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Local layer-by-layer growth of Ni on hydrogen-terminated diamond C(111):
A combined helium-atom scattering and XPS study
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The growth, structure, and phonon dynamics of Ni islands deposited o H(C(111) was studied using
high-resolution helium atom scattering and x-ray photoelectron spectroscopy. Depending on the amount of
deposited nickel the islands formed at temperatures of 800 K are between 6- and 20-moriblaydrigh and
cover 50 to 85 % of the surface. Since the height distribution of these islands is very narrow a layer-resolved
study of the phonon dynamics of these islands has been possible. For islands with a thickness of 6 ML an
energy gap of 3 meV is observed at the center of the surface Brillouin zone corresponding to a vertical
vibration of the whole Ni island with respect to the substrate. A lattice-dynamical analysis based on a rigid-
substrate approximation indicates that force constant coupling of the Ni atoms to the surface amounts to only
15.75 N/m, suggesting only a weak metal-substrate interadi86163-182609)02839-9

[. INTRODUCTION characteristics® rather than on structural or dynamical prop-
erties. So far only few experiments on the growth and struc-
In recent years, the growth of metal films on solid sub-ture of adsorbed metals have been carried out at low cover-
strates that are wetted by the metal has been extensivejges where the influence of the interface is expected to
studied® Quite frequently a layer-by-layer growth mode is dominate. For the Ni-H(X1)C(111) diamond system,
observed and this has stimulated a large number of studieghich has a small lattice mismatch of only 1.4%, Lurie and
on thin two-dimensional (2D) metal layers on metal Wilsor® found epitaxial growth of Ni at a surface tempera-
substrate.One complication in understanding these systemgure around 800 K using low-energy electron diffraction
arises from the electronic coupling between the deposited 20LEED) and Auger electron spectroscopy. This result has
metal film and the metallic substrate. To avoid such a courecently been confirmed by a x-ray photoelectron diffraction
pling there have been several attempts to grow metal film§XPD) study!® However, the size and distribution of metal
on insulating substratéshowever, here it is usually difficult islands including Ni on diamond surfaces have not yet been
to find systems that wet each other. For nonwetting subsystematically investigated. One problem arises from charg-
strates a completely different growth scenario is often foundng effects which have hampered scanning tunnel micro-
and generally a three-dimension@D) or Volmer-Weber scope and scanning electron microscope studies on the mor-
growth is expected Special kinetic limitations can give rise phology of the Ni-diamond interface.
to a quasi-layer-by-layer growthA particular interesting The growth of a flat monolayer or thin flat films of metals
system is the growth of metal films on metal oxides, e.g., Cton semiconductor surfaces has not been possible for many
on ZnO surface8,where complex growth modes have beensystem&” and only recently the formation of atomically flat
observed. Ag films at a critical thickness of 15 A on a Ga@40
In the present investigation Ni films have been grown onsurface has been observEdThis has been explained by a
diamond substrates with the aim to produce thin highly orimodel that involves the stabilization of certain film thick-
dered metal layers on a large band-gap insulator. To rule outesses by quantized electrons of the adsorbed reftal.
any coupling effects the insulator with the largest band gaghus, the electronic system of the adlayer governs the
(5.47 e\) available, diamond, has been chosen as the sulgrowth process as well as other factors like surface sfress
strate. Moreover, in order to suppress the possibility of unand adatom kinetic¥.
wanted chemical interaction between metal and substrate the In the experiments reported here, high-resolution helium
diamond surface has been passivated by hydfogefore  atom scatteringHAS) and x-ray photoelectron spectroscopy
metal deposition. As will be demonstrated below, this strat{XPS have been used to study the initial stages of the
egy was successful and led to the growth on the diamondrowth of Ni on diamond H(X 1)C(111) at coverages less
substrate of highly structurally ordered finite-size epitaxialthan 50 A. The unique capabilities of the HAS technique,
Ni-layers, which are only slightly coupled to the substrate bywhich can be equally well applied to metals, semiconductors,
weak dispersion forces. and insulators, to investigate structure and phonon-dynamics
Several experiments on the adsorption of metals on diaef diamond surfaces have been demonstrated in previous
mond have been reported in the past. However, the majoritgtudies of clean H(X1)C(111) surfaces in this
of the previous studies has focused on electronic propertidaboratory*®1°
of the interface such as conductance and contact The paper is organized as follows. In the next section the
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experimental setup and sample preparation are described. In
the following section, HAS diffraction and XPS results are
used to determine the growth mode, height distribution, and
coverage of the Ni layersinelastic time-of-flight (TOF)

HAS measurements are then presented in Sec. IV. These data
allow to determine the phonon dynamics of the grown Ni
islands. The paper concludes with a summary in Sec. V.
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Il. EXPERIMENTAL SETUP
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The experiments were carried out in a helium atom scat- o )
tering apparatus described in more detail elsewffere. Evaporation Time ty; [min]

