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Properties of ultrathin Pb layers on the Ni(111) face
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The atomic structure and morphology of ultrathin Pb layers deposited on {idINiace in ultrahigh
vacuum at the substrate temperature ranging from 150 to 910 K were investigated with the use of Auger
electron spectroscopfAES), low-energy electron diffraction, and directional elastic peak electron spectros-
copy (DEPES. The analysis of AES measurements indicates that the two-dimensional growth of the first Pb
monolayer takes place for the substrate temperature 1807 K480 K. For 180 KT<270 K, flat two-
and three-atomic layer island$vedding cakes’) seem to grow after the completion of the first lead mono-
layer. Then, the three-dimensional growth starts. DEPES measurements indicate that for layers deposited at
T=150 K a twin interfaceabcBACBACis formed between the Ni substrate and the Pb layer.
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I. INTRODUCTION deposition commonly used. The extension of our measure-

Ultrathin lead layers deposited on the(Nil) face were ments over a wide temperature range resulted in finding out
investigated in a number of works® Those investigations a strong dependence of the growth mode of the succeeding
were limited to lead layers deposited at room temperajead layers on the substrate temperature which, to the best of
ture and were mainly concentrated on the first and, to someur knowledge, has not been reported in the literature for the
extent, on the second lead layer. In low-energy electrorPb/Ni(111) system. DEPES results indicate that a twin inter-
diffraction (LEED) patterns, (X 1), (3X3), and (4x4) face is formed between the Ni substrate and Pb layer which
structures appeared in succession during the increase of cowan be described as aibcBACBACsequence.
erage with lead up to the full monolaye@bout 1.1
X 10' Pb atoms/crf). The presence of these single over-
layer structures was confirméby impact-collision ion scat-
tering spectroscopyICISS) results. The annealing of a lead  The measurements were carried out in a metal ultrahigh-
layer at 873 K led to a stablp(y3x y3)R30° structure vacuum chamber with the base pressuresfl® 8 Pa. The
ascribed, on the basis of ICIS8ef. 4 and medium-energy chamber was equipped with the reverse view LEED optics
ion scattering MEIS) (Ref. § measurements, to the forma- (OCI Vacuum Microengineeringwhich was used for both
tion of a surface(confined to the first atomic layeNi-Pb  LEED and AES measurements. The(Mil) crystal was
alloy. Results of Auger electron spectroscoyES) mea- mounted on a manipulator with facilities for its rotation
surements presented in Refs. 1, 3 were interpreted as ewvaround axes parallel and perpendicular to its surface. The
dence of the Stranski-Krastanov growth mode. sample could be heated to 950 K and cooled to 150 K. The

In the present paper, we show the results of investigatingrystal temperature was measured by using an NiCr-Ni ther-
the atomic structure and morphology of ultrathin Pb layersmocouple. The crystal was cleaned by potassium ion bom-
deposited on the N111) face in ultrahigh vacuum at the bardment from a zeolite souté5 uA, 660 e\) and by
substrate temperature ranging from 150 to 910 K. These reimultaneous annealing at 900 K until the carbon and sulphur
sults were obtained with the use of LEED, AES, and direc-peaks became invisible in AES spectrum and a LEED pattern
tional elastic peak electron spectroscofEPES. Good of the clean Nil11l) face with sharp spots and low back-
quality LEED patterns corresponding to all the structuresground was obtainetiThis method of cleaning was success-
reported in literature were observed. Owing to the methodully used in our laboratory for other systems, e.g.,
used for the recording of AES data, the dependencies of AEBg/Ni(111),® Co/Cu111),° and AuCu alloys? It should be
signals, for both the substrate and adsorbate, on the adsorbgiginted out that in investigation of the adsorption of potas-
deposition time[we will call these dependencies AE$( sium on nickel surfacés?? potassium was found to be re-
plots] are represented by as many as 40 to 60 experimentahoved completely during annealing at 900 and 1000 K. Lead
points for every monolayer of the adsorbate. Thus, thg99.999%) was evaporated onto the crystal surface from a
shapes of particular AE$) plots could be determined more quartz crucible. In directional elastic peak electron
precisely than in the case of such AESplots presented in  spectroscopy’ the dependence of the elastic peak intensity
Refs. 1,3, where one monolayer is represented only by fivén the secondary electron spectrum on the incidence angle of
or ten points. It will be shown below that such a precisethe primary electron beaEPES profil¢ is measured. The
determination of the AES$] plots shape gives new important intensity maxima appear when the primary beam is parallel
information about the growth mode. In addition, in our mea-to one of densely packed rows of atoms in the sample under
surements the adsorbate deposition is not interrupted for thievestigation because of forward focusing and channeling of
recording of Auger peaks. Thus, our AEpplots concern a primary electrons along such rows and atomic planes parallel
continuous growth of the deposited layer, and it is simpler tato the given row, respectively. Namely, these two mecha-
describe this process theoretically than the step-by-stepisms result in the concentration of primary electrons on
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FIG. 1. AES{) plots of Ni MVV and Pb NVV peak heights for lead deposition onMil) face at(a) T=180 K, (b) T=300 K, (c)
T=450 K, (d) T=540 K, (e) T=650 K.(1) AES(t) plot calculated for the Frank—van der Merwe grow(), AES(t) plot calculated for
the growth of three-atomic layer thickness flat islands on the first lead layer.

