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Alkali-metal-deposition-induced energy shifts of a secondary line in photoemission from graphite
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Photoemission spectra from graphite recorded along the surface normal reveal a state 7.6 eV above the
Fermi level populated by secondary electrons. We have studied this emission line both for pristine graphite and
after deposition of different alkali meta{dla, K, Rb or C$. Common for all the alkali metals is that initially
upon deposition the work function decreases rapidly and then saturates at a submonolayer coverage. In the low
coverage range the secondary line splits into two components one of which remains at nearly constant energy.
The other shifts to lower energy upon deposition in proportion to the work function chiebgeAed, where
a1 is approximately proportional to the radius of the alkali metal atom. Of main interest is the interpretation
of two secondary lines which appear as the evaporation is continued beyond saturation of the work function for
K, Rb or Cs but not for Na. Based on the common behavior for the three heavier alkali metals we revise an
earlier interpretation on results for only Na and K and suggest as an alternative that the secondary doublet is
characteristic of an orderedx22 atomic layer of alkali metal. The additional emission lines are then due to
electrons occupying final states at the midpoints of the boundaries of the hexagonal Brillouin zone and which
are diffracted into the normal direction.
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I. INTRODUCTION densation of alkali metal the preferred alternative. As more
Energy shifts are a main source of information when pho_alkali metal atoms are deposited the area of the condensate

toemission is applied to surface systems. Core level bindin§creases, eventually covering the entire surface.
energies give information about the existence and number of
inequivalent sites. Surface states may survive upon adsorp-
tion and have a coverage dependent binding enetdje-
wise quantum well like states in an overlayer are observed to The photoemission experiments were performed at BL52
shift in energy as more atoms are added to an incomplet@ the MAX synchrotron radiation laboratory, Lund Univer-
outermost atomic lay&rFor a semiconductor the entire spec-
trum shifts rigidly as the surface photo-voltage is modified .
due to illuminatiod or adsorptiorf. HOPG

While the observations referred to above concern filled T=90K
states, photoemission spectra may also show emission lines
due to final states populated by secondary electrons. This
type of emission has received relatively little attention in the
study of surface systems. In this paper we report on a de-
tailed study of a secondary emission peak which is due to a
zone center state of-character 7.6 eV above the Fermi
level, Eg, in graphite and the evolution of this upon deposi-
tion of different alkali metal§Na, K, Rb, C3.

Interesting with the alkali metal/graphite surface systems
is a phase transition, first observed for K/grapRieecurring
at a submonolayer coverage. For coverages below this
threshold the alkali metal atoms form a dispersed phase
whereas above it a close-packed metal phase coexists with
the dispersed oneFor graphite as well as for a metal sub-
strate there is a transfer of electronic charge to the substrate
from an adsorbed alkali metal atom. The surface dipoles thus
created cause a rapid drop of the work function initially upon
deposition. The important difference between graphite and a
metal is that graphite is a semimetal with few states near the
Fermi level that can accommodate the transferred electrons. fiG. 1. Photoemission spectra from pristine graphite recorded at
As the coverage is increased these electrons must therefogigferent photon energiesy, as indicated in the diagram. The peak
populate states significantly above the Fermi level of graphat 3 ev has a marked onset at a photon energy between 11 and
ite. As discussed in detail by Ishida and Palfrthis, at some 12 eV. The upper filledr-state is visible as a sharp edge at 4.25 and
coverage, becomes energetically unfavorable making cont.5 eV using photon energies of 12.75 and 13 eV.

II. EXPERIMENT
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FIG. 2. Work function change for graphite upon Cs deposition. E-E (eV)
1 ML of Cs corresponds to an evaporation time of 350 s.

FIG. 3. Photoemission spectra showing the evolution of the final
sity, where a normal incidence monochromator provides phostate in graphite upon Cs deposition. The evaporation time for each
tons in the energy range from 3.5 to 40 eV. A sample ofspectrum is given. At low coverage the state splits and one compo-
highly oriented pyrolytic graphittHOPG was used as sub- nent §hifts to lower energies. At higher coveragesl40 g two
strate. HOPG consists of microcrystals which have a nearlgeW final state peaks emerdabeledr; andF») at around 6.65 and
commonc-axis but which are azimuthally disordered. The /-4 €V aboveEg. These peaks grow in intensity until 1 atomic layer
disorder means that in LEED the pattern consists of ringé’f Cs is evaporated, which |n_ this experlme_nt was achieved after
rather than spots. It also means that an off normal photoemig>0 S- Upon further evaporation the intensity of these peaks de-
sion spectrum is integrated over the azimuthal angle. Alfreases agan.
spectra shown below are recorded along the sample normal.

