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Intercalation of copper underneath a monolayer of graphite on N{111)
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Angle-resolved photoemission and scanning tunneling microscopy have been applied to study the interca-
lation of copper underneath a monolayer of grapkits) on Ni(111). The room-temperature deposition of
copper on MG/N111) in the coverage range 4—12 A leads to the growth of Cu islands on the MG. Annealing
of the “as-deposited” system at a temperature of 400 °C results in the intercalation of all Cu atoms underneath
the MG. The intercalation of Cu is followed by a shift of the graphite-derived valence bands toward energies
that are characteristic of pristine graphite. This observation is understood in terms of a weakening of chemical
bonding between the MG and the substrate in the MG/Q@N) system.
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l. INTRODUCTION transitional metals, was reported in the literattfé-’ In par-
ticular, intercalation of alkaline atoms underneath a MG on
For quite some time, graphite intercalation compoundsNi(111) was studied by photoemissidRE).*® It was found,
(GIC’s), synthesized on the basis of various metals, haveéhat the valence bands of the M&NIi(111) systems(A
been attracting considerable interest, mainly due to the pro=Cs, Na, and K exhibit structures similar to those of bulk
nounced anisotropies in the electronic and electrical properalkali GIC's, i.e., they are characterized by charge transfer
ties of these materiafs® From a fundamental point of view, from the alkali atoms to the unfilled™-like states of the
GIC’s form an interesting group of layered materiafshat  graphite monolayer. In a recent papémtercalation of vari-
are characterized by various degrees of charge transfer froous atoms with quite different ionization potentials under-
the guest atoms to the unoccupied antibondifigstates of neath a MG on Ir, Ni, and Re substrates was analyzed. It was
graphite. This gives rise to a wide spread in chemical bondshown that atoms with low ionization potenti@.g., alkali
ing between intercalant and graphite layers, ranging fromatomg will be positively charged upon intercalation, and can
ionic to covalent contributions. Although a large variety of only form a single monolayer underneath the MG on
metals has been intercalated successfully into graphite, theidi(111). At the same time, atoms with a large ionization
are a number of transition metals, including Cu, that do nopotential(like Pt, Si, C, and othejsare bound to the MG by
form bulk GIC's. It has been shown that vacuum depositiononly weak van der Waals forces, resulting in intercalated
of copper onto the surface of pristine graphite followed bylayers of larger thickness. The successful intercalation of Cu
annealing leads to the formation of islands on the graphiteinderneath a MG on Nil1ll) was reported in a high-
surface’ On the other hand, incorporation of copper into aresolution electron-energy-loss-spectroscopic stidywas
graphite matrix is of particular high interest. As shown infound that the incorporation of Cu is followed by an energy
Refs. 10 and 11, Cu-C, grown by plasma cosputtering obhift toward higher loss energies of the graphite-derived pho-
graphite and copper targets, leads to materials that are charen modes with respect to their positions in MG/MI1).
acterized by a semiconductor-metal transition as a functiofhis shift almost completely compensates the one that is
of copper content? In addition, these materials are expectedobserved between single crystalline graphite and a MG/
to exhibit high-temperature superconducting behatiddn  Ni(111); this latter shift was interpreted as being due to
the basis of correlations in the stoichiometries of these Cu-Gtrong interaction between the MG and(Nil). It also
films and those of classical GIC's, it was supposed that thstimulates more detailed studies of the nature of chemical
above properties might be related to the possible formatioibbonding between a MG and various metallic substrates.
of clusters of Cu-derived GIC's in the bulk of such Cu-C In the present work, Cu was deposited onto a graphite
systems. Therefore, a study of the growth, the crystallinanonolayer grown on N111). Subsequent annealing of the
structure, and the electronic structure of these well-orderedystem at various temperatures led to the intercalation of
and stable graphite-intercalation-compound-like material€opper underneath the MG as concluded from a combined
with Cu is also of substantial interest from a technologicalstudy by angle-resolved PE, scanning-tunneling microscopy
point of view. (STM), and low-energy electron diffractio(LEED). Mea-
Quite recently, the possibility of the formation of GIC- surements of the PE spectra were carried out inIthE
like materials by intercalation of various atoms underneath airection of the Brillouin zondBZ) of graphite for the MG/
monolayer of graphitéMG), grown on theg(111) surfaces of Ni(111) and the MG/Cu/Nil1l) systems. It was shown that
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intercalation of Cu causes an energy shift of the MG-derived T
valence bands toward lower binding energies with respect to PE Cu3d
the corresponding bands in bulk graphite.

