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Influence of surface morphology on surface states for Cu on Qu.11)
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We have exploited angle-resolved one-photon photoemission, two-photon photoemission, and spot-profile
analysis of low-energy electron diffraction to monitor the influence of surface morphology on the occupied and
empty surface states observed’abn Cu111). Surface morphology changes were induced by homoepitaxial
growth of Cu on Cul1l). A simple model of electron localization on terraces successfully explains energy
shifts and linewidth broadening of both surface states. Obviously, surface states may be used as sensitive
probes of terrace-width distributions and other structural properties.

[. INTRODUCTION ture can be interpreted consistent with the random growth
mode. A quantitative data analysis using the SPALEED re-
Theoretical calculations of the surface electronic structureults is attempted before the final discussion and conclusions
usually assume a perfect, well-ordered surface at zero ten@re given.
perature. These results are compared to photoemission mea-
surements on real surfaces contain_ing many defect_s at finite Il EXPERIMENT
temperaturé. The proper extrapolation of the experimental
results to zero defect concentration and zero temperature The results were obtained with two different ultrahigh
should yield the energies and linewidths of the excited stategacuum systems. The experimental details of the SPALEED
that may be compared to the theoretical calculations. In ordeand photoemission apparatus have been described Before.
to achieve this goal the influence of defects on the photoThe measurement of both surface states was done by two-
emission spectra has to be studied. photon photoelectron spectroscof8PPH.*3 A first laser
Some progress in this direction has been riddend in  pulse in the ultraviolet range excites an electron from an
this contribution we make a quantitative correlation betweerinitial state into an intermediate state above the Fermi level.
the surface morphology as observed by spot-profile analysi8 second photon in the infrared regime lifts the electron
low-energy electron diffractiofSPALEED and photoemis- above the vacuum levé, .. so it may leave the surface and
sion results for surface states. The system Cu on@Xli  can be detected in an energy analyzer. Scanning the spectrum
surface was chosen, because there exist an occupied surfagith the analyzer yields the energy and linewidth of the state.
state as well as an unoccupied image-potential state. The first The sample preparation was done on two different crys-
is observed by regular photoemission experimémtbereas tals following identical proceduresCopper coverages up to
two-photon photoemission experimehtsan detect both 5 ML (monolayers were deposited at 90 K. The samples
states with high resolution. were annealed to 110 K to avoid Ostwald ripening at the
The growth of Cu on C{111) has been studied by several measurement temperature of 90 K. Subsequently, the
groups beforé 1! Deposition of copper at low temperatures samples were stepwise annealed up to 300 K. At higher an-
(90 K) leads to a rough surface, which may be describedhealing temperatures spectra identical to those from a clean
rather well by a completely random growttReports of a well-annealed surface were observed. In order to correlate
reentrant layer-by-layer growtf could not be confirmed in  the photoemission results with the SPALEED work, we had
later studies:** The experimental indications for the layer- to rely on the photoemission spectra of the occupied surface
by-layer growth were quoted to be rather wéikn the  state, which could be obtained at both locations. Additional
present paper we find no indications for a layer-by-layerinput came from the annealing temperatures, the coverages,
growth mode for Cu on Qu1l) and the results can be in- however, were not calibrated in the SPALEED experiments.
terpreted consistently assuming a random growth mode. Fur- The photoemission experiments for the occupied surface
ther support comes from scanning tunneling microscopystate fi=0) employed the Ar | resonance line. For the de-
studied? that report a rather large value of 0.22 eV for thetermination of the linewidth the Ar | doublet was decom-
Ehrlich-Schwoebel barrier. This hinders the jump of atomsposed and an appropriate background was subtracted. A cor-
onto lower terraces, which is the limiting step for layer-by- rection for the experimental resolution was found to be
layer growth. unnecessary and the measured full width at half maximum
This paper describes first the experimental details. ThéFWHM) is given for then=0 state. The 2PPE spectra were
results and discussion are presented in several sectiorfited by Lorentzians convoluted with a Gaussian for the
Some relationships are independent of coverage and annealverall experimental resolution of 40 mé¥ The width of
ing temperature. The coverage dependence at fixed temperdte Lorentzian is given for the linewidth of the= 1 image-
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FIG. 2. Energy of occupied surface state as a function of line-
FIG. 1. Linewidth of then=1 image-potential state versus the width. Filled symbols are data for 110 K, open circles correspond to
linewidth of then=0 occupied surface state. Filled symbols denoteannealed films. The data from Theilmaenal. (Ref. 3 are shifted
data obtained at 110 K, open symbols mark higher annealing terrdown by 20 meV and marked by diamonds.
peratures.