The sample can be cooled to 90 K using ot 40 K using ~and based on energy band calculations it is assignedsto a
LHe. The alkali metals are evaporated onto the graphitéh'ﬂtep‘13

sample from a heated breakseal ampoule, which is kept at As seen in Fig. 1 the peak has an onset for a photon
constant temperature typically set to give a monolaiir) energy between 11 and 12 eV. With a work function of
within 3—10 min. The work function Change upon alkali 4.6 eV this means that at threshold the initial state has an

metal deposition is monitored as a shift of the low energyenergy somewhere between 3.4 and 4.4 eV beiaw

cut-off of the photoemission spectra. In the spectra recorded with 12.75 and 13 eV photons
Between experimental runs the sample is cleaned by rehere is a sharp edge at 4.25 eV and 4.5 eV kinetic energy

sistive heating to around 1100 K. This is done by passing &Fig. 1). The change in kinetic energy by the same amount as

current(~40 A) through the sample for about 1 min. After the change in photon energy indicates that this emission is

heating the low energy cut-off together with the overall ap-due to an initial state. Converting the kinetic energy into

pearance of the photoemission spectrum is used to check tgnding energy gives an initial state energy of 3.9 eV below
cleanliness of the sample. Er. We interpret the edge as emission from the upper filled

o-state, which at the zone-center is at 4.1 eV belgw*

Ill. RESULT . .
B. Alkali metal covered graphite

A. Pristine graphite Upon alkali metal deposition the evolution of the second-

In a photoemission spectrum from graphite recordecary peak at 3 eV kinetic energy.e., 7.6 eV aboveEy) re-

along the sample normal there appears a distinct line 3 eVeals two separate coverage stages.

above the low energy cut-off independent of the photon en- Initially upon deposition there is a nearly linear decrease
ergy used if this exceeds a critical valdeig. 1). Such be- of the work function when this is plotted versus deposition
havior is typical for a peak, which is due to a state abByve time. This is illustrated in Fig. 2 for the case of Cs where the
Photoelectrons are scattered into the state giving a peak wiork function changes, initially rapidly and then less rapidly,
fixed kinetic energy. The secondary peak in graphite aby 2.4 eV after 60 s of evaporation when it levels off. In this
7.6 eV aboveEg has been noted in previous experimémits  low coverage regime the secondary peak splits into two com-
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FIG. 4. Energy shift AE, of the shifted component of the final 8 7.5 7 6.5 6

state plotted versus work function change for the four alkali metals E-E_ (eV)

studied in this work. The lines drawn are least squares fits to the

data points. The slopey, for the different lines is given in Table I. FIG. 5. Photoemission spectra recorded from graphite after
deposition of the alkali metal indicated by each spectrum such that

ponents one of which shifts toward lower energy while thepeakFl has maximum intensity. The energy Bf andF, is very

other remains at approximately constant eneffglg. 3). A similar for the three alkali metals.

similar split and energy shift occurs for all alkali metals stud-

ied in this work, Na, K, Rb and Cs. The energy shXE, is The intensity of pealE, is large compared to all other
proportional to the work function changdE=aAed®, but  features in the alkali metal/graphite spectrum and also com-
with different constantse, for the different alkali metals pared to the final state peak for pristine graphite. This is
(Fig. 4). The values ofx are found to decrease with increas- shown, for the case of Cs/graphite, in Fig. 7 where spectrum
ing size of the alkali metal atom and are given in Table Ia js recorded for pristine graphite and spectrum B for a Cs
below. . . ) coverage which gives pedk,; maximum intensity. The two
Upon continued deposition beyond saturation of the workyther strong peaks in this spectrum are due to the spin-orbit
funct|on_tw_o new peaks emergkabeledF; and F_2 in Fig. 3). split Cs 5 level.
Peaks similar td=, andF; appear also when either K or Rb " £, o/qraphite the evolution of the spectrum upon depo-

