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The atomic structure and morphology of ultrathin Pb layers deposited on the Ni(001) face in ultrahigh vacuum
at the substrate temperature, ranging from 145 K to 900 K, were investigated with the use of the Auger electron
spectroscopy and low-energy electron diraction. The analysis of the Auger electron spectroscopy measurements
indicates that the VolmerWeber growth of the Pb takes place for substrate temperature T < 300 K. Between 300
and 600 K, the StranskiKrastanov growth mode is observed. For 600 K ≤ T ≤ 700 K, only rst two-dimensional
Pb layer formation is found. Above 700 K desorption of lead atoms from the rst layer is observed. The ordered
low-energy electron diraction patterns corresponding to p(1 × 1) and c(2 × 2) structures are observed.
DOI: 10.12693/APhysPolA.125.1159
PACS: 68.35.B−, 68.35.bd, 68.35.Ct, 68.43.Mn, 68.47.De, 68.65.Ac
obtained with the use of the Auger electron spectroscopy

1. Introduction

Metal atoms adsorbed on solid surfaces are important and interesting in many respects.

(AES) and low-energy electron diraction (LEED).
2. Experimental

They represent
The

the very beginning of metal deposition, and their nucleation and growth behaviour determine the structure
and properties of the modied surface.

Such surfaces

measurements

were

carried

out

in

a

metal

ultrahigh-vacuum chamber with the base pressure of

2 × 10−8

Pa.

The chamber was equipped with the re-

with monolayers of foreign metals often exhibit unique

verse view LEED optics (OCI Vacuum Micro engineer-

and interesting properties that are absent in unmodied

ing) which was used for both LEED and AES measure-

bare surfaces.

ments.

Growth of lead layers have received in-

creasing attention in recent years, because the islands

The spot size of the primary electron beam in case of

formed during growth are of a special uniform height (of-

LEED and AES measurements was equal to 0.5 mm. The

ten referred to as a magic island) with at tops and

Ni(001) single crystal was mounted on a manipulator [32],

step edges. This phenomenon has been observed during

with facilities for its rotation around axes parallel and

metal thin-lm growth in a few material systems such

perpendicular to its surface. The equipment allowed for

as Pb/Ni(111) [13], Pb/Ni3 Al(111) [4, 5], Pb/Mo(110)

the sample temperature to be between 145 K and 1150 K.

[6, 7], Pb/Cu(111) [810], Pb/Si(111) [1021], and has

The crystal temperature was measured by using an NiCr

been interpreted in terms of quantum size eects (QSE)

Ni thermocouple. The crystal was cleaned by potassium

[2227].

ion bombardment from a zeolite source (5

µA,

660 eV)

These studies indicate that, in the equilibrium distri-

and by simultaneous annealing at 900 K. This procedure

bution of island heights, some heights appear much more

was repeated until the carbon peak was no longer visible

frequently than others.

in the AES spectrum, and a LEED pattern with sharp

Magic preferred heights cor-

respond to islands with a quantum well state far from

spots and low background appeared.

the Fermi energy, while forbidden heights appear to be

Lead (99.999%) was evaporated onto the crystal sur-

those that have a quantum well state close to the Fermi

faces from the same quartz crucible surrounded by a

level. Until now, ultrathin lead layers deposited on the

tungsten resistive heater in a vacuum of

However, those investigations were limited only to lead

5 × 10−8 Pa or
−3
better, and at a deposition rate of 2.66 × 10
ML/s. For
thickness measurements of adsorbed layers the AES(t)

layers deposited at room temperature and were mainly

plots were used in present studies according to well de-

concentrated below the rst Pb monolayer.

scribed formalism [3337].

Ni(001) face have been studied in a few works [2831].

In the present paper there will be shown the results of
investigating the structure and morphology of ultrathin
Pb layers deposited on the Ni(001) face in ultrahigh vacuum at the substrate temperature ranging from 145 K
to 900 K and coverage up to 5 ML. These results were

Owing to the geometry of the system, it was possible during the deposition of lead on the sample surface,
to record either the Auger peak heights under computer
control for nickel

NV V

MV V

transition at 61 eV and lead

transition at 94 eV, or LEED patterns in the com-

puter memory with the use of a CCD camera. The Auger
peak height for nickel was corrected for the background,
created by the secondary electrons in the low-energy part
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of the

dN/dE

versus electron energy curve. In our mea-

surement, the adsorbate deposition is not interrupted for

(1159)
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the recording of the Auger peaks. Thus the AES(t) plots

corresponds to the formation of the rst layer (θ

are shown for a continuous growth of the deposited layer.