cores of atoms at the subsurface atomic layers which inelectrons appear in DEPES profiles for some electron ener-
creases the cross section for elastic backscattering of thogges. These maxima appear, shift, and disappear when the
electrons. For the lead crystal with tii&11) face one can electron energy changes. Only the maxima present at a per-
expect that three or four atomic layers are responsible for thenanent position for the whole electron energy rafigeer-
creation of maxima in profiles B presented in Figs. 2, 3.manent” maximaare taken into account in DEPES analysis.
More information about the mechanism of the creation of~or the(111) face of fcc crystals and for the primary beam
these maxima can be found in revielffd® Positions of such lying in the plane determined by thd21]-[121] azimuth,
maxima remain unchanged when the electron energpermanent maxima are expected to appear simultaneously
changes from 1000 to 2000 eV. In addition to such maximafor [101], [121], and[010] directions(for the primary elec-
maxima connected with multiple elastic scattering of primarytron incidence angle= —35°,19.5°, and 55°, respectively
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Owing to the geometry of the system it was possible, during=260 sec. However, results fof=150 K were strongly
the deposition of lead on the sample surface, either to recorgreproducible and AES] plots similar to those obtained for
the Auger peak heights for the nickel MVV transition at 61 higher temperatures were found as well. For 180 K, the

eV and the lead NVV transition at 94 eV under computerpresence of the second linear part indicates that two-
control or to record LEED patterns in the computer memoryyimensional growth is continued after the first layer forma-
with the use of a CCD camera. The Auger peak heights fofion. However, this is not the Frank—van der Meng@M)
nickel and lead were corrected for the background created bé'rowth Namely, the substrate AB$(lot calculated for FM

the secondary electrons in the low-energy part ofdheéd E - ) .
versus electron energy curve. To obtain DEPES polar pro(‘-:]rOWth under the supposition that laj point the first lead

files, the sample was rotated around the axis perpendicular! égr IS Icompleted do f(.)t Ff.'t the f)épelmentillg found
the sample surface to the positiémetermined with the use *'— ® ppts[see curves 1 in Figs(d), 1(b)]. Amuch better
of LEED patterngwhere the incidence plane of the primary fit is obtained for AES() plot calculated for the growth of