Briefly, the apparatus consists of a He atom beam nozzle . _ L
y PP FIG. 1. The specular intensity is plotted versus evaporation time

source, a UHV target chamber, a time-of-flight tube and a three different substrate temperatutgs: 7.5 min denotes a ref-
homemade magnetic mass spectrometer for the detection %If S peratutgs: 7.
rence evaporation time.

the He atoms. The target chamber is equipped with a back:

view LEED, a Leybold-EA11 hemispherical electron energy,.

analyzer, a Leybold double-anode x-ray source, and a homé’mit (5% of a monolayer Ni was removed after each depo-
made sample transfer system. The incident He atom bea tion by taking the substrate out of the UHV chamber and

has an energy spreaE/E; of about 2%, which is indepen- then applying the polishing and cleaning procedure described

dent of the incident energl; of the He atoms that can be above. :

varied between 12 and 80 meV corresponding to incident Sample temperatures were independently measured by an

wave vectors=4.8—12.4 A~* by operating the source at alumel-chromel and a chromel-constantan thermocouple, re-
i=4. .

temperatures between 40 and 400 K and at pressures b _ect_|vely, f?ﬁth of Wlh'chh l\éverepqttacheﬂ fo the _static pFa]rt
tween 40 and 700 bar. receivej of the sample holder. Prior to the experiments the

Three different types of HAS measurements were Carrieahermocouples were cglibrqted l.JSing a color pyrometer. Ab-
out: (i) Angular distributions of He atoms scattered off the Solute temperat_urgs given in this work are estimated to be
surface were recorded by rotating the crystal about an axigeeurate only withint50 K.

; O Nickel was evaporated from a Ni wilgliameter 0.5 mm
erpendicular to the plane formed by the incident and outgo- . ’
ipng pbeams that havepa fixed angle Zf 90.5°. The overall gnpurlty 99.995% located about 5 cm away from the surface,

gular resolution of the apparatus amounts to 0(#9. The which was heated resistively with currents of typically 5.5 A.

specular peak intensity was recorded as a function of inci'—A‘]cter a thorough degassing proci?'“re* the pressure during
mbar. XP spectra re-

: vaporation remained below&10™
?Oer;ftovga\lée c\)/f:rm; bslerr?orgpg}glt h5e r? o§_zhlgst§n;2(_e(r:2tntg§ t,rgrir?f@orded for the deposited Ni layers did not indicate the pres-

spectra” are then plotted as intensity verkysurves, where ence of any contaminations above the detection limit of the

k, is the component of the scattering vector perpendicular téechnlque(S% of a monolayer
the surface. Maxima in these drift spectra correspond to con-
structive interference of outgoing waves. From the separa- lll. GROWTH AND STRUCTURE OF Ni
tion of those maxima the height of steps or islands on the ON H(1x1)C(111)
surface can be deduce(i) Energy gains and losses of the
He atoms due to inelastic scattering from surface phonons
are detected over a wide range of angles using a time-of- Monitoring the He atom specular intensity during deposi-
flight (TOF) technique. These provide information on thetion is a convenient way to obtain information about the
surface phonon dispersion curves. growth mode of a metal on a surfateThree typical inten-
Three differen{111)-oriented diamond type Ila sampfés sity vs. evaporation timety;, curves (“growth curves”)
(4x4x0.5 mn?) were used in the experiments. Two of measured at different substrate temperatufgs,are shown
them had miscuts of 2° and 4°, respectively. The thirdin Fig. 1. All curves were recorded using the same Ni depo-
sample exhibited a misorientation of less than 0.25°. Differ-sition rate. Initially the intensity decreases very rapidly with
ences in the experimental results obtained for these differersiopes that decrease for increasifig. The intensity then
diamond samples were not observed. Prior to the transfeeaches a nearly constant value after about 2 and 8 min for
into the UHV chamber the diamond surfaces were polished =120 andT,=800 K, respectively. Oscillations in the
using a mixture of 1um Al,O; powder and olive 0i20  specular intensity with deposition as seen in many other
min) and then pure olive oi(5 min) to saturate the surface studie$®?*were never observed even though both the depo-
with hydrogen. Finally, the sample was sonicated in acetonsition rate and surface temperatures were systematically var-
(15 min).® After the transfer into the UHV the surface was ied. This observation excludes a layer-by-layer growth
annealed to about 800 K for three hours in order to desorb alhechanism as observed for other metal-on-metal systems
contaminants and residues from polishing. After this procesuch as Pb/Qd11) (Ref. 23 and Pt/Ptl11) (Ref. 29. In-
dure the HAS-angular distributions closely resembled thosstead, the monotonic decay of the scattered intensity in Fig. 1
recorded earlier for the H(21)C(111) surfacé® XP spec-  suggests that Ni does not formcampletefirst monolayef®
tra recorded after this annealing procedure did not reveal angn H(1x 1)C(111). Such a monolayer would give rise to a
contaminations(particularly oxygeh above the detection (local) maximum in the reflectivity curves of Fig. 1, since the