{f‘ggpoesétfsdaﬁg'e?} V’:‘/ﬁ;wﬁg?é’ ésétgzt&gghpfeﬁ S;mli?;rto sition was monitored at different photon energies. One result
b PP P Y of interest is that the strong increase of the peak intensity

coverage dependence of the peak evolufintensity, energy with increasing coverage observed for pelkis similar
and width for K, Rb and Cs suggests that the peaks are du bove and bel%w the thgreshold for excitinpg gs &ectrons

o the substr_a_te although itS_ appearance IS indu_ced by alkq kinetic energies high enough that the electrons can con-
metal deposition. After passing a maximum the intensity de-

cays gradually with increasing deposition time as expectegIbUte toF after being inelastically scattered.
for substrate derived peaks. IV. DISCUSSION

The new secondary peakB; andF,) emerge in concert
with emission lines which signals the formation of con-
densed alkali metal. One characteristic line is the shallow The marked onset of the secondary peak for a photon
(n-1)p core line which is shifted from the binding energy energy between 11 and 12 €Wig. 1) indicates that electrons
observed for the disperse phd8eAnother characteristic
emission line is a stat8 at around 0.5 eV binding energy. _ .
The stateSis observed only for the three heavier alkali met- calculated distancel,., between the center of thg alkali metal ar_1d
als having binding energies of 0.57, 0.63, and 0.42 eV for K’the c_enter of the topmpst graphene layer are given for the various
Rb, and Cs, respectively. The intensity of p&dnd peaks, alkall metals, AM, studied.
increases upon alkali metal deposition and reaches maximu

A. Pristine graphite

TABLE I. The proportional constanty, in AE=aAe® and the

) ) I N K R

intensity at the same coverage. As shown for K/graphite in a b cs
Fig. 6 both peaks then decrease in intensity as more alkal 0.44 0.32 0.27 0.25
metal is deposited. For a more detailed report on feale 4 (A) 211 261 279 301

refer the reader to Ref. 17.
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HOPG /K
T=90K

from the upper filledo-state, 4.1 eV belovEg at the zone
centert* end up in the final state, 7.6 eV aboke.

Using 12.75 eV and 13 eV photons one finds a sharp edge
(Fig. 1) at a kinetic energy where electrons from the upper
filled o-state are expected. In a previous work on single crys-
talline films of graphite the upper-state was observed as an
edge also at photon energies above around 20 eV. The edge
developed into a narrow peak when the photon energy ex-
ceeded 36 eV. In a plane wave approximation of the final
state for a graphene sheet the upper filledtate gives no
emission in normal directiotf It was therefore suggested
that the uppew-line appears in normal emission as a result
of diffraction**

The full width at half maximum of around 0.5 eV for the
final state peak is small, considering the high energy, 7.6 eV,
aboveEr. The quasi-particle lifetimes in graphite are how-
ever unusual and not inversely proportional to the excitation :
energy squared as predicted by Fermi liquid theory. Experi-
mental two-photon-photoemission experiments by etal. )
implied a lifetime in the region 0.4—2 eV abot which is P S S
inversely proportional to the excitation enefdyln similar 0 10 20 30 40 50 &0 70 80
experiments Moot al. did not find any simple power law Evaporation time (s)
for the lifetime in graphit&® Support for the result obtained
by Mooset al.is given in calculations by Spataet al2* and FIG. 6. Intensity of the photoemission peaks due to the new

the deviation from Fermi liquid theory is ascribed to the final state peakcorresponding td; in Fig. 3) and a states, at
particular band structure of graphite. 0.57 eV binding energy, in the K/graphite system plotted versus
potassium deposition time. Both peaks are at maximum intensity

after a deposition time of 45 s when a full atomic layer of potas-

Intensity (Arb.Units)