Il. EXPERIMENTAL DETAILS “/

The experiments were performed in two different MG/(12ACu)/Ni
ultrahigh-vacuum chambers under very similar experimental
conditions, with the vacuum better tharx30~ °mbar dur-
ing the measurements in both cases. Angle-resolved photo-
emission studies were carried out with an ARIES spectrom-
eter (VSW, Ltd) at the Berliner Elektronenspeicherring fu
SynchrotronstrahlundBESSY) using monochromatic light 4ACUEMG/Ni
from the TGM4 beamline equipped with a toroidal-grating

MG/(4ACu)/Ni :

Intensity

o |

L
monochromator. The overall-system resolution was set at ﬁ"’ ﬁ\g
100-meV full width at half maximum. Valence-band PE Wy \Jf g\
spectra of a clean Ni11) surface, the MG/NiL1]) system, MOMNi(LD) II ?
and the MG/Cu/Ni111) system were taken with 30- and 7 L
50-eV photons. STM measurements were carried out in a .____..'-—*\-/ \
separate experimental setup with a lateral resolutior2# Ni 3d&
(for further details, see Refs. 18 and)19 Ni(111) i_
In situ cleaning of the Nil11l) substrate was performed S R S
by preliminary annealing at 800 °C, followed by sputtering 16 12 8 4 E;
with 1-keV Ar ions at ion currents &5 uA, and finally two Binding Energy (eV)

e o Eresbes o F1. 1. PE paca of h doanits sutace a NGIGLD
X . 4 A of Cuon MG/N{(111), as well as the MGA-A Cu)/Ni(111) and
tively. After this procedure, the LEED patterns revealed he MGA12-A CU/Ni(111) systems. The spectra were taken with
sharp IX1 spots from a hexagonal structure correspondin&j N . ysiems. "

! 0-eV photons in normal-emission geometry.
to the atomically clean Ni111) surface. A monolayer of
graphite was grown on the clean(li1) surface by cracking Fig. 1) can be readily distinguished. Upon deposition of cop-
propylene (GHg) at a substrate temperature of 500 °C. Ex-per on MG/N{111) at room temperature, the PE intensity of
position of the substrate fe5 min to a propylene pressure the 7, graphite states decreases, but remains clearly visible.
of 1x10 ®mbar was enough to form the MG on(ML).  Annealing of the MG/Ni111) system with the 4-A-thick
Thereafter, LEED patterns revealed a hexagonal structureverlayer of Cu leads to an increase of the intensity of the
with a pronounced threefold symmetry, which is characteris-r,, graphite states at the cost of the Cdi fignal and a shift
tic for the (0001 surface of graphite. Copper films were of the 7;, bands toward lower binding energigBE’s).
deposited onto the graphite-covered Nil) surface at room  Thereby, the Ni-8 response is almost unaffected by the
temperature using a tantalum crucible that was heated bynnealing. Deposition of 12-A Cu on MG/(il1), with sub-
electron bombardment. The deposition led to the formatiorsequent annealing, causes similar changes of the MG/
of Cu islands on the graphite monolayer, as demonstrated byi(111) spectra, though with the difference that the Ni-3
STM images of the surface, as well as a background level igtates can no longer be distinguished due to the increased
the corresponding LEED patterns. Annealing of the systemhickness of the copper layer. We assign the enhancement of
at 400 °C resulted in the intercalation of the copper atomshe y, Signal and the energy shift of the,, bands upon
underneath the MG, with very sharp LEED patterns quiteannealing of both systems to an intercalation of the copper
similar to those observed in a previous study of the MG/Culatoms underneath the monolayer of graphite. The energy

Ni(111) system®’ shift of the 7r;, bands is caused by a change of chemical
bonding between the MG and the substrate through interca-
Ill. EXPERIMENTAL RESULTS lation of Cu.