A. Growth mode
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[112) [170] stress within the islands is expected to be small. Closer in-
1.0 s A ' y k'—11 AT spection. of Fig. 2 reveals an in_creased background and a
- Ti_-300K i~ broadenmg_ of the specular peak in the angular scan recorded
5 05k s~ 10 | from the Ni-covered H(X1)C(111) surface.
g 7 [clean (19) x100 The data presented so far are consistent with earlier re-
= xy (01)J a) sults from LEED (Ref. 9 and XPD (Ref. 10 measure-
3 0.0 = - o ¥ * ments, which report heteroepitaxial growth of Ni on
N =13 H(1x1)C(111) up to substrate temperatures as high as
g 0.5 100 | 650°C. Deposition at room temperature was reported to lead
e ‘ to a poor ordering of the adsorbed layers in Ref. 9. Poor
= waL L_ b) ordering corresponds to an enhanced concentration of defects
0.0 in the Ni overlayer which is consistent with the steeper initial
6t 4 -2 0 2 4 6 slopes at lower temperatures in the “growth curves” in Fig.
K, [)’\'1] 1 (see discussion aboke

FIG. 2. (a) Angular distributions of the clean H{1)C(111)
surface recorded along both tf12] (left parh and the[110] (right B. Island morphology and heights
par azimuthal directions afs=300 K. The incident wave vectors  The results reported so far reveal that Ni does not grow in
arek;=8 A !andk;=11 A!for the[112] and[110] azimuths, a simple layer-by-layer mode but forms large three-
respectively. (b) The same as(a) for a Ni covered {y;  dimensional(3D) islands already in the initial stage of ad-
=1.3t) H(1x1)C(111) surface. The evaporation rate was thesorption. To gain information on the island heights, series of
same as in Fig. 1. Ni was depositedTat=800 K. drift spectra(see Sec. )lwere recorded for different Ni lay-

concentration of defects, e.g., Ni adatoms, vacancies or stepdS deposited afs=800 K with the same rate as for the

is generally expected to reach a local minimum upcmm’easurements shown in Fig. 1 on the hydrogen terminated
completion of a monolayer. Thus it is concluded that Nj Surface aff ;=300 K. The results and their interpretation are

grows on H(1x 1)C(111) by a 3D growth mod&for sub- presented in Fig. 3. The gray curve in the upper panel has
strate temperatures up Ta= 800 K. been recorded for a clean HKI1)C(111l) surface and

The factor of four difference in the initial slope of the He 297€€s with previous measuremehtShe differencek; of
atom specular intensity curves faL==800 andT.=120 Kk  Subsequent maxima corresponds to a step heligiyy)
(Fig. 1 indicates an enhanced density of defécia the =27/Ak;=2.1 A, which agrees well with the interlayer
films grown at lower substrate temperatures. This can be §istance of diamond in thel1l) direction. Sharp intensity
consequence of either an increased adatom concentration GifXima separated by about 0.3"Aare observed in the
top of the Ni islands or an increased concentration of island!ft sSpectrum(black solid line in the upper panel of Fig) 3
boundaries possibly due to the formation of severahller ~ after Ni was depositedtf;=to, cf. Sec. Il A), indicating
Ni islands at low temperatures. Most likely, however, bothSignificant changes in the surface morphology. It is interest-
effects contribute to the low-residual intensities at loweriNg {0 observe that the high-frequency oscillations for the Ni
temperatures and for this reason all the films were grown ggdlayer(black curvg is modulated by the drift spectrum seen
T.=700-800 K. The time at which the growth was for the clean.substratégray curve. Hel_wce, the drift spec-
stoppedyty;, is indicated in units of, (see Fig. 1 trum of thg N|—cove(ed surface shown in the upper panel can

The question of whether Ni growsepitaxially on be unambiguously interpreted as a convolution of the sub-

H(1x 1)C(111) is addressed by comparing angular distripyStrate signal and that ori_gingting from the Ni islands._ The
tions recorded from the clean and Ni covered H(lperlod of the sharp oscillations corresponds to an island

X 1)C(111) surface. Figures(@ and 2Zb) display angular height of 20 A.