show a clear linear correlation between linewidth and energy

of the image-potential state. The energy relative to the Fermi
Il RESULTS energyEr for then=1 state decreases with increasing line-

A. Relationships independent of coverage and annealing width, because the work function decreases strongly with
temperature increasing surface roughne€sUsing the vacuum level as a

reference the energy of the image-potential states actually

Figure 1 shows a linear relationship between the linewidth, o eases with increasing linewidth as observed for ithe
I'; of then=1 state and the linewidth’, of the occupied _ giate in Fig. 2.

surface state for various coverages and annealing tempera- o, the interpretation of the relationship between energy

tures. The slope is 0.52 for the data obtained after annealingifig and linewidth we assume that the surface is covered by

to 110 K(filled symbols. A value of 0.50 is obtained, when ci14s with a normalized distribution of terrace lengthsf
all the data points are included. Similar observations have,q following forn?3

been made for occupied surface states at different points of

the surface Brillouin zone on Ci11) and were related to the 1 " L \v1 L
reciprocal ratio of the effective masse$.0n the smooth P(L):Tﬁ(T) ex;{ _VT). (1)
Cu(11)) surface both surface states studied in this paper can (L) (=D (L)

be described by free-electronlike bands with energieshe mean terrace length is denoted(hy and the parameter
En(kj) =Eq(0)+#2kf/2my as a function of parallel momen-  »=((L)/0)? determines the standard deviatian or the

tum kj. The occupied surface state has an effective maswidth of the terrace length distribution. Following the previ-
mg =0.41 m, wherem, denotes the free-electron mad§s!®  ous discussion in this section, we assume that the observed
For the first image-potential state we finif/m,=1.2+0.1.  states can be described as free electrons with an effective
This number is slightly larger than the value £.0.1 re- massm*. Upon localization on a terrace of widththe en-
ported beford® However, the energetic proximity of the ergy increases by an amount

image-potential state to the upper edge of the band gap fa-

vors the larger value in agreement with model calculaffdns h2m?

2m*L2

and observations for A§11) with a similar electronic sur- E= e(L). )
face structuré! Using these numbers we obtain the recipro-

cal ratio of the effective masses of the two surface states to

0.34, somewhat lower than the experimental value at around 4.15
0.5.

The relation between the ener§y and the linewidtH’
(FWHM) of the occupied surface state is shown in Fig. 2.
The data for 110 K(filled circles agree well with the data
for higher annealing temperatur@spen circles The data of
Theilmannet al. (diamonds, Ref. Bwere shifted downward
by 20 meV to achieve better correspondence for smooth sur-
faces and show a significantly larger slope of 0.35 compared
to the other data points that are fitted by a slope of 0.20
independent of temperature. Noting that the data are obtained
for various coverages and annealing temperatures, we con- FIG. 3. Energy ofn=1 image-potential state as a function of
clude that the surface morphology influences the energy anihewidth. Filled symbols are data for 110 K, open circles corre-
linewidth of then=0 state through the same mechanism. spond to annealed films.
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Combining Egs. 1 and 2 we can immediately calculate the

mean energy shift
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from which the mean-square deviation can be obtained as an

approximation for the linewidth
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Within this model the surface morphology enters only

through the parameter and the average terrace lendth).
Therefore, it follows from Eq95) and(2) immediately, that
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FIG. 4. Two-photon photoemission spectra for thel image-
potential state as a function of Cu coverage orf1@d) at 110 K.