STM images of the MG/NiL11) system before and after
Valence-band PE spectra taken in normal-emission geondeposition of 8-A Cu are presented in Figga2and 2b),
etry with 50-eV photons are shown in Fig. 1 for(ll1), a  respectively. Analogous data for MGANIiL1) with an 8-A-
MG/Ni(111), 4 A of Cudeposited on a MG/Ni11), and for  thick Cu overlayer upon annealing at 400 °C is shown in Fig.
this latter system upon annealing at 400 °C. For comparisor(c). All images were taken in the constant-current mode.
a spectrum is also shown that was measured for the MGrhe tip voltage ¥;) and the tunneling current{) were set
Ni(111) system after deposition of 12-A Cu followed by the to —1 V and 1 nA, respectively. The area of the measured
corresponding annealing step. The spectrum for MQ/NJ) STM images is 7504 750A. As seen in Fig. @), the
is similar to the one reported before for this systérn the  clean MG/N{111) surface is characterized by a few steps
energy distribution curves shown, features originating fromand dislocationgstraight line$, caused by the stepped char-
the 7y, states of graphite and thel3tates of Nilmarked in  acter of the Ni111) surface, and the formation of different
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FIG. 3. Angle-resolved PE spectra of MG(l11) recorded
with 50-eV photons along thE-K direction of the BZ of graphite.

the I'-K direction of the Brillouin zone of graphite for dif-
ferent polar angles®. The 7y, 01,, 0,,, ando,, States
with their characteristic dispersions for graphite, can be
clearly distinguished in the spectra. However, these graphite-
derived states are shifted, toward higher BE’s as compared to
their positions in the graphite spect® The observed shifts
are different for ther and o states: For thery, state, this
shift is about 2.0 eV, while it is approximately 1.0 eV for the
o states. In the MG/NL11) system, themr,, state at thd’
point has a binding energy a£10 eV. With an increasing
polar angle of the detected photoelectrons, the BE ofithe
state decreases to only 3.3 eV 8= 30°; this corresponds
to emission of electrons from near tKepoint of the surface
FIG. 2. STM images of théa) MG/Ni(111), (b) 8-A Cu on  BZ of graphite. A further increase of the polar angle leads to
MG/Ni(11D), and (c) MG/(8-A Cu)/Ni(111) systems. The images a splitting of thew, band into two components. One com-
were taken in constant-current modigz 1 nA, andV,=1V. Scan-  ponent shifts back towards higher BE’s while the other com-
ning areas were 750750 A%. ponent moves closer to the Fermi levek( to a BE as small
as= 1.8 eV. Theo,, and o3, states are degenerate at fhe
domains within the graphite overlayer. The STM image inpoint at a BE of=5.3 eV.
Fig. 2(b) clearly shows the formation of Cu islands on top of  Energies of the PE bands measured for the M@G/N)
the “as-grown” Cu/MG/Ni111) system. Annealing of this system with 30- and 50-eV photons are plotted in Fig. 4 as a
system at 400 °C leads to the disappearance of the Cu igdnction ofk,. For comparison, dispersion curves for single-
lands. Thereby, the STM image changes in such a way as terystalline graphite taken from Ref. 5 are also shown by
become similar to that measured for the MG/NI1) system dashed lines. As seen in the figure, all dispersing branches
(except for some additional defegts characteristic for pristine graphite can be observed for the
Figure 3 presents a series of angle-resolved PE specttG/Ni(111) system. At thel” point, thew,;, and o4, states
(hv=>50eV) taken from a clean MG/Ki1)) interface along are found at BE's of 10.2 and 22.5 eV, respectively, whereas
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FIG. 4. Experimental band structure of the MG/Ni1) system. 12 10 8 6 4 2 0 2

The data taken with 30- and 50-eV photons are shown by solid and
open circles, respectively. For comparison, the band structure of
pristine graphite is presented by dashed lines.

Binding Energy (eV)

FIG. 5. Angleresolved PE spectra of the MGI-A
Cu) /Ni(111) system recorded with 30-eV photons along fhe&

the o, 5, states are located at a BE of 5.3 eV. A minimum yi.ection of the BZ of graphite.