of lead, where a 1 ML of Pb(001) lm corresponds to an
atomic packing density of

3. Results and discussion

Plotting the AES peak heights of the substrate and
the adsorbate as a function of deposition time  AES(t)
plots  enables the determination of the growth mechanism, as well as the monolayer formation [3337]. At a
deposition temperature of

T < 200

K, Pb on Ni(001)

grows in the VolmerWeber (VW) [38, 39] mode, as
shown by monotonic parts of the AES(t) plots for 61 eV
nickel and 94 eV lead peaks (Fig. 1a). For temperatures
between

300 K ≤ T ≤ 600 K,

the rst linear part of the

AES(t) plots for Ni and Pb peaks can be observed, respectively (Fig. 1b and c), suggesting the presence of two-dimensional (2D) growth of the rst lead layer. Thus,

8.1 × 1014

= 1 ML)
2

atoms/cm .

Further, the nonlinear shape of the AES(t) plots for
temperature

300 K ≤ T < 600 K

-dimensional

(3D)

growth

mode

implies a three-

(StranskiKrastanov

(SK) mode [40]). The AES(t) plot of the substrate calculated for layer-by-layer growth does not t the experimentally found AES(t) plot (curve 1 in Fig. 1b).
For

600 K ≤ T ≤ 700 K,

the AES(t) plots satu-

rate after the rst two-dimensional lead layer completion
(Fig. 1d). For

T > 700

K the equilibrium coverage with

lead becomes smaller than 1 ML, and decreases with increasing temperature. This can be explained by the thermal desorption of the rst lead layer (Fig. 1e).

A
if αS = hS1 /hS0 denes the coecient of attenuation
of the substrate Auger peak, owing to the presence of
a monolayer of adsorbate, then the expected height of
the substrate Auger peak for layer-by-layer growth, after

n = 2nd, 3rd, 4th, . . .
hSn = hS0 (αSA )n [3339].

completion of the
the equation

layer, is given by

Fig. 2. Set of AES scans as a function of the annealing
temperature for (a) 3 ML and (b) 13 ML of Pb on the
Ni(001) deposited at T = 200 K. (c) AES peak height
ratio as a function of annealing temperature for 3 and
13 ML coverage.

Fig. 1. AES(t) plots of Ni M V V and Pb N V V peak
heights for lead deposition on Ni(001) face at: (a) T =
145 K, (b) T = 300 K, (c) T = 450 K, (d) T = 650 K,
(e) T = 900 K. h1 and t1 correspond to the rst monolayer (ML) of lead. (1) AES(t) plot calculated for the
Frankvan der Merwe growth.

This supposition has been conrmed by set of AES
scans as a function of the annealing temperature for 3 and
13 ML of Pb on the Ni(001) deposited at

T = 200 K, and

AES peak height ratio as a function of annealing temperature for both coverage in Fig. 2. It should be pointed

Curve 1 in Fig. 1b is calculated for FM growth using
the formula described above, under the assumption that,
at the

(hS1 ; t1 ) = (0.75; 375),

point the rst lead layer

is completed. Since the scatter of

hS1

tS1 values
T ≤ 600 K,

and

out here that, for deposition temperature

T = 650 K, the

nonlinear shape of the substrate AES(t) plot and, simultaneously, the linear shape of the adsorbate AES(t) plot

for

has been observed repeatedly in our experiments for the

we

rst linear segment corresponding to the rst monolayer

will suppose further that the rst linear part of the curve

formation (Fig. 1d). The same eect has been observed

particular AES(t) plots is not large for

K. Krupski, T. Kobiela, A. Krupski

1161

for the Pb/Ni(111) AES(t) plots [3], demonstrating the
similarity of the two adsorption systems. The reason for
nonlinear signal from the Ni substrate in the initial stage
of Pb deposition at

T = 650

K could be the rearrange-

ment of Pb atoms on the surface.

Fig. 3. Schematic representations of (a) Volmer
Weber, (b) StranskiKrastanov, (c) 2D layer and (d) 2D
island growth modes of Pb on the Ni(001) surface as a
function of deposition temperature. Growth morphology is deduced from the AES(t) plots shown in Fig. 1.