B. Alkali metal covered graphite: Dispersed phase sium is obtained.
At low coverage there is a charge transfer from the ad- 1 q ed
sorbed alkali metal atoms to the graphite and hence a lower- —=——+1. (2)
ing of the work function. The partly ionized alkali metal a AEe&A

atoms repel each other and are uniformly distributed across _ ) o )
the surface, as observed by electron diffraction for K, Rb and'rom this one expects decreasing valueg efith increasing
Cs on graphit&2223|n this coverage regime the final state Size of the alkali metal atom. This is based on the reasonable
peak splits into two components one of which shifts toward@ssumption that the same amount of transferred cherde,
lower kinetic energy as more alkali metal is deposited. ~ the graphite gives the same energy slif, independent of
The split is ascribed to a surface-bulk split. The final statethe particular alkali metal responsible for the charge transfer.
is of o-character and is localized to individual graphene lay-This means that the fractiog/ AE does not depend on the
ers thereby reflecting the environment in each graphengartmula_r adsorbate. It then follows that whdnbecomes
layer. The detection of two components, one which remainarger « is expected to become smaller. .
at nearly constant energy, suggests that the transferred chargeFurthermore, according to Eq2), if 1/« is plotted
mainly resides in the topmost graphite layer. againstd for the various alkali metals the data points are
In a previous study the work function change for the expected to fall along astra!ght Iir_1e. As a first approximation
graphite/alkali metal system was regarded as the sum of tw#€ length of the surface dipole is taken to be the distance
contributions, the downshifAE of the energy bands in the Petween the alkali metal atoms and the center of the outer-
top graphite layer and the potential difference between th&ost graphene layed,.. In the literature one finds only few
top graphite layer and the alkali metal atoms. This leads téleterminations ofl,.. For a 2<2 Cs overlayer on graphite a

the following expression for the work function change: LEED analysis by Het al. gives a distance of 2.8 A.This
value differs significantly from the value 3.4 A, which is

obtained from density functional theo(®FT) applied to the
same systerf? DFT calculations by Lamoest al. for the
4% 4 and 2< 2 K overlayers on graphite yield d,. values
near 2.8 A in both cases.

In the absence of a complete set of reliable values for the
whered is the effective length of the surface dipolpthe  alkali metal-graphite distance we choose to calcuthtels-

Aed = AE + 299 (1)
€A

transferred charge andl the surface area. ing a simple hard sphere model. The atoms are treated as
Combining Eq.(1) with the experimental observation hard spheres making contact with their nearest neighbors and
AE=aAed gives the alkali metal atom is placed above the center of the graph-
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FIG. 7. Photoemission spectra recorded from pristine graphite, . .
A, and after evaporation ofpl ML of Cs, B. The s?acondar?/ pgaks Fl_G' 8. Plot Of_ 1/a. Versus the d'StanCdc? for the dl_ﬁerent .
due to the final states and discussed in the text are shaded in tﬁéka“ metals stu@ed in this work. The partlculgr ‘"’?”‘a'.' metal is
spectra. The shift of the low energy cut-off by around 2.3 eV pe.diven by each point. The least squares fit equation is given.
tween the two spectra reflects the reduction of work function upon
Cs deposition. The peak at around 18.2 eV binding energy in speesmaller than typical of a metal it is an order of magnitude
trum B is due to a graphite final state located close to the vacuunrger than the values obtained from energy band calcula-
level in pristine graphite and thus observed only after a work functjgns. Ahujaet al. obtain 0.0033 electron states/eV afSm
tion reduction. and Tataret al. obtain 0.00012 electron states/eV at&.

Values ofn(Eg) obtained from specific heat measurements
ite hexagon. This is the preferred site for both K andP€8.  range from 0.006 to 0.013 electron states/eV atom depending
The radius of the alkali metal atom is taken to be half theon the type of graphite sample used in the experimé&his.
nearest neighbor distance in the bulk metal, obtained frona later specific heat measurement on HOPG a value of 0.007
Ref. 26, and the carbon atom radius is chosen to be half thelectron states/eV atom was obtairf€dt should be pointed
interatomic distance in a graphene layer. The distaimggs out that in our case we get the DOS for a surface graphene
obtained in this way are given in Table I. layer perturbed by alkali metal and this may certainly differ

