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Metal quantum wells with all electrons confined: Na films and islands on graphite
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Ultrathin Na films and islands on graphite realized prototype simple metal quantum wells with all valence
electrons confined within boundaries well defined on the atomic scale. This is shown by angle-resolved
photoemission and scanning tunneling microscopy data, which give unique information about electron disper-
sion, hole lifetimes, and Fermi wavelengths.
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Valence electrons may be confined to a thin metal flmconfine all valence electrons in the metal overlayer. Of fur-
even when it is adsorbed on a substrate, which can be a metdler interest is that Na is a prototype simple metal in which
or an insulator. One condition is that the electrons have envalence electrons move as if in a constant potential. If ho-
ergies within a substrate band gap. Propagation into the sulbrogeneously thick Na films can be prepared on graphite,
strate is then forbidden and incident electrons are reflectethese should then be near ideal samples for probing the prop-
back towards the front side of the film, where the surfaceerties of a confined electron gas with metal density. Here we
potential barrier acts as a second mirror. Multiple reflectiongeport on structure and morphological changes of such films
between the interfaces sort out standing waves, often referretp Well as on the QWS binding energies, photohole lifetimes,
to as quantum well staté®WS), having perpendicular wave and photoemission cross sections. _ _
vectorsk, , given by the phase conditiork2d+ ¢=27m, _As a su_bstrate we use a s_ample (_)f highly oriented pyro-
whered is the film thickness¢ the sum of the phase shifts at Vtic graphite(HOPG onto which Na is evaporated from a
the two barriers, andh an integer. The states were first ob- heated glgss ampoule. brokemsitu, HOPG consists of azt-
served by recording/V characteristics of metal-insulator muthally disordered microcrystals with a comm(@00]] di-

thin-film sandwiches. More recent work has demonstrated rection. Photoemission spectra are recorded in the MAX-

that photoemission, in its angle-resolved version, is an excerf'yn(;’hr.o tr(()jnl_Rﬁ d]'cat'on Laborat?r(yu_r(ljd University rl:s'ng
lent probe of QW& down to monolayer thickness. p-polarized light from a normal incidence monochromator

Apart f i ; ists with dqf (BL 52) which covers the photon energy range 4—40 eV. All
¢ dpar r;)rln.prowt.|n%spectrr(])scop|st§ W('j Inev;/ gtrourt1 or pectra shown are measured along the surface normal such
undamental investigations, the quantized Ievel SWUCIUre Of o e potiom states are probed of the free-electronlike en-
thin metal films has practical interest since it underlies the

giant magnetoresistance phenomehatilized for reading ergy bands formed by the QWS. We find that near layer-by-

magnetic memories. More generally QWS spectroscopy a
tracts interest as a tool that allows atomic scale control of th

electronic properties of nanosized objetthjs is exempli- ; : : .
fied by photoemission results for well-ordered Ag films on proximately one atomic layer added in each cyéligs. 1)

7 . ) i . and Xb)]. The anneal is done either by temporarily reducing
Fe(lOQ). Most hanosize ObJ.ECts of techmca'l mtergst aChe flow of He or passing a current through the sample; the
small in more than one direction and photoemission, in com

L ) ) . . X Tatter procedure is also used to clean the sample by heating it
bination with scanning tunneling microscoTM), is use- b pie by 9

to 1100 K. In the diagrams are indicated the number of

ful, as noted here for Na films and islands on graphite. Parétomic layersN, and the quantum numbers m, which are

ticular o Na graphne among the systems studied Wlthchosen as the number of nodes in the film. The monolayer
photoemission is that, as for an unbacked film, all valenc

. : Shus has its nodeless bottom stateEgt=1.65 eV and the
electrons occupy discrete QWS. The reason is that Na va},hisl stsatlesatE :OS; eV ASS def?ribed previoudlyhe
lence electrons all occupy states, which have enefgiend b .

wave vector at a given energy can be determined via the
parallel wave vectorskH_, such that any QWS energy band, phase condition and this, together with the measured binding
E(k)), runs in a graphite band gap. Along the substmate

X = o energies, gives the dispersion plotted as points in Hig. 1
axis, k| =0, the gap extends 4 eV belo, which is well The straight line shows the dispersion predicted by the free-

below the band bottom of the Na metal. Away frdmthe  glectron model. Figure(tl) shows a plot of the emission line
QWS energy increases quadratically withand reache&r  width versus the binding energy for lines having an easily
without having intersected the upper band of graphite, determined width. This width is of interest as an upper limit
which, a short distance fromi, marks the low-energy limit to the width caused by the time it takes for electron-electron
of the substrate band g&g semimetal like graphite thus has and electron-phonon processes to quench the hole left behind
a band structure such that the Na valence electrons expetdy a photoelectron ejected from a well-ordered sample. One
ence boundary conditions similar to those for a film inline, for 1 ML andE,=0.17 eV, stands out as anomalously
vacuum or one adsorbed on a substrate with a wide absoluteide, but the remaining points fall rather close to a common
band gap. In previous photoemission studies, semiconductocsirve indicating thaky, is of main importance. Aside from
have provided absolute band gaps, but not wide enough toinding energy, sample quality, temperature, and experimen-