Fig. 5. Top view of surface structures deduced from
the LEED patterns shown in Fig. 3: (a) clean Ni(001),
(b) c(2 × 2)-Pb. The unit cells of the substrate (blue)
and lead lattice (red) are shown in each diagram.

Schematic representations of VolmerWeber, Stranski
Krastanov, 2D layer and 2D island growth modes of Pb
on the Ni(001) surface as a function of deposition temper-

ple temperature between 200 and 850 K, for coverage

ature deduced from the AES(t) plots is shown in Fig. 3.

Θ ≥ 1.0

Lead atoms on the Ni(001) face form ordered structures

LEED patterns. The strongest intensity of spots for the

after evaporation onto the crystal face.

c(2

× 2)

ML, the structure c(2

× 2)

is visible in the

structure was observed for coverage of Pb equal

to 1.0 ML. At coverage

θ > 3.0 ML, the overlayer dirac-

tion spots are invisible, while the very weak spots of the
substrate structure are visible up to a coverage of about
5 ML. This is in agreement with the island growth as de-

θ>5

duced from AES analysis. At coverage of

ML the

overlayer spots and the spots of the substrate structure
are not visible. After deposition of lead on the Ni(001) at

T ≥ 850

the sample temperature
at

T ≥ 850

K (or after annealing

K, the Pb layer deposited at

T < 600 K)
× 2) struc-

diraction patterns corresponding to the c(2

ture are observed. Atomic spacings and angles presented
in the hard-sphere models of Fig. 5 agree with the LEED

Fig. 4. LEED patterns observed during the growth of
Pb on the Ni(001) surface, recorded for normal electron
incidence, electron energy E = 120 eV and sample temperature T = 200 K: (a) clean Ni(001), (b) c(2 × 2)-Pb.
The unit cells of the substrate (blue) and lead lattice
(red) are indicated.

patterns shown in Fig. 4. For the c(2
density of Pb atoms is

3.9 × 1014

× 2)

structure, the

2

atom/cm , which is

48% of the density of the close-packed (001) Pb layer.
The growth mode of one metal evaporated onto another
is governed by the surface free energies, strain energies,
and kinetics [41]. Thermodynamically, the growth mode
of adsorption systems is determined by the surface free

Typical LEED patterns observed after deposition of

energies of the substrate

γi

γs ,

the adsorbate

γa ,

and the

lead on the Ni(001) face in normal electron incidence are

interface energy

shown in Fig. 4. The patterns are shown to demonstrate

ergy (γi ) is less than zero, the system is stabilized by

the quality of the structural order at the surface.

intermixing, maximizing the interface between the ad-

The

corresponding

structure

Ni(001) surface and c(2

× 2)

model

for

the

clean

structure of Pb are shown

[41].

In general, if the interface en-

sorbate and the substrate atoms [42].
ically the interface energy

γi

However, typ-

is not known.

In addi-

The lattice constant of

tion, strain energy, owing to the atomic size mismatch

the clean Ni(001) surface unit cell is 3.58 Å. At the sam-

(or the lattice constant mismatch) between the adlayer

in Fig. 5a and b, respectively.
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and the substrate atoms, can also induce intermixing at
the surface [43].

This leads to a situation where the

growth of the rst two-dimensional lead is also driven
thermodynamically by the lower surface free energy of

2

Pb (0.377 J/m

< γPb < 0.600 J/m2 ) [4447] compared
2
< γNi(001) < 2.45 J/m2 ) [4446]

to Ni(001) (2.38 J/m

so that the Pb layer wets the Ni(001) surface, despite
the elastic energy required, as a result of the large lattice

≈ 28% (for fcc Pb,
aNi = 3.58 Å) [44, 48].

mismatch between Pb and Ni(001),

aPb = 4.95

Å, for fcc Ni(001),

4. Conclusions

The AES results indicate that the growth of the lead
layer on the Ni(001) face strongly depends on the substrate temperature.

300

For substrate temperature

T <

K, the VW growth of the Pb is observed. Between

300 and 600 K, the SK growth mode is visible.

600 K ≤ T ≤ 700 K,

For

only rst two-dimensional Pb

layer formation is found. Above 700 K desorption of lead
atoms from the rst layer is observed. The ordered LEED
patterns corresponding to p(1×1) and c(2×2) structures
are observed.
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