In Fig. 8 1/« is plotted against,, and a straight line from the bulk DOS in graphite obtained from the specific
has been fitted to the data points. From E2). we expect heat measurements. Also, the value we obtaimf{&:) de-
1/a@=1 for d=0. From the plot one finds that &#1 at pends on the values used for the radius of the alkali metal
1.5 A, which suggests that the dipole length is about 1.5 Aatom. For example, using the radius of the alkali metal ion,
shorter than the center to center distance between the adlaystitained from Ref. 26, to calculatk, a value of 0.024 elec-
and the uppermost graphene layer. We note that in the DFfron states/eV atom is obtained.
calculation for K/graphite by Lamoest al? it is found that The observation of a proportionality betweeyE and
the charge transferred from the potassium toward the graphved indicates that a rigid downshift of the graphite bands in
ite resides between the center of the outermost graphenfe vicinity of E, to make room for the transferred electrons,
layer and the alkali metal layer. The distance of the elecmight not be an adequate way to describe the electronic
tronic charge to the graphite layer is however appreciablstructure in the surface region. In the rigid band model,
smaller in the calculation, around 0.9 A, than obtained herewnich is often used to discuss charge transfer for alkali
A similar reduction of the effective dipole length was also metal/graphite systems, the dispersion of the graphite energy
obtained in a DFT calculation on a KgH,, cluste?” where  bands is assumed to be unperturbed by the presence of the
the effective dipole length was around 0.7 A shorter than theikali metal and the charge transferred to the substrate is only
center to center distance.8 A). manifested by a rigid downshift relativie- of the graphite

From the plot in Fig. 8 one can also obtain a rough estibands. If this model is applied to the present alkali metal/
mate of the density of electron states in the vicinity of thegraphite systems the linear relation betwe® and Aed®
Fermi level,n(Eg). The slope of the straight line combined implies a constant DOS abow&:.'® This is in conflict with
with a charge transfeq=en(Eg)AE givesn(Ef)=0.03 elec- the nearly linear increase of the DOS near above the deep
tron states/eV atom. An assumption then made is that theinimum at Er obtained in band energy calculations for
shift AE observed for the final state is the same as the shift ographite’*>2® Possible reasons for the discrepancy are dis-
states neaEg. While the value estimated fon(Eg) is much  cussed in a previous papér.
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C. Alkali metal covered graphite: Condensed phase Finally we compare the energies Bfwith the energies of

Striking with peakF, aside from the high intensity, is that final state peaks o_bsgrved in photoemission spectra of some
it is observed for K, Rb and Cs but not for Na. Regarding@/kali metal-graphite intercalation compoundsICs). In a
structure Na, like the heavier alkali metals, shows an onset g?hotoemission experiment on stage 1 potassium @¢K)
condensation at a coverage threshold in the monolayefakahasiet al®” found a prominent peak 6.0 eV abof.
range!531 Merely condensation is thus not sufficient foto ~ They interpreted this peak as the final state 7.6 eV alive
appear. Based on our previous results, which were limited t#? Pristine graphite downshifted by 1.6 eV. In another study
Na and K, we suggested that the initially formed condensat®Y Krieg et al*® on stage 1 alkali metal GICs a downshift of
is an intercalated monolayer fortKbut an adsorbed one for around 1.5 eV was obtained forgkd, whereM is K, Rb or
Nal® In earlier reports the K condensate had been assigneds- Although the shift is in good agreement with the one
to an adsorbed monolay2$:16 The present observations do reported by Takahasit al. the peaks were not as prominent
not resolve this matter, which is of continuing interest to us.as in Takahaset al’s measurements.

An alternative interpretation is however suggested by the We note that the energies of tiiepeaks are nearly the
fact that K, Rb and Cs all form 2 2 ordered layers for the Same for K, Rb and Cs. For pedk the energy downshift
surface systends as well as in alkali-graphite intercalation relative to the final state in pristine graphite is 0.95 @.
compound$?2 While K and Rb form a X 2 structure upon 9)- In comparison with the stage 1 alkali metal GIC energy
condensatiort! this order is preceded by an incommensurateshifts, the smaller shift of the final state reported in this work
2% 2 like structure for C83:31.33 can be understood from the observed trend of smaller energy