The top panel of Fig. 5 shows a linear relationship be-
tween the linewidtd™ of then=1 state and the Cu coverage

the linewidths for different free-electronlike states are indi-® on Cu111) at 110 K for coverages below 2.5 ML. For the

rectly proportional to the effective masse$ as observed in
Fig. 1. The relationship between energy skii) and line-
width I is obtained from Eqg3) and(5). The integral in Eq.
(4) exists only forv=5 with a minimum value fogE)/T"

n=0 state the data range is limited at higher coverages due
to the large width of the spectra and the cutoff corresponding
to the Fermi energy. For the=1 state there seems to be a

saturation around 220 meV at higher coverages. A possible

=0.45 forv=>5. This is of the right order of magnitude, but explanation would be the energy limit when the mojded.

still considerably larger than the experimental values that2)] would be modified using a finite barrier height. A similar
range between 0.20 and 0.35 in Fig. 2. Lower values of argument would apply also to the=0 state. However, this
would bring the proportionality factor closer to the experi- cannot be confirmed because of the limited range of the

mental values, but the SPALEED results presented in Se@vailable experimental data.

Il C are compatible withv=5. The main reason for the The linewidth increase upon Cu deposition, is according

discrepancy is the use of E) for arbitrarily small terrace to Fig. 5, proportional to the Cu coverage. From E@$.and
widthsL. This leads to the divergence of the integrals in Eqs/(5) we obtain the following dependence on coverégeviL )
(3) and (4) for small v corresponding to an overestimate of of the mean terrace width

the linewidth in Eq.(5). The electrons on the terraces are 1

confined by a potential of finite height, which could be ap- (L)=r0""% ©®)
proximated by a finite value for the lower limit in the inte-
grals. For calculations with a finite lower integration limit,
we would need, however, a reasonable estimate for the bar-
rier height and for(L). It should be noted, that the main
conclusions of this section may be obtained for any distribu-
tion of the formP(L)=p(L/(L))/(L). The distribution af-
fects only the numerical factors retaining the energy depen-
dence s((Lg The form of Eq. (1) is physically
meaningful® provides sufficient flexibility through the pa-
rameterv, and can be evaluated analytically.
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)

V
o
n

B. Coverage dependence at 110 K

Figure 4 presents two-photon photoemission spectra of
then=1 image-potential state as a function of Cu coverage
deposited at 110 K on Qi11). The coverages were obtained
using a calibrated quartz microbalance with an estimated er-
ror of 10%. The intensity is scaled arbitrarily but decreases
with coverage as can be inferred from the noise level of the 0.8® . : ! I
data. A significant broadening of the peak with increasing o 1 c e 8. .4

. e overage (ML)
coverage can be seen accompanied by a downward shift in
energy relative tdEg . The line shape analysis of the spectra  FiG. 5. Linewidths and binding energies for the=0 andn
yiE|dS the intrinsic linewidth and energy position of the =1 states as a function of Cu coverage oY) at 110 K. The
peaks. These data for tme=1 states and the corresponding binding energies are relative ®: andE,,. for the n=0 andn

results for then=0 states are discussed in this section. =1 states, respectively.

06 Cu/Cu(111)]
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Cu/Cu(111)

linewidth analysis and as verified for Ag/Atl1).2% The pro-
portionality factor should, however, be 1 for the ideal ran-
dom growth>?3 This discrepancy might be due to the com-
bination of results from two different experiments and
samples. In particular, the measurements of Theilmann
et al? included data for annealed samples, which lead to a
decrease of the asperity heiglas well as the linewidth.
The diffraction techniques permit a quantitative determi-
nation of the mean terrace width from the analysis of the spot
L - profiles. The previously published values of the step atom
Line\:v?gith n=80(?neV) 300 density"® are not compatible with the Iength _scales derived
in this work. The original SPALEED data in Fig. 6 of Ref. 5
FIG. 6. Square of the asperity height plotted against the linef0r 2.5 ML deposited at 135 K show a ring withkg radius
width of then=0 state. The solid line is a linear fit omitting the Of ~4% 2m/a. This is in agreement with the data for the
data point with the smallest asperity height. roughest SurfaceA(I 142) studied by Theilman%, which
corresponds to a sample preparation without further anneal-