- — L For the incident He-atom energies used here the scattering
scans along both thgl10] and [112] azimuthal directions . - :
. rocess is mainly governed by the repulsive part of He-
measured from a clean and a Ni coveregd,€ 1.3y H(1 P y g y P b

surface interaction potenti&l.Due to differences in the He-

><_1)C(111) surface. The_angular scans O_f the clean SurfacIQi(lll) and He-H(1xX1)C(111) interaction potentials the
[F|g._2(a)] revegl_ sharp f_wst-order diffraction pea_ks at the_turning points of the He atoms are not expected to be located
anticipated 5301%'“0”5’ which have already been discussed iy \he"same distances above the diamond surface and the
earlier work:™ " Due to the different corrugation amplitudes g tace of the Ni islands, respectively. Consequently, the
along the[110] and[112] azimuthal directior the relative  heighth deduced from the simple relatidm=2m/Ak, can
diffraction intensities along thgl10] and the[112] direc- not be regarded as theue height of the Ni islands. Previ-
tions differ by approximately one order of magnitude. Theously published He atom-surface interaction potentials for
first-order diffraction peaks of the Ni covered H(1 He/H(1x1)C(111) (Ref. 30 and He/N{11l) (Ref. 3) in-
X 1)C(111) surfac¢Fig. 2(b)] are not shifted with respect to dicate, however, that the difference in the turning points is
the peaks in Fig. @) as can be clearly seen by the vertical less than 0.2 A. In the analysis presented below this small
dashed line. A splitting of the diffraction peaks or satellite difference has been neglected.
peaks in the vicinity of the specular was not observed. The lower part of Fig. 3 shows enlarged sections from a
These findings reveal a true epitaxial growth mode of theseries of drift spectra recorded at different Ni coverages with
Ni islands on the H(X 1)C(111) diamond substrate. Since the same deposition rate as in Fig. 1. In order to more
the Ni-diamond lattice mismatch is only 1.4% the tensilestrongly emphasize differences in periodicity the interval be-
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% Jos5 § FIG. 4. (8) One-dimensional model of the Ni/HK1)C(111)
£ L interface. (b) Simulated drift spectrum for island heights;
g 0.0 =14 ML, h,=13 ML. (c) Same agb), but forh;=13 ML, h,
1920 ML| =12 ML. (d) Measured drift spectrum. The evaporation time was
* tni= 2to. The same deposition rate as in Fig. 1 was usad-ourier
105 transform of the simulated spectruin. (f) Same age), but for (c).
(g) Fourier transform of the measured spectr(gn
0.0 L 0.0
85 90 95 100 0 10 20 30 40 50 substrate was modeled by a periodic array of terraces sepa-
k, [A7] z[A] rated by monoatomic steps with heidh¥(,15). Ni islands of

different heightsh; andh,, were then placed on each ter-

FIG. 3. Drift spectra recorded from the clean and Ni coveredrace. Each island covers 25% of the terrace. The height of a
H(1x1)C(111) surfaces under specular conditions. The uppemonolayer has been set to the value of the separation of bulk
panel shows a spectrum recorded from the clean surfge®y  Ni(111) planes,hy;111=2.03 A. Using kinematic diffrac-
curve, (see Sec. )l and a surface where Ni was evaporated fortion theory” the intensity in the specular directiork(
tni=to at T;=800 K (black solid ling. The panels below show a =0 A~!) can be calculated in a straightforward fashion.
section(indicated by the vertical dashed lines in the upper paofel  Results for two different examples with, and h, corre-
drift spectra measured for HK1)C(111) where different amounts sponding to 13 and 14 monolayeidL) and 12 and 13 ML
of Ni were deposited al = SOO K on an expandek, sca!e. Fourier  5re presented in Figs(# and 4c), respectively. The simu-
transforms of thewhole drift spectra are presented in the small |01 grift spectra in Figs.(8) and 4c) agree well with the
panels on the right side. Vertical arrows indicate the position of the : s
maxima of the island height distribution. The evaporation rate waseXpenmemaI data shown in Flg(dg.. . .
the same as in Fig. 1 : . Fourier transforms of the two _S|mglated drift spectra in

T Figs. 4b) and 4c) are presented in Figs(& and 4f). As
expected the positions of the pronounced maxia®14 and

tweenk,=8.5 andk,=10.0 A"* is shown(indicated in the  12/13 ML in Figs. 4e) and 4f), respectively correspond to
upper panel by vertical dashed linem an expanded scale. the heights of the Ni islands in the model. The other maxima
With increasing deposition timi,;, the separation between correspond to interference of outgoing waves originating
the maxima of the oscillations becomes smaller, indicatingrom different terraces. For example, constructive interfer-
an increasing height of the Ni islands. ence of waves scattered off an island with=14 ML and

Assuming simple scattering kinematics the Fourier transan adjacentdiamond terracef(yi111y~hc111) gives rise to
formation of the diffraction pattern provides information on a peak at 15 ML in Fig. @&). The best agreement with the
the distribution of island heights, as displayed in the rightFourier transform of the measured drift spectrLifig. 4(g)]
panels of Fig. 3. For this calculation thell k, range of the has been achieved for the two-island model described above
drift spectra was taken into account. In addition to a peak awith island heights of 12 and 13 ML. This is illustrated by
z=0 the Fourier transforms exhibit maxima spaced by abouvertical dashed lines in Figs(&)—4(g).
2 A corresponding to the step height of the diama@ml1) Similar calculations as described above were carried out
substrate. For increasing deposition times the absolute maxier all drift spectra measured from the Ni/HKI1)C(111)
mum (denoted by an arromshifts from about 10 to 40 A.  system at different Ni coverages. For each spectrum, the best

