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Evidence for surface compaction in Al-incorporated Al-Pd-Mn quasicrystals
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The quasicrystalline order at the pentagonal surface of the icosahedral Al-Pd-Mn is monitored by low-energy
electron diffraction during the vacuum deposition of aluminum. We find that thick Al layers can readily be
diffused into the bulk if the substrate is kept at 770 K, with no measurable changes in the surface quasicrys-
talline order. In the process, the surface Debye temperature~298 K! increases by more than 100 K suggesting
the filling of the vacancy-rich, open-structured pentagonal surface of the Al-Pd-Mn quasicrystal with Al.
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At finite temperatures, each atom fluctuates about its e
librium position and, since the vibrational amplitude of su
face atoms is commonly larger compared to the bulk va
surfaces show a distinctly different behavior than the bu
Surface melting is certainly a prominent example of t
class of processes.

The mean-square displacement of atoms, expresse
^u2&, can be determined experimentally by measuring
intensity of particles, e.g., electrons, reflected from the s
face as a function of temperature, because the intensity
creases exponentially with increasing temperature. Thi
expressed as the Debye-Waller factore22M, where, in the
high-temperature limit,1,2

2M5
16p2^u2& cos2f

l2
and ^u2&5

3\2T

mkBuD
2

. ~1!

Here, in an electron-scattering experiment,f is the angle of
incidence relative to the surface normal andl is the wave-
length inside the material,uD represents the Debye temper
ture,kB is the Boltzmann constant, andm is the atomic mass
of the sample. Thus, the attenuation of the reflected inten
is described by the Debye-Waller factor, which can be u
to determineuD . In low-energy electron-diffraction~LEED!
the electron energy is kept in the range of 30–250 eV,
the experiments are extremely surface sensitive owing to
short mean free path.3 Thus,uD becomes characteristic of th
surface.

Temperature-dependent LEED experiments contain
wealth of information on structural properties of surfac
Viljoen and co-workers4 have determineduD for the three
low-index surfaces of Al and derived thermal-expansion
efficients of crystallographic planes near the surface.

In contrast to crystals, quasicrystals~QC’s! are character-
ized by rotational symmetries, such as fivefold, which
incompatible with the translational symmetry of ordina
crystals.5 Nevertheless, they exhibit high-energy electro
diffraction and x-ray-diffraction patterns characteristic of
well-ordered atomic structure of the bulk material. In
x-ray-diffraction experiment, Colellaet al.6 have determined
uD to be 312 K of the bulk icosahedral (i -! Al-Pd-Mn along
the twofold-symmetry axis. Distinct LEED patterns are ro
tinely obtained from properly prepared pentagonal surfa
of Al-Pd-Mn ~Ref. 7!. Lüscheret al.8 have found auD of
29867 K for the pentagonal surface which is very close
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the bulk value. Here, we have introduced additional Al
vacuum deposition onto this surface, kept at 770 K. The h
substrate temperature provides rapid diffusion of Al into t
volume. We have determineduD at the surface as a functio
of the amount of deposited Al.

The i-QC with a bulk composition of Al70Pd20Mn10 has
been grown using the Bridgman technique.9 After orienting
it by means of the x-ray Laue method along one of t
pentagonal directions, it has been cut by spark eros
The sample with dimensions of'43331 mm3 is subse-
quently mounted on a goniometer, allowing for polar a
azimuthal rotations, and inserted into an ultrahigh vacu
(531029 Pa) chamber where it is cleaned using cycles
Ar1 ion sputtering at 1.5 keV and heat treatment at 850
The sample is heated from the backside, and the tempera
is measured with an accuracy of62 K using a chromel-
alumel (K-type! thermocouple, pressed onto the front su
face. In order to minimize systematic errors, the tempera
is simultaneously measured with a second thermocoupl
the same kind in contact with another position on the sam
Al is vapor deposited using an electron-beam heated sou
In an independent experiment, the evaporation rate of Al w
determined as 1.3060.05 Å/min by recording the exponen
tial reduction of the Cu signal at 920 eV in Auger electr
spectroscopy~AES! during growth of Al on Cu. In this pro-
cedure we used 12 Å for the mean free path of 920-eV
Auger electrons in Al.3 The calibration of the flux from the
atom source has been done by comparing the changes i
AES signals with the changes in the mass of a quartz
crobalance for a given condition of operation of the source10