This corresponds to the expectation for random growthing- For random growti® = A?=2 ML, which is as azlower
where the mean area of the terraces is proportional @ 1/ limit compatible with the given coverage regimé’ The
The model developed in Sec. Il A enables us now to deteronversion of the ring radius to the mean terrace wié.
mine the mean terrace width from the analysis of the line{3P) of Ref. 23 requires the knowledge af/(L) or equiva-
width data. Quantitative evaluation of E¢5) assumingy ~ €ntly ». For largev, as evidenced by a clearly developed
=5 givesh=42 A and 34 A from the data of Fig. 5 for the 1ng, the ring radius is approximately/(L). We obtain
n=0 andn=1 state, respectively. These values should béL)=12.5a=32 A which can be compared to the estimates
taken as a rough estimate, because of the uncertainty in tting Ed. 6 for® =2.5 ML. Depending on the choice for
choice of» and the neglect of a finite barrier height. In Sec.OUr values of 22 or 27 A are in good agreement with the
Il C the results by diffraction techniques compare ratherSPALEED result. The thermal energy He-scattering sthidy
well with our results from linewidth analysis of photoemis- r€POIts a length scale of 150 A for 0.1 ML of Cu deposited
sion data. on Culll) at 100 K. Our estimates from Ed6) yield
Applying these results to the energy shift given by g, Slightly lower values of 108 a;nd 133 A. _
should yield also a linear relationship as a function of cov- The parameter=((L)/c)* describes the relation be-
erage. The data in the bottom panel of Fig. 5 support thigwgen the widtho of the terrace width distribution in Ferms
prediction for coverages below 2.5 ML. For the=0 state a  ©f its mean valugL). In SPALEED measurements this cor-
small increase is seen, making the determination of the fund€PONds to the width of the ring compared to its radius. The
tional relation difficult. As noted already in Sec. Il A the €xperimental data for Cu on QL1™ give a parameter in
energy shift is rather small compared to the increase ithe rangev=4,...,7 ingood agreement with the previously
linewidth, which makes the discussion of the linewidth more@ssumed value af=5. The results of this section show, that
reliable. For then=1 state the binding energy relative to the the data analysis of the linewidths within the simple model is
vacuum level decreases with coverage. The energy relative@nsistent with the full information from the results obtained
to Ex decrease® because the work function decreasesbPY diffraction techniques.
strongly with Cu coverag# This makes a quantitative inter-
pretation of the energy of the=1 state within the present IV. DISCUSSION
model difficult.
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In the previous sections we have shown that the energy
shift and linewidth broadening caused by deposition of Cu
on CU11)) can be described by a simple model in which the

In the preceding sections we have analyzed the energiedectrons are localized on the flat areas of the sample. The
and linewidths from the photoemission spectra within aconcept of the energy shiffEq. (3)] has been used
rather simple model. We will now relate these findings to thepreviously?>?®to explain the linewidth broadening of image-
structural results obtained by SPALEEDor thermal energy  potential states due to molecular adsorbates. The success of
He scattering? this simple model can be explained by the fact that both

The vertical roughness of the surface is measured by thenergy shift and linewidth are proportional #§(L)) [see
asperity heighth in units of the layer height.In Fig. 6 the  Egs. (3) and (5)] for any distribution of the formP(L)
data from Theilmanret al® are plotted quadratically as a =p(L/(L))/(L). The details of the distribution go into the
function of the linewidth of then=0 surface state. The fit numerical factors. For the occupied surface state on stepped
(neglecting the data point for the smallest asperity heightCu(111) surfaces the energy shift has been calculated suc-
i.e., the smoothest surfagcshows a linear relationship. The cessfully by a modified expression E®), which describes
intrinsic linewidth for a smooth surfaceA=0) is obtained  the localizing barriers within a Kronig-Penney modefé it
to 37 meV, in good agreement with Fig. 5 and previousis interesting to note, that the energy shift of the occupied
work? Combining the results of Figs. 5 and 6 we obtain surface states on the stepped surfaces follows approximately
A?~20. This relationship is expected for the random an (L%f2 dependence, but the energy shifts are much
growth model as found in the preceding section from thdarger’?°than observed in the present study for rough sur-