A simple, one-dimensional model was employed to inter-agreement was achieved with a model using two island
pret these results. As illustrated in Fig@# the diamond heights only. Our results are summarized in Table I. The
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TABLE I. Determination of the heights of the Ni islands in monolay@ ) from the measured heights
h, andh, and the bulk separationy;(;11y, see text. Ni was deposited &=800 K. The deposition time,
tyi. is expressed in units of the reference tire(Fig. 1). ML(1) and ML(2) are the estimated thicknesses
in monolayers of islands with heightg andh,, respectively.

tnilto h; [A] h, [A] h1/hyica1y ha /112 ML (1) ML (2)
0.2 13.6 11.6 6.7 5.7 7 6
0.8 17.9 15.9 8.8 7.8 9 8
1 22.05 20.0 10.9 9.9 11 10
2 26.0 24.0 12.8 11.8 13 12
4 40.4 38.4 19.9 18.9 20 19

integer values given in the last two columns are considerethe clean diamond substrat€) is the amount of the
to be the true heightSn monolayers of the Ni islands. H(1x1)C(111) surface covered with Ni ang is the mean
Although an overall layer-by-layer growth of Ni on the free path of the emitted C sl photoelectrons in Ni\¢
H(1x1)C(111) surfacdFig. 1) was not found the growth =13.6 A (Ref. 34]. To keep the model simple an average
mechanism of the islands is not completely 3D. On the conisland heighth, h=(h;+h,)/2 is used. A different expres-
trary, our data suggest that the island height distribution ision describes the increase of the Ni itensity for normal
very narrow. The majority of the Ni islands on the surfaceemission,
has heights of eithen or n+1 monolayers, whera is a

function of the deposited amount of Ni alone. Therefore we |Ni/|gi:®(1—exp:—h/)\,\,i]). 2
conclude, that théocal (i.e., for a particular islandgrowth
mode is actually a layer-by-layer mode. Ivi andl?; are the Ni  intensities(sum of the Ni 2/, and

The specular peak in the angular distributions recordeg\j 2p,,, peaks measured from the Ni-covered diamond sur-
from the Ni-covered surface is Considerably broadened COMP@ce and the Ni sample described above, respectively. The
pared to the clean Surfa¢ef. F|g 2) If a Simple geometric mean free path of the Nimphotoe|ectrons amounts tq\“
distribution of the Ni islands is assumed the profile of the—75 A 34 Equationg1) and(2) allow the simultaneous de-
specular beam can be described by a formula that includ&grmination of the propertie® andh. Since the heightt was
the average width of the islands as a fit param&t@uch an  getermined very precisely from the drift spectsze above
analysis was carried out for a surface covered by Ni islandgoth Eq.(1) and Eq.(2) were used to determine the coverage
with heights of 10/11 ML. The best fit yields an average@. The results, summarized in Table Il, provide a rough
diameter of the Ni islands of 55 A. _ _ __measurdestimated errorx 15%) for the Ni-covered area of

Our data also provide an important piece of informationthe diamond surface, although the agreement between the
on the very onset of the island growiti) additional oscilla-  coyerages calculated from E€L) and Eq.(2) is not com-
tions in drift spectra for deposition timet;, less than 0% pjetely satisfactory. For further discussion an average cover-
(or the equivalent if the deposition rate was diffejenere  age@,; (last column in Table )lwas calculated. Even at the
never observed, an) island heights less than 6 ML were |oyest island heights(6/7 ML) about 50% of the
never found. This favors a scenario where the growth startgy(1x 1)C(111) surface is covered by Ni islands.
with small, 6 ML-thick islands even for very small cover-
ages. However, lateral size and concentration of the islands )
have to exceed a certain minimum value to contribute con- IV. PHONON DYNAMICS OF Ni ISLANDS
siderably to the coherent diffraction pattgdrift spectrun. ON H(1x1)C(11)

As shown below, a deposition tintg;=0.2t, corresponds A. TOF measurements
indeed to a situation where almost 50% of the diamond sur-

face is already covered by Ni islands. Figures %a) and 5b) show two series of TOF spectra

converted to an energy transfer scale recorded for a diamond
H(1X1)/C(111) surface covered by 10.5 ML of Ni along
C. Coverage

The Ni-island coverage was determined by recording XP  TABLE II. Results of the determination of the covera@efor
spectra simultaneously with the He atom scattering datadifferent island heights using independently the €[Eq. (1)] and
Prior to the experiments presented here reference XP spectitée Ni 2p [Eqg. (2)] XPS signals®; is the average coverage cal-
from the clean H(X1)C(111) surfacdC 1s peak at 284 culated from columns two and three.
eV) and a polycrystalline Ni samplé\i 2p,,, at 870 eV and