layer growth can be obtained in the thickness range tried,
Y 15 monolayerg§ML), by keeping the substrate at 40 K
%uring deposition followed by annealin@0 K) with ap-
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FIG. 1. (a) Photoemission spectra for Na films on graphite. The

thickness is given in atomic layerl, Indicated by the spectra are L .
the photon energiebn, and the quantum numbera. (b) QWS  9gies not significantly different from those measured for the
emission lines for 4-15-ML-thick Na films on graphite. Doublet films. This is confirmed by images recorded, at 35-80 K,
emission lines are obtained, since two different thickness values aith a variable temperature STMOmicron GmbH which
represented in each spectruf). The dispersion determined for Na show flat, regular-shaped islands with abrupt or terraced
metal(pointy compared with the free-electron modstraight ling.  edgeqFig. 2@)]. Typical island sizes vary with temperature
The k values are reduced to the Brillouin zone boundary valueduring preparation. Lateral extensions vary from a few nm to
kg,= 7/a, wherea is the interplanar distancéd) The full width at  around 500 nm, while the heights are between 3 and 9 ML.
half-maximum(FWHM) of QWS emission lines plotted vs binding Imaging the islands is quite delicate. An island is sometimes
energy after subtraction of the contribution due to the experimentashifted in position or damaged, such that holes are created in
resolution(45 meV). an island along with new terraces, or the next image may
show two islands where there was previously only one.
tal resolution, the width of a QWS line is expected to depend Successful STM observations regularly give images with
on the number of filled QWS that can participate in the decaytwo types of wave pattern in islands with thickness up to 6
process and, since a QWS extends with a tail in the substrat®L. Occasionally, also the atomic lattice in a terrace is re-
also on the choice of substrate. We are aware of no previousolved, and in a few instances, waves as well as lattice are
similar data for simple metals or theoretical estimates of holebserved in one imadéigs. 2a)—2(c)]. The lattice matches
lifetimes in simple metal quantum wells. In bulk Na, well with the order in the(110) planes of bcc Na. For one
electron-electron decay is estimated to give a widllft  type of wave, the amplitude decays away from edges and
~O.08$§,10 with energies in eV. This is smaller than ob- imperfections and the wavelength depends on the island
tained here by around a factor of 2 when the experimentaheight. Fourier transformed images show that there are de-
resolution has been accounted for. caying waves with different wavelengths in one island. More
The anneal temperature has an upper limit near 90 Kgonspicuous in the images is the other wave type, which
above which there is an onset (D) growth. For example, shows little decay and has a wavelength, of #2045 A,
if LN, is used for cooling(95 K) only a fraction of the that does not depend noticeably on the island height. The
substrate surface can be covered with a monolayer beforeorrugation amplitudéaround 0.04 A at 4 ML thickness
emission lines characteristic of 2 ML are observed. At ahowever does. It decreases with increasing thickness, and
somewhat higher temperature the first QWS to appear upoabove 6 ML, no wave is detected. As shown in Fig)2the
Na deposition are characteristic of 3 ML thickness. If thewave is often parallel to the edges of a terrace or an island,
temperature is allowed to increase, a film breaks up int@nd sometimes boundaries are observed between areas with
islands thicker than the film. QWS emission lines indicatedifferent wave directions.
that the islands have different but well-defined thickness Our interpretation of the STM images is that the Na is-
over large enough surface areas to support states with endands are N&110) microcrystals having slightly buckled sur-
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faces, the height variation detected as the undamped wave. oF e ' : TETETE
The front of the wave is parallel to tH®10] direction and o s
the wavelength, within the limits of experimental error, is 0.4l g SRR
equal to the distance between four rows of Na atdFig. < B .
2(c)]. The orientation of the Na layer with respect to the ) o . * &

. . . >.0.8- s 3 . i
graphene layer is such that, given the lattice parameters of & g I
the two solids, a coincidence pattern is obtained. This is 2 3 : ’
schematically shown in Fig. (). If the bcc structure is ':,1‘2‘ Han H ! B ]
maintained down to the layer nearest to the substrate, these § § L
Na atoms will thus occupy inequivalent sites with different 51-6- o : . 8 5
heights above the substrate. This height variation is trans- I I ¢
ferred to the outermost layer but with an amplitude that de- 2L : . ]
cays as the thickness is increased such that the wave is ob- A .
served only for a thickness of 6 ML or less. 0 g 2 6 8 10

Regarding electronic structure the main quantitative infor- Sodium Thickness (ML)

mation is obtained from photoemission but also the decaying
waves observed in the STM as discussed below will be as-
cribed to QWS. Our photoelectron spectra reveal the full
ladder of filled states for 1- and 2-ML-thick films. Two states
are filled in each case and for 2 ML a third state extends with
a low binding-energy tail into the populated range. The bind-
ing energies of these states, or at least their sum, can be
understood in simple terms with reference to a two-
dimensional(2D) free-electron gas. In this ideal case the
filled bandwidth isn#2#/m, wheren is the surface density

of electrons. For 1 and 2 ML Na this gives 1.9 and 3.8 eV,
respectively. The thickness of the actual films give space for
two partly occupied QWS bands. The 2D values should then
be compared with the sums of the observed binding energies,
1.65 eV+ 0.17 eV for 1 ML and 2.25 eVt 1.25 eV for 2

ML [Fig. 3(@)]. For thicker films, QWS with energies within B
1.7 eV of the Fermi energy are identified.

