The occupieahd is
sult in the same cross correlation width. For an intermediat&hifted downwards by 1 eV to achieve agreement with experimental
lifetime of about 40 fs this shows that the shape of the pumptesults(Ref. 35. The energetic position of the vacuum energy and
probe signal is only slightly changed as long as the pump an@e n=1 anQp:Z ima_g_e pot_ential state are indicated by v_ertical
probe pulse durations are changed by less than 50%. In ordl_é’?es' The critical transition with 267 nm light at tm gnd L_pomt
to keep the number of free parameters small we have, therd? the band structurél) and the two-photon excitation via tie
fore, assumed identical pulse durations for pump and probg L IMage potential state with 267 nm-pump and 400 nm-probe
pulse. The best fit of the pump-probe signal at 2.0 and 2.6 e\J"0¢es32) is represented schematically by arrows.
flnalt-stt?]te energy |sbs?ownd|n Flg.I 7 as |dOtt§d “tf?es ufng()joe;bn graphite. Their binding energies are 0.85 and 0.15 eV,
nec?ll'he o%ggr?/g dS)I/irr?evc\)/iZtino ' rae;f]?)tso:rﬁius :iE(})n LI';:a'I??SO e ¢ F_espectively. Time-resolved two-color 2P-PES reveals a life-
. . ime of 406 fs for then=1 state. In addition we find that
homogeneous and |r_1homogeneous broadening and due to multiphoton photoemission spectra obtained after 400
f!mte energy resolution of the spectrometer. In th? descnpand 267 nm excitation are consistent with the known bulk
tion O.f the twq-photon photoem]ssm.n process with Bl.oc_hband structure of graphité.An energy diagram that sche-
equations an inhomogeneous linewidth cannot be distin

ished f B time d dd I matically represents the projected band structure and the
guished from a system with B, time decreased due to elas- ¢t relevant multiphoton excitation processes is shown in

tic scattering events. In a 2P.'PES experiment th? Iinewidtrrtig. 8. It is obvious that the two-photon photoemission pro-
corrected for spectral resolution must therefore directly cor+.qs via then=1 image potential state must include a non-
respond to the transversal relaxation tifie. Since the 60 k,-conserving transition

m.eV energy resolution ‘.Jf t_he spectrometer increases the line- The interaction between the image potential states and the
width I of t_he photoemission pegkig. 6) only by 20 meV unoccupied bulk band structure determines the binding en-
We can gstmate t.he value @ from the Qeconvoluteq pho- ergy of the states and their electronic relaxation behavior.
toemission |In6WIdth of 170 meV using the relatidr Their properties therefore give information about the unoc-
=h/I" and obtainT,=8=2fs. The error represents the ¢ hied bulk band structure and vice versa. As shown in Sec.
variation ofI" in different measurements. Il B the image potential states on graphite are characterized
_ The or_1ly free input parameter left is t_he lifetirig of the by a vanishing quantum defeat The multiple-reflection ap-
intermediate state. Under the assumptionilgt=81s and a  yroach for image potential staf8sllows to relatea to the
pulse duration of 90 fs for pump and probe pulse we obtairy|ectronic properties of the substrate. A quantum defect of
the best fit of the pump-probe signal with a lifetimgof the 53— corresponds to wave functions of the image potential
n=1 image potential state of 40 fs. From the variation of thegiates which have a node at the termination plane that is
mean square error between the theoretical curve and the egseated half a lattice constant above the surface atoms and a
perimental data as a function df, one can estimate the pronouncedsike tail into the bulk. One-dimensional wave
68.6% confidence interval as 3449, <46fs. The best fit  fynction calculation® and the multiple reflection approdh
varying T, and T, is achieved withT,=40fs andT,  show that such wave functions are only found if redike
=10fs with their 68.6% confidence intervals given by 28fsgo|ytions for the bulk states exist at energies close to the
<T;<46fs and 8 fs<T,<45fs. Obviously it is impossible phinding energy of the image potential state. The quantum
to obtain an estimate fof, from the variation of both pa- defecta is therefore a measure for the energy difference
rameters since they are strongly correlated. However, thgetween the image potential state and bulk states in the pro-
best fit of T, agrees with the value determined from thejected bulk band structure. This theoretical description ne-

linewidth of the photoemission peak. glecting the explicit structure of the surface is in agreement
with the observations for quite a number of metal
IV. DISCUSSION AND CONCLUSION surfaces>1° According to this, the vanishing quantum defect