2ps), at 852 e\f were recorded. In terms of a simple mofel ML 6 fromC 1s © fromNi 2p Oy
Fhle aéte?uatlon ofI the _C$15|gnal c:)ue to_t:he presence of Ni 6/7 0.51 0.42 047
islands for normal emission can be written as 8/9 0.65 055 0.60
IC/I2=®eXp(—h/7\C)+(l—®), (1) 10/11 0.61 0.59 0.60
. . . 12/13 0.76 0.68 0.72
wherel¢ is the measured intensity of the G peak after 19,29 0.80 0.95 0.88

background subtractiong is the intensity measured from
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FIG. 5. Series of TOF spectra recorded from Ni islands 4}t
of a heights 10/11 ML on the H(21)C(111) surface.(a) —_—
[112]-azimuth. (b) [110]-azimuth. 2
—
_ _ oL . . b)
the[112] and[110] azimuthal direction. Inelastic peakde- r [112] ™M

noted by Ry;) originating from the adsorbed Ni islands _ _ _
(10/11 ML) can be identified by comparison to correspond-_ FIG. 6. (8 Dispersion plot corresponding to the TOF spectra of
ing data for the clean H(%X1)C(111) surfacé® The full Fig. 5b). The filled circles represent the inelastic events corre-
width half maximum(FWHM) and the relative intensities of SEO”O"EQ g’ t:‘e_ ?Odi%i '”fFEJ- ﬁbi V"lhec;efflthe open C"/i'js
the Ry; peaks are similar to the inelastic features observed ignow the Rayleigh modRc of the (1x1)C( : ) su strate. Ad-
the HAS-TOF spectra of close packed clean metal surf%?ces.d't'ona"y’ .the scan curvesee text correqundmg to the |nC|_dent
This observation indicates a high structural quality of theangIeS@i In Fig. Sb) are shown.(b) Experimentally determined
surface phonon dispersion curves for Ni islands on H(1

adsorbed Ni islands, in agreement with the results of the

structural analysis, see Sec. lll. The Rayleigh mode of the’ 1)C(111) with heights of 6, 10, and 21 ML along the12]

H(1x 1)C(111) surfack is also seen in these spectra and iSdlrectlon. The ho_rlzontal arrows denote the c_ilfferent zone center
A - : gaps. The Rayleigh mod@. of the substrate is not shown. The
denoted b>RQ in Fig. 5. The experlmenta_ll_obseryano_n of_the open circles show EELS data recorded from(INil) of Menezes
Rc mode |nd_|cates that under the conditions _gl\_/en In '_:'9_' 5et al. (Ref. 36, the solid line represents the best fit of those data
the surface is not completely wet by the Ni film. This is \sing a siab calculation based on a single-force constant mode.
consistent with the results in Table II.
The measured data are collected in the dispersion plgt, in Fig. &b). With increasing Ni island height the gap

presented in Fig. ®. Scan curvedsolid lineg including enerqy decreases —1 meV for 20 ML Ni as indicated
those corresponding to the TOF spectra of Figp) &re also Ey thgeyhorizontal a%c?v?/s in Fig.(B). 1as ind

shovv_n to illustrate how each parti(;ular TOF energy I_os_,s.pea The measured values of the gap eneligy, are summa-
congbutgs to the phonon d|§per§|on curves in the vicinity of; 4 i Fig. 7a). Egap is @ monotonous function of the Ni
the I point. Neither for annihilation §E>0) nor for cre-  isjand height, a given heiglttcorresponds to a well-defined
ation (AE<0) do the points pass through the origin of the (see TOF spectra Fig) ®nergyE
plot as it is customary for well-defined single crystal sur-
faces. Rather they reveal a zone center gajE@f,=2.15
meV. The open circles indicate the location of the Rayleigh
mode of the substrat®:. The phonon dispersion curves  The vibration gap at th€ point corresponds to a periodic
along both azimuthal directions have been measured for segisplacement of the Ni islands normal to the substrate sur-
eral island heights. Three typical curves are shown togethggce. The presence of a similar zone center gap has also been
with earlier published electron-energy loss spe¢E&LS)  opserved for thin alkali metal films on @@01).>’ In this case
dat&® recorded for a NiL11) surface along thg112] direc-  the so-called organ pipe modes localized within the alkali