The atomic radius of Rb makes this atom fit especiallyshifts for higher stages alkali metal GIC. For example a stage
well to the graphene mesh. For Na the structure of an ad® Potassium GIC (CgK) resulted in a downshift of
sorbed monolayer is not known, but the atom is much too~1.2 eV3® Our sample, which has just one atomic layer of
small for 2x 2 order at full coverage. For adsorbed islandsalkali metal, might be classified as a stage infinity com-
which are 3 ML or thicker the surface layer is a close packedound.
plane of bcc Na but corrugated due to the misfit with the PeakF; in Fig. 3 is ascribed to emission from the final
graphene latticé* A possibility is thus thaF is characteristic ~ state in the graphene layer next nearest to the alkali metal.
of the 2x 2 order.F is then due to a state in graphite, which This graphene layer is much less affected by the alkali metal,
emits electrons along the surface normal after these hawith a peak shift relative to that of clean graphite of only
been diffracted by a 2 2 monolayer of alkali metal. A fold- around 0.2 eV. As expected a peak suchFass not ob-
ing of the Brillouin zone shows that the states of interest ar&erved in the photoemission spectra from stage 1 alkali metal
found at the six midpointsyl, of the boundaries of the hex- GICs3"38
agonal graphene zone. One band calculation indicates that In measurements on stage 4 potassium intercalated graph-
the emptyo band along thd’-M direction has a small nega- ite (C4gK)®* a shoulder on the high energy side of the final
tive dispersion such that the energyMtis around 0.4 eV  state peak was observed and from the second derivative a
lower than atl",?® another that the energy M is insignifi-  split of around 0.7 eV between the two components was ob-
cantly different from that ai’.1® An interpretation of the=  tained. This value is close to the 0.75 eV energy difference
peaks is then thdt; andF, are due tar-states neaM inthe ~ betweenF; and F, for the K, Rb and Cs/graphite systems
uppermost and next uppermost layers of carbon atoms. Pe&kig. 5).

F, is shifted less tharF; since the second layer is little

affected by the alkali metal. The shift in energy relative to V. SUMMARY
the clean graphite sample for both peaks has two contribu- '
tions. One is a shift in energy of the entiseband, say a rigid In photoemission spectra from graphite recorded along

downshift of the band. The other contribution is given by thethe surface normal there is for photon energies above 12 eV
difference in band energy between theand M points. We  a prominent emission line 7.6 eV above the Fermi level. The
note that our interpretation of theé peaks in terms of dif- line, which is due to a final state in graphite populated by
fraction is not possible to verify experimentally by turning secondary electrons provides via splitting, shift and intensity
the analyzer to probe the final state at Mgoints. Although  rather detailed information about the initial stages of growth
the final state is well above the vacuum level the conditionspf alkali metal when evaporated onto a graphite surface.

on energy and parallel wave vector, for escape into vacuum Upon evaporation of Na, K, Rb or Cs there is an initial
can be fulfilled only if the electrons are diffracted. In an rapid decrease of the work function and the peak splits into
inverse photoemission study the unoccupiedstate was two components, one of which shifts to lower energy as the
found to have an energy of around 0.8 eV lower at khe deposited amount is increased. The shift is linearly depen-
point than atl’.3®> The measured energy at thie point is  dent on the work function changAE=aAe®, and the near
however appreciably higher, 9.5 eV abokg, than the one proportionality betweenr* and the radius of the particular
obtained in secondary electron emission, 7.6 eV aldeve alkali metal atom deposited is used for a rough estimate of
Possible reasons for the discrepancy in measured energy withe DOS near above the Fermi level. In this low coverage
the two different methods are discussed elsewFeteLike range the alkali metal atoms are in a dispersed phase and the
the absolute energy at tHepoint is different also the mea- alkali metal induced split of the graphite final state is ex-
sured dispersion betwedhand M would be expected to be plained in terms of a surface-bulk splitting where the depo-
different. sition shifts the energy mainly in uppermost carbon layer.
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The observed proportionality betweAir andAed indicates  heavier alkali metals and the new lines would then be due to
that a charge transfer and filling of graphite states must belectrons which have been diffracted by th& 2 lattice
more complicated than what can be handled within a simplérom graphite states at the midpoints of the zone boundary
rigid band model. into normal direction.

On continued deposition beyond saturation of work func-
tion change and shift in energy of the secondary peak there is
a marked difference between K, Rb and Cs on one hand and ACKNOWLEDGMENTS
Na on the other. Only for the three heavier alkali metals two
new secondary lines appear. The doublet, which is assigned This work is financially supported by the Swedish Re-
to layer dependent final state energies in graphite, is sugearch Council. The assistance from the technical staff at
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