electron beam was parallel to thi21]-[121] azimuth on the flat istands (‘wedding cal_<es ). composed of three atomic
sample surface. Next, the sample was steadily rotated arouAﬁyers of Iead[cqrves 3 in Figs. @), 1(b)]. It should pe
the axis parallel to its surface and the elastic peak height if9ded here that in a number of AEFplots (not shown in
the N(E) mode was measured, under computer control, af9- 1 the experimental points fit the AE§(plot calculated
regular intervals, which gives the dependence of the med®" the growth of two-atomic layer islands or lie between
sured height on the rotation angle. Unfortunately, because ddES(t) plot calculated for the growth of three- and two-
the incidence system limitation, the error in determining theatomic layer islands. Thus, the growth mode seems to de-
incidence angle was as large as 2°. pend strongly on the conditions of lead depositioate of
deposition, temperature, and morphology of the substrate
Of course, the wedding cake growth should be confirmed
Ill. RESULTS AND DISCUSSION with the use, for example, the scanning tunnelling micros-
A AES copy. Nevertheless, the FM growth, as well as the Stranski-
' Krastanov growth, seem to be excluded for 188<K
For substrate temperatures ranging from 180 to 380 K< 380 K. ForT<270 K the substrate AE$ plots progres-
two linear parts of the AESJ plots for 61 eV nickel and 94  sjvely decreases its slope after completion of the second lin-
eV lead peaks can be distinguistiege Figs. ), 1(b)]. For  ear part which corresponds to the start of three-dimensional
all 13 AES() plots recorded in this temperature rar(galy (3D) growth. On the other hand, for 2Z0r<380 K, after
two of them are presented in Fig) $traight lines corre- the second linear part a clearly visible maximum appears
sponding to the first and second linear parts of the substrafgee Fig. 1b)] and only after this maximum the part indicat-
Auger AES() plot (these lines have been obtained by theing 3D growth can be seen. The maximum can indicate a
least-squares methpehtersect one another at poihg cor-  reconstruction of the wedding cake islands in which they
responding to the valuy; /hy; oc=0.56—-0.62 on the vertical become slimmer and higher. These results contradict the lit-
axis and tot; =340-600 sec on the horizontal axis for par- erature data® where the Stranski-Krastanov growth at room
ticular AES() plots. The errodh; of the valueh; determi-  temperature was reported. In addition, the maximum men-
nation was estimated for particular AE}plots with the use tioned above does not appear in the ABSflots presented
of errors of coefficients in equations obtained for both linearin Refs. 1,3. Namely, it is stated in Ref. 1 that “After the
parts. A typical value ofAh; was equal to about-0.02.  monolayer break unsystematic variations in signal ampli-
Thus, the scatter of the experimentally found valueshpf tudes always occured which is an indication of spontaneous
may be only the result of the scatter of experimental points irclustering,” but this statement concerns the clustering of the
measured AES] plots. The values of; differ remarkably first lead layer while in our case the maximum appears after
for AES(t) plots measured at different substrate temperadeposition of 3 ML of lead. It should be added that o
tures. Moreover, for particular AE§( plots obtained at the traces of maximum or unsystematic variations are visible in
same substrate temperature this value is rather badly reprthe presented AE$) plots. It cannot be excluded that those
ducible. This indicates that the lead source stability was notliscrepancies are connected with the continuous deposition
satisfactory. Lead was melted in the crucible before evenpf lead, without interruptions for recording of Auger signals,
deposition. For technical reasons, the axis of the crucible waisi our measurements. For deposition temperatures 410 K
almost horizontal and the shape of the melted lead surface T<480 K only the first linear segment corresponding to
could be different after successive meltings. On the othethe first monolayer formation exists. After this, the three-
hand, one can expect that this shape remained unchangdinensional growth AES] plots are not linealits slope
during recording of particular AE$) plots. Because the increases with increasing deposition timehile the first seg-
scatter oth, values is not large, we will suppose further that ment of adsorbate AE$) plots remain lineafsee Fig. 1d)].
the first linear part corresponds to the formation of the firstThis nonlinear shape of the substrate ABSglots and, si-
layer (1 ML) of lead, in spite of large scatter of values. multaneously, the linear shape of the adsorbate AESIOts
This supposition agrees with the literature dataFor T have been reproducibly found in our experiments but we
<180 K theh; point cannot be found so clearly. In some have no explanation for them. For 580<K <730 K the
AES(t) plots for T=150 K three linear segments appearedAES(t) plots saturate after the first lead layer completion
and the first break was obtained fbg;/hy;o=0.63 att;  [see Fig. le)]. ForT>730 K the equilibrium coverage with
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FIG. 2. DEPES polar profiles for tHel 21]-[121] azimuth of FIG. 3. DEPES polar profiles for thel21]-[121] azimuth of

the Ni(111) sample, for electron energy of 1100 ep) Clean  the Ni(111) sample, for electron energy of 1600 eM) Clean
Ni(111) face atT=300 K, (B) Ni(111) face covered with 10 ML at Ni(11) face atT=300 K, (B) Ni(111) face covered with 10 ML at
T=150 K. T=150 K.

IV. CONCLUSIONS
lead becomes smaller than 1 ML and decreases with increas-

ing temperature. This can be explained by the thermal deé
sorption of the second lead layer forx 730 K and the first
layer forT>730 K.

(1) In accordance with the literature data, two dimen-
ional growth of the first lead layer on the (311 face is
observed for 180 KT<480 K.

(2) For 180 K<T<380 K, the shape of AE$) plots
indicates the growth of flat two- and three-atomic lead is-
lands on the first lead layer, instead of the Stranski-
Krastanov growth reported in the literature. For 276<K

DEPES profiles for the clean [ill) face and for 10 ML <380 K spontaneous reconstruction is suggested to take
of lead deposited on this face @t=150 K are shown as Place in the layer containing the number of Pb atoms equiva-
curves A and B, respectively, in Fig. 2 for electron energylent to 3—4 monolayers. _

E=1100 eV and in Fig. 3 foE=1600 eV. In curves A (3) For T>_480 K, the nonlinear shape of the supstrate
permanent maxima are clearly visible close to angles AES(t) plots is observed for coverages up to 1 ML while the
—35°, 19.5°, and 55°, where they are expected for(tad) ~ adsorbate AES] plots is linear. o

face of fcc crystals. On the other hand, in profiles recorded (4 The DEPES results indicate that the twin interface
for lead layers(in curves B new permanent maxima are abcBACBACIs formed in the Ni-Pb interface region.
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