BE for the 7;, band (3.3 eV) is measured ak,=1.7A"?
(wherek; is the component of the wave vector parallel to thesponding PE spectra, taken for the MG/CyMil) system
surface, corresponding to thi point of the BZ of graphite.  with a 4-A-thick interlayer of Cu, reveal a similar behavior
In comparison with pristine graphite, theand o states are of the graphite-derived bands. In the latter case, the intensi-
shifted toward higher BE'’s. For instance, the energy shift forties of the Cu(Ni) 3d states are lowethighen than those
the 7 states is=2.0 eV at thel” point. But for theo, 3, and  observed for the MG/Cu/NL11) system with a 12-A-thick
o, States, it is about 1.3 and 0.8 eV, respectively. The reinterlayer of Cu. This is in agreement with expectations
sults shown for the MG/Ni11) system are in accordance based on a model where Cu intercalates underneath the MG
with data described in the literatute!® where similar en-  on Ni(112).
ergy shifts of the graphite-derived ban@kfferent for thew Energies of the graphite-derived PE bartdeasured for
ando stateg had been reported. Thal3tates of Ni, located hy=30 and 50 eV in the BZ of graphite are plotted in Fig.
at BE's of 0.2 and 1.6 eV, reveal almost no dispersion. 6 as a function ok for the MG/Cu/N{111) systems formed
Angle-resolved PE spectra takenhat=30eV are shown by intercalation of 4- and 12-A Cu. As in Fig. 4, the disper-
in Fig. 5 for the MG/N{111) system after deposition of 12-A sion curves for bulk graphite taken from Ref. 5 are also
Cu and subsequent annealing at 400 °C. Similar to the speshown by dashed lines. As mentioned above ttendo PE
tra shown in Fig. 3, the graphite-derivedand o bands can  bands, measured for the MG/Cu(ldll) structure, are
be clearly distinguished in the spectra of this figure. Thisshifted toward lower BE’s as compared to their location in
further supports previous conclusions concerning the intercahe MG/Ni(111) systems; they approach the energies known
lation of Cu underneath the monolayer of graphite. In confor pristine graphite. As a result, the;, and o, bands for
trast to the MG/Ni11l) system, however, the graphite- both systems, MG/Cu/Nl11) and pristine graphite, are
derived bands for the MG/Cu/Nill) material are found at thel’ point at BE's of about 7.5 and 22 eV, respec-
significantly shifted toward their positions in pristine graph-tively, and they almost coincide in energy in the region of
ite. The spectra in Fig. 5 are characterized by a wellthe K point. Only for the MG/Cu/Ni111) system is a split-
pronounced nondispersive signal from the Gustates. The ting of the 7, states observed: One spectral feature shifts
corresponding PE intensities are found at binding energies abward higher BE's for angles exceeding 30°. A second fea-
=2.5 and 3.1 eV. The signals of the Nd 3tates are signifi- ture continues to shift toward the Fermi level up to an energy
cantly weaker than in the spectrum of MG(ML1). Corre-  closest toEg, but differs from that of the MG/NIL11) sys-
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r K by a pronounced graphitelike structure with some additional
EC T o T weak stripe-like reflections that are rotated £y15° with

: prsaet respect to the graphite arrangem&nand that are caused by
MG/Cu/Ni(111) Q@O& a misorientation of the graphite domains. The STM image
1 confirms the disappearance of Cu islands and the formation
of surface structures that have been monitored for MG/
. Ni(111) [compare Figs. @) and Zc)]. As for the PE spectra,
the graphite-derived features are found to be shifted toward
lower BE’s upon-annealing. This fact along with the defi-

ST o, &

— e %% ciency of Cu atoms on the surface upon annealing at 400 °C

% ‘. o\g‘ provides evidence of an intercalation of copper underneath

= 10F ’\‘o 00,3 5 the graphite monolayer; this affects the chemical interaction

o N o %&g}g;{, between the MG and the Nill) substrate. Deposition of

2 R ; 4 various amounts of C(up to coverages of 12 JAwith sub-

w + 4AcCu of’\ o sequent annealing at 400 °C causes similar changes of the PE

E’ o 12hcu M=30¢Y ookt spectra. The intensity of the Cud3signal increases with

2 15 . &d,‘wo%' increasing amount of the deposited and intercalated copper.