for the image potential states on graphite leads to the con-
Summarizing the experimental results, we have unamelusion that then=1 state seen at 3.65 eV above the Fermi
biguously identified thea=1 andn=2 image potential state energy is energetically close to slike bulk band. Since
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there is no evidence fos-like bands at energies below 3.7 known lifetimes. A lifetime of 40 and 55 fs has been deter-
eV.}” we derive from the vanishing quantum defect that themined recently for the= 1 image potential state on CL00)
lowest unoccupiedr band is located at about 3.7 eV above and Ag100), respectively. In both cases, however, the im-
the Fermi energy. This is in agreement with those bulk bandage potential state is located at about midgap in the projected
structure calculations that predict the minimum of the inter-band structure. Therefore, these states have small overlap
layer band at this enerdy:>* with bulk states, resulting in a rather long lifetime. In con-
The existence of the=1 image potential state and its trast, the image potential state on graphite is located close to
small difference in energy with respect to the minimum ofthe minimum of the unoccupied band and should be com-
the interlayer band answers the question about the origin gfared for example with the=1 image potential state on
the feature seen in inverse photoemission at about 3.7 e€u(11l) having a lifetime of about 15 f5° Taking this into
above the Fermi enerdy:'®? Due to the limited energy account, the lifetime on graphite is much longer than those
resolution in these experiments and since kpoenserving found on metal surfaces. This could either indicate a weak
transitions cannot be excluded it has been impossible to dignteraction between the image potential state and the bulk
tinguish between bulk and surface contributions, i.e., the sigbands although the state is located at the top of the band gap
nal from the interlayer band and the=1 image potential or a long relaxation lifetime of the electrons in the corre-
state. The observation that the feature at about 3.7 eV isponding bulk band. The latter explanation is related to the
sometimes influenced by surface modificatfoand some- two-dimensional character of the bulk band structure in
times not® can be explained by different sensitivity to either graphite, since the localization of the interlayer band wave
the surface state or the bulk band contribution in differentfunctions between the carbon planes reduces the overlap
experiments. with final states of the relaxation process. However, a clear
The vanishing quantum defect of the image potential statédentification of the physical mechanism requires a theoreti-
for graphite sheds light on the nature of surface states ofal treatment of the image potential states on graphite that
layered materials in general. In addition to ngreonserving  includes band-structure effects. The feasibility of this has
transitions Fausteat al. has proposed a surface state split-offbeen demonstrated recently for the (000 and Cy111)
from the interlayer band to explain the ARIPES restfits. surfaces?
Calculations using an effective potential derived fromadn In conclusion, multiphoton photoemission on graphite at
initio treatment of a single carbon plane that includes elec400 and 267 nm excitation allowed the unambiguous identi-
tron correlation effects predict such a state just below thdication of then=1 andn=2 image potential state on graph-
minimum of the interlayer bantt. This illuminates that on ite. The observed binding energies of 0.85 and 0.15 eV, re-
graphite then=1 image potential state could be viewed alsospectively, and the corresponding quantum defecasf0
as a splitoff state from the unoccupiedband. This corre- show that then=1 image potential state is located close to
spondence is due to the fact that the unoccupied band struthe top of the band gap of the projected band structure. This
ture in graphite exhibits a two-dimensional character and thatbservation settles the controversy concerned with the unoc-
the interaction of an excited bulk electron with all other elec-cupied band structure of graphite. Both the minimum of the
trons in the layer determines its energy in a similar way as iinterlayer band and the=1 image potential state give rise
is the case for an image potential state. This close relatioto a feature seen in inverse photoemission at about 3.7 eV
between image potential states and the unoccupike  above the Fermi energy and cannot be resolved in those ex-
bands could, therefore, help to improve the understanding geriments. Time-resolved 2P-PES reveals a lifetime of 40
collective phenomena in graphite or in layered materials int 6 fs for then=1 image potential state. We relate the lo-
general. cation of then=1 image potential state close to the top of
The image potential state lifetime is determined by thethe band gap and its rather long lifetime to the two-
interaction with bulk states and by the carrier relaxation indimensional character of the interlayer band. Additional ex-
the substrate. A long lifetime reflects a small overlap withperiments on other layered materials and theoretical investi-
the bulk states or a long lifetime of the bulk states. In ordemgations of the surface states in quasi-two-dimensional
to decide what determines the image potential state lifetimsystems should lead to an improved understanding of the
of 40 fs on graphite it is necessary to compare it with otherdynamic properties of a layered electron gas.
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