C. Relation to surface morpholgy
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faces(see Fig. 5 bottom Then=1 image-potential state on mode observed in this work and by Meyadral. (Ref. 5. The
Cu(775 on the other hand shows a binding energy shift ofisland sizes, on the other hand, are influenced by the terrace
50 meV?® Using the experimental relationship between en-diffusion energy which has for Gli11) a rather low value of
ergy and coverage from Fig. 5 we obtain for=34 A a  0.03 eV!! The corresponding value for All) is in the
mean terrace width of 14 A, in perfect agreement with therange from 0.097 e\(Ref. 32 to 0.12 or 0.18 e\** How-
actual value for a C775) surface. ever, the average terrace sizes do not seem to be very differ-
The data analysis within the present model implicitly as-ent for the two materials??® The island density is for
sumes an inhomogeneous broadening of the states that ha@e(111) most likely determined by the quality of the surface,
different energies on different terraces. This is in contrasbecause the low diffusion energy makes an attachment to an
with experimental results, which show that the inelastic de-existing step or defect more likely than the formation of a
cay rate(inverse lifetime of then=1 image-potential states critical nucleus. This could lead to a narrower island size
changes upon Cu depositiéh??In the latter study the addi- distribution on C@111) compared to A¢L11) as reflected in
tional broadening of the linewidth was attributed to dephasthe values of the parameter=5 for Cu andv=2 for Ag.?®
ing by quasielastic scattering processes. For Cu ofi Tl
about 30% of the Iinewi(_JIth increase _of the=1 image_z- V. CONCLUSIONS AND OUTLOOK
potential state can be attributed to the increase of the inelas-
tic decay rate upon Cu coveratfeFor the occupied surface A simple model of electron localization was used success-
state the experimental distinction between contributions fronully to describe the energy shift and linewidth broadening of
inelastic and elastic scattering is not available. If we identifysurface states for the homoepitaxial growth of Cu on
the quasielastic scattering processes with the inhomogeneo(si(111). In particular the linewidth broadening can be used
broadening(for the n=1 image-potential state onlythe to obtain reasonable estimates for the terrace size distribution
slope of 0.5 from Fig. 1 would be reduced to 0.35, in perfectin agreement with results from diffraction techniques. Occu-
agreement with the prediction from the ratio of the effectivepied as well as unoccupied surface states can be used for the
masses. Experimentally it is rather difficult to distinguishanalysis and yield equivalent results. A careful investigation
between homogeneous and inhomogeneous broadening. Cal-the line shapes should yield further information on the
culations within a scattering description of the electron localterrace-width distributions and might explain the asymmetric
ization might provide further insight into this probleth. line shapes found for some sample preparatfofise energy
The homoepitaxial growth on th€l11) surfaces of Ag shifts show only qualitative agreement with the model calcu-
and Cu has been found to be very simifarThe growth lations. Work on stepped surfaces is in progress to clarify
mode is determined mainly by the Ehrlich-Schwoebel barthis point on surfaces with a well-defined surface morphol-
rier, which controls the rate at which deposited adatom®gy. For these systems theoretical calculations should be fea-
jump over descending step edges. Experimental values faible which would provide further insight into the problem of
Ag(111) and Cy111) are 0.13 eV(Ref. 3] and 0.22 e\  homogeneous vs inhomogeneous broadening and elastic vs
respectively. The lower value for silver might lead to ainelastic scattering processes.
somewhat smoother surface morphology on(#d). In-

deed, the coverage dependence of the mean terrace width has ACKNOWLEDGMENT
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