gap-

B. Lattice dynamic analysis
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4 comparison with the force constaffty;, fR.\; is converted
? 8 to an interlayer force constanty,; between Ni111)
a f planes®® ?ﬁiNi_:86 N/m. The ratio?ENi/?ﬁiNFO.lS indi-
o ) cates a coupling between the adsorb@®) and the sub-
0 L quig C 2 strate, which is weak compared to the Ni-Ni interaction. This
X ( is in contrast to the result for the parametefEq. (3)] and
= 15} cLl b [t suggests that the character of the adsorbate-substrate interac-
2 d 2 tion cannot be determined from E(B) alone. Densities of
= 10} "L > L (] statedDOY) of thez-polarized vibrations projected on the Ni
s B reL surfacelayer were calculated for several numbers of Ni lay-
& 5| B [ [ | ers using the rigid substrate model. The results are plotted in
rr Fig. 7(b). The lowest calculated energies agree well with the
0 |>|’|> rr ([ [ P e by measured values for each Ni island height. The calculated
1 5 10 15 20 DOS for 1 ML Ni has a strong peak at 8 meV which corre-

sponds to the vibration energy of 1 ML Ni on
H(1Xx1)C(111). This energy agrees roughly with the value
FIG. 7. (a) Measured zone center gap energies plotted versus the;=11 meV obtained from the simple model discussed
number of layers in the Ni islanddilled circles. Since each data above[Eq. (3)]. Figure 7b) also shows additional modes
point corresponds to two island heiglitee text, n andn+1 lay-  (overtone$ at higher vibration energies for layer numbers
ers, the symbols are placedmt 3 layers. This uncertainty is in- N>1. Contrary to the case of alkali metal overlayérsver-
dicated by a horizontal error bar. The solid line shows a least squarene modes were never observed in the experimental TOF
fit to the data.(b) Calculated densities of states of tkgolarized spectra recorded from Ni covered H{1L)C(111) surfaces
modes at the surface Ni atom for 1, 6-13, 19, and 20 ML Ni on a(cf, Fig. 5. The absence of overtones is not surprising since

rigid substrate at thf—point. The resulting DOS was convoluted the Ni/H(1x 1)C(111) system%N-/?ﬁ-N:O 18) does not
N . . . I INT *
with a Gaussian function with a FWHM of 0.25 meV. fulfill the condition for the appearance of open standing

waves(organ-pipe conditionfs,/f,,=2, fs; andf,, are the

metal layers are nearly dispersionless and the experimenta| st ate-adsorbate and the adsorbate-adsorbate force con-
TOF spectra reveal several overtone excitations. Accordinga s “respectivet).

to Ref. 38 the strength of the adsorbate-substrate coupling Thea width of theRy; peaks in the TOF spectra is small
1

can be described by a paramefemwhich is obtained froma 5 comparable to the FWHM of the substrate phonon peaks
fit of the variation ofEg,p, with the number of adsorbed (g y This indicates that not only the coupling of the adlayer
layers phonons to the stiff substrate is small as expected, but also
independently demonstrates that the island height distribu-
tion is very narrow. Figure (@) as well as our calculations
show a strong correlation of the vibration energy and island
height. The presence of Ni islands with different heights,
a variation in height of several monolayers from island to
island would lead to a broadening of they; peaks in the
OF spectra due to the superposition of phonon peaks origi-
nating from islands with different heights and corresponding
ifferent phonons frequencies. The width of Rg; peaks in

Number of Layers N

Egap: ENTY, 3)

were E; is the extrapolated gap energy @ 1 ML film. A
least square fit of the data in Fig(ay shown by the continu-
ous line curve yieldg~0.95 andg,,,=11 meV. The fitting
procedure is hampered by the fact that data for Ni islan
heights less than 6 ML are not available. The valuefds
close to the upper limit ofy=1 discussed in Ref. 38 and

indicates a strong substrate-adsorbate interaction. Sinc . .
ig. 5, however, corresponds to the experimental resolution.

however, in our case the Ni-atoms are expected to be onl . ;
weakly adsorbed on the H-terminated surface the present r hus, the phonon dynamics of the Ni/H{IL)C(111) sys-

s o : . is fully consistent with the picture of the growth mode of
sult indicates that this simple model is not applicable to th emis . .
system studied here. eNl on H(1x1)C(111) as given in Sec. lll.

A full lattice dynamics analysis was carried out to gain
more insight into the phonon dynamics of the system and to V. SUMMARY AND CONCLUSIONS

confirm our interpretation of the observed vibrations atfthe . . .
point. For the calculations a rigid substrate model has been The adsorption of Ni onto the H(21)C(111) diamond

used, which is well justified because of the large mismatch irpuTface has been studied by high resolution helium atom
force constants between substrate and adsorbate. TREUEring and x-ray photoelectron spectroscoys). The

. . ) experimental results presented here provide the first com-
substrate-Ni force constaﬁﬁ,\“ was o_btamed fYom a f'.t to plete set of structural and dynamical data of metal adlayers
the measured valugy,,=3 meV for islands with a height