The dispersion shown in Fig(d) is of interest for a con-
tinuing discussion regarding the filled bandwidth in bulk Na . . )
metaI(:J Based on a Iir?eshape analysis of photoemission spec. " 'C- 3 (& Thickness dependence of QWS binding energies
tra from bulk sample$! a band narrowing of around 0.3 eV obtained by phOtoem'ss'O(squareS and binding energies Cf"“cu'

d to the free-electron width was dedu’@eﬂhich is lated from_the Fgrml V\_/avelengths measured by STM as_sumlng_free-
F:ompare . electron dispersiofipoints. (b) Fourier transform of the image in
n th_e range predicted by early thedT?yRecentIy, however, Fig. 2b). The two long arrows mark the Fermi contours of two
a Wldenlng_ by the_ same amou_nt was predicted and aIS’QWS and the short arrow the wave vector characteristic of the
found consistent with the experimental dataThe present p ied surface
results show that self-energy corrections must be small '
(<0.1 eV) in the energy range covered here. In this analysig that the photoemission cross section is large only at photon
we have ignored that the bcc structure is perturbed by thenergies below the plasmon enek§y7 eV for Na when the
misfit to the graphite lattice. Even if the QWS energies aresurface barrier induced emission is strdfidJsing a light
little affected by the lattice distortion this may be significantsource with modest intensity it is then difficult to probe
for the linewidths and explain why the width is particularly QWS removed from the Fermi level by more than around 2
large for the thinnest filniFig. 1(d)]. That structure imper- eV. Even with more intense light another limitation would be
fections are important for the 1 ML film is suggested by themet with for 3- or 4-ML-thick films when the level separa-
fact that theE,=0.17 eV state gives a peak width that is tion between the low-energy states will be smaller than the
three times bigger than for the corresponding state in a Nemission linewidth[Fig. 1(d)]. The integrity of the QWS
monolayer on CY111).%° Previously, for Ag/Fg100), wide  series is then lost among its low-energy members.
QWS emission lines were observed at small thickness, but in Finally we comment on the decaying waves observed
that case the substrate has no absolute energy gap, whiglith STM at near zero bias tip-sample bias voltage. Similar
means that the substrate is not a perfect mirror to incidentecaying waves have been predicted and observed for elec-
electrons. A substantial resonant width is then expected attrons occupying surface states ¢hll) surfaces of noble
small thickness even if the atomic order at the interface werenetals'’~*° As the surface state electrons are scattered by
ideal. steps between terraces or point defects, there appear lateral

There are two main reasons why a complete ladder o$tanding waves in the electron density sensed by the tip.
filled states is observed only for 1 and 2 ML thickness. OneConsidering that only electrons occupying QWS are avail-
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able for tunneling at the Fermi level, we interpret the ob-trons confined either to films that can be grown nearly layer-
served decaying standing waves as waves, formed as eleoy-layer or to islands with regular lateral shapes and rather
trons occupying QWS are scattered against the edges of thmiform heights. STM images show the atomic order ex-
islands. To further investigate this assignment, we comparpected for a close packed bcc layer and the surface is slightly
the photoemission dafsquares in Fig. @] with the ener-  buckled due to a misfit with the graphite lattice. The disper-
gies calculated froni?k?/2m, wherek denotes the Fermi sion of valence electrons in Na, obtained from the quantized
wave vectors obtained from Fourier transformed images, ankbvel structure, agrees well with the free-electron model in
m the free-electron mad&ig. 3b)]. It is evident from Fig. the upper-half of the filled bandwidth, which is the range that
3(a) that standing waves render the same energy dispersiaan be easily probed in the present experiment. The results
with the number of layers. However, the wavelength of thealso indicate that even with intense light sources, states much
highest occupied QWS seem to be either shorter than exdeeper in the well will be difficult to resolve by photoemis-
pected, or a mix between the highest and second higheston. The emission linewidth increases with increasing bind-
occupied state. We find no obvious explanation for this dising energy while the thickness is less important. This sug-
crepancy, but note that these states, especially for a metgkests that a photohole is quenched primarily via intraband
with low work function, extend with long tails into vacuum, processes. QWS in Na islands are observed by STM as lat-
which means that the tip will act as a strong perturbation foreral standing waves near imperfections and boundaries. The
these states. wavelengths are in reasonable agreement with the QWS

To conclude we have found a preparation procedure fobinding energies measured by photoemission except for the
Na covered graphite that gives the opportunity to investigatéongest waves, which have wavelengths shorter than ex-
prototype simple metal quantum wells with all valence elecpected.
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