o O AACU eV .50 The observations are in accordance with the assumption that
o 12ACu 45/0@ materials with large ionization potentials can form intercala-

i tion layers of various thickness underneath the MG.
20 Q;QS : As noted above, the energies of the graphite-derived fea-
i ° ' T tures in the PE spectra of the MG(UIL1) system(Figs. 3
| and 4 differ from those of pristine graphite. The energy
E shifts of the valence states of MGAdill) have been re-

T ported beford?**?*and have been related to the amount and

0.0 05 1.0 15 2.0 direction of charge transfer in intercalated systéf@n the
. basis of self-consistent charge-discrete-variational calcula-
k“ (A7) tions, it was concluded in Ref. 21 that charge transfer occurs

from the occupied 8 orbitals of N(111) to the unoccupied
FIG. 6. Experimental band structure of the MG/CUMID sys-  7* states of the MG. This leads to a shift of the graphite-
tem. The data taken for 4- and 12-A-thick Cu layers are shown byjerived states in MG/N111) to higher BE's as compared to
rhombodedrons and circles, respectively. Thereby, the results meghe positions in pristine graphifé,a result that actually cor-
sured with 30- and 50-eV photons are given by solid and opefe|ates with the data presented in Figs. 3 and 4. A simple
symbols, respectively. For comparison, the band structure of prismode| of charge transfer, which seems to be valid for alkali
tine graphite is shown by dashed lines. GIC's,?>2% however, does not fully describe the electronic
structure of the MG/NiL11) system, where valence bands of
tem. These features can be well defined in the second Brilifferent symmetries undergo different shifts. A similar elec-
louin zone, but cannot be distinguished in the first Bri”OUintroniC structure of the MG/Ni.11) system was also reported
zone. in Ref. 13, where it was assigned to hybridization between
the 7 orbitals of the MG and the @ orbitals of the N{111)
IV. DISCUSSION surfa_ce. Hybri(_jization leads to occupancy of th& apti-
bonding graphite states and to a weakening of the in-plane
In the present study we discuss two topi@g:The inter- C-C bonding. The situation is different in alkali GIC's,
calation of Cu underneath a MG on(MiL1). (ii) The analysis  where the observed weakening of bonding is caused by elec-
of the valence-band electronic structure of the intercalatetron transfer from the intercalants to the unoccupiécband
systems. of graphite32223
As can be seen from Fig. 1, deposition of copper on top of The intercalation of copper atoms underneath a MG on
a MG/Ni(111) leads to a decrease in the PE intensities fromNi(111) leads to a shift back toward lower BE’s of the
graphite and Ni, while the CuBderived signal increases. graphite-derived bands. As a result, these bands are found
This observation shows that upon deposition at room temvery close to the energies observed for pristine graphite.
perature, the Cu atoms are located mainly on the surface &Within the above hybridization model, this energy shift can
the MG. The LEED pattern of this system displays verybe understood by a weakening of bonding between the MG
weak spots superimposed on a diffuse background. The STnd the substrate upon intercalation of copper. This interpre-
image exhibits well-defined islands on top of the sampletation is in accord with the results of a previous HREELS
Annealing of the system at 400 °C results in an increase o$tudy of this system, where a significant “stiffening” of the
the intensities of the graphite-derived features and a partiajraphite-derived phonon modes was obseie@ur conclu-
suppression of the Cud3signal, which is in favor with a sion concerning a weaker interaction of the MG with the
reduction of the number of Cu atoms at the surface. At thisntercalated Cu layer than with the Ni substrate appears rea-
stage of thermal treatment, the LEED pattern is characterizesonable in view of the lower chemical reactivity of Cu as
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compared to Ni, as well as the absence of any known cardeposited Cu atoms in the range of studied coverages up to
bides in the Cu-C binary phase diagraffis. 12 A underneath the MG. PE spectra of the intercalated MG/
The nature of features observed close to the Fermi level i€u/Ni(111) system reveal a shift back toward lower BE’s of
not clear at present. For a correct interpretation of these fedhe graphite-derived bands. The energy positions of these
tures, detailed theoretical studies of the electronic structurbands are close to those observed for graphite. This observa-
of the MG/Cu/N{111) system appear necessary. tion reveals a weakening of bonding between the MG and
the substrate caused by intercalation.
V. CONCLUSIONS
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