P _ on a diamond substrate. Upon depositionTat 800 K, Ni
h=6/7 ML, the result isfcy;=15.75 N/m. The lattice dy- forms large islands with heights ranging from 6 to 20 ML
namics of Ni can be described by one nearest-neighbor radiahd diameters of about 50 A. The height distribution of the
force constanty;y; (similar to coppet) a least square fit to islands on the well defined, atomically flat diamond surface
the only data available for the Nill) surfacé® yields is very narrow as schematically depicted in Fig. 8. The is-
fRini=43 N/m. The result of this fit of the Rayleigh phonon lands are found to cover between 50 and 85 % of the surface.
of the Ni(111) surface is shown in Fig.(B) (solid ling). For A single island grows epitaxially in a layer-by-layer fashion,
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cess is kinetically hindered at temperatures as higiTas
=800 K. In fact, for the Cu/ZnO system mentioned above

‘ the formation of 3D Cu clusters is reportedTat=800 K2 If
_ the observed minimum thickness of 6 ML presents another
instance of a metal film with a so-called “magic” thickness
as suggested in Ref. 13 cannot be decided on the basis of our
data and requires further investigations.

Since Ni is not a free electron metal the “electronic
growth” model* cannot be used directly to explain
the existence of “magic” thicknesses in the system
more detailed studies on this apparently new growth mode\i/H(1x 1)C(111). We speculate however, that also in this
are presently under way. Deposition at room temperature isase Ni-layers for thicknesses of less than 6 layers are un-
found to result in the formation of poorly ordered adlayers,stable with regard to the formation of 3D clusters, as sug-
which most likely consist of many small Ni islands with a gested in the work by Gaviokt al® for the case of Ag.
much broader height distribution, in agreement with previous The presence of largex55 A), structurally well-defined
studies’ islands with a very narrow height distribution on the dia-

The formation of atomically flat islands of transition met- mond substrate opens the unique possibility to investigate
als on insulator surfaces was reported eafligising trans- properties of 2D metals adlayers. Here, the phonon disper-
mission electron microscopy the formation of flat Pd islandssion curves of the layers could be studied as a function of
on MgO(001) has been observél A combined spot profile  thickness. For the transverse acoustic mode polarized normal
analysis LEED and XPS ;tuﬁ“yon the deposition of Ni on 5 the substrate a gap is observed atEhpoint, which de-
the basal plane of graphite shows a temperature-dependefisases from 3 meV for the smallest thickness investigdted
growth mode. At low temperaturesT{=90 K), Ni forms ) g 1 meV for 20 ML. The lattice dynamical analysis of
(111 !slands with un!form helght, which is independent of g gap energy reveals a weak coupling between the sub-
the Ni coverage, while deposition at room temperature regyrate and the Ni overlayer, indicating the absence of chemi-
sults in the formation of large clusters. The_se findings are i interactions. The Rayleigh modes of the Ni islands and
contrast to the data presented here for Ni/M@C(111),  he Nj(111) surface can be described by the same radial force
where a uniform but coverage dependent Ni-island heightonstant®, . This result suggests that the electronic prop-
Was_found forhigh deposmon_ temperatures. erties of the Ni islands an@ulk) Ni(111) are identical, even

Since metals o_lo not wet insulator substrates, generally r island heights as low as 6 ML. As a result of the large
3D growth mode is expected. At low temperatures, NOWevelg o ronic band gap of diamond also electronic systems of
the formation of 3D islands can be kinetically hindered SINC&a surface and the adlayer should be largely decoupled, the
the metal atoms may not be able to overcome the activatiopi isjands on H(1x 1)C(111) can thus be regarded as, a
barrier for hopping from the substrate to the top of the metaﬁwodel system for thin, virtually free-standing metal films.

islan(f 'IA‘S a (l;onlsequenc?l\,,t:]he (r)n%jetal grow(sj in a Sf'iageq'herefore, the present Ni/H§1)C(111) should be of in-
pseudo-layer-by-layer gro mot@as was demonstrated torest in connection with further experiments, which will

for the adsorption of Cu on thBnO(0001) surface’ At Ts  comprise the investigation of chemio&dsorption of mol-
=130 K, Cu forms 2[i.e., one atom layer thigkslands on  ecuyles, oxidationand electronic properties of the islands as

FIG. 8. Schematic drawing showing the morphology of Ni is-
lands grown epitaxially on the H¢21)/C(111) diamond substrate
for deposition at 800 K. Noteworthy is the large diameter of the Ni
islands (=55 A) and the very uniform height distribution.

the ZnO substrate until a coverage of 55% is reached. function of the island-height.
For Ni/H(1x1)C(111), a somewhat different growth
mode was observed at relatively high temperaturgs, ACKNOWLEDGMENTS

=800 K. Ni initially forms islands with heights of 6 to 7 ML

before it starts to grow in a layer-by-layer mode. The reason We thank Dr. G. Witte(Bochum for discussions and for
for the existence of this minimum in thickne$8 ML) is  comments on the manuscript. We also thank Dr. Th. Schaich
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