This calibration is periodically confirmed and is consiste
with the mean free path used here. Any deviation in
calibration will adversely influence the accuracy of t
evaporation rate, but not the main conclusions drawn here
the present work, Al is evaporated onto the QC surface
elevated substrate temperatures at which Al readily diffu
into the bulk. For practical and conventional reasons, we
refer to the Al amount in units of thickness.

LEED experiments are performed using a three-grid ba
view display system operating with a beam current in
low mA range.11 Diffraction intensities are collected on th
fluorescent screen, recorded with a 16-bit charge-coupled
vice camera,12 and are analyzed by integration after remov
of an inelastic background, which is determined indep
dently as a function of temperature. The pattern presented
©2003 The American Physical Society03-1
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the purpose of visual inspection is generated by
fielding,12 i.e., after normalization of spot intensities by th
overall response function of the LEED optics. The latter
obtained by scattering at the polycrystalline sample hold
which yields a homogeneous intensity distribution. There
reduction of diffraction intensity caused by surface conta
nation during the experiment. Compared to the rapid de
mination ofuD this effect can be taken as linear in time. W
have independently evaluated this function under the s
conditions and eliminated it from the intensity data.

As temperature rises, the distance between atomic pla
grows and Bragg peaks shift to lower energies.13 In order to
maintain the conditions of constructive interference, the
cident electron energy is reduced by 0.1 eV/27 K betwe
350 and 594 K. This shift allows us to determine the therm
expansion coefficient of atomic layers to be (24.562.0)
31026 1/K at the pentagonal surface of Al-Pd-Mn assumi
that the quasicrystalline structure consists of planes suc
ordinary crystals do.8 This value is almost by a factor of
larger than corresponding bulk values obtained from iso
pic x-ray scattering experiments14 and is consistent with ob
servations made on ordinary crystals.15

Owing to the absence of nonoverlapping low-energy A
ger transitions for all three constituents of the alloy, no re
able stoichiometry for the surface can be extracted from A
data. This information is therefore taken from the structu
determination of the similarly prepared QC by Gierer a
co-workers.7 In an information depth of 5 Å typical for our
present experiment, which corresponds to nine surface la
of the QC, an average stoichiometry of Al72Pd21Mn7 and
finally an atomic mass of 7.575310226 kg is obtained,
which is used in Eq.~1!.

We observe two distinctly different phenomena duri
evaporation of Al onto the pentagonal surface of Al-Pd-M
At temperatures below 320 K, diffusion of Al into the su
strate is negligibly small and Al nanocrystals grow in cub
facets of five different sets of domains with preferred orie
tational alignment.16 At higher substrate temperatures, diff
sion of Al into the bulk increases, and deposition of Al abo
'550 K prevents the growth of an Al layer for experimen
conditions similar to those used here. We have evapor
between 5 and 195 Å of Al onto the pentagonal surface
the Al-Pd-Mn, kept at a temperature of 770 K, providin
efficient diffusion of Al into the bulk. Interestingly, we hav
observed that the quasicrystalline order is not affected by
deposition and diffusion processes. On the contrary,
structural order is well preserved within the range of t
evaporated quantity of Al. Furthermore, no distinctly me
surable changes in surface-sensitive, low-energy Auger t
sition intensities of Al~68 eV! and Pd~330 eV! have been
detected during and after evaporation.17

Figure 1 displays a LEED pattern recorded at 68 eV
near-normal electron incidence obtained after vacuum de
sition of 65 Å of Al at 770 K and subsequent cooling of th
sample to room temperature. The pattern indicates the g
quality of the structural order, which is maintained after
deposition. For recording the intensity of the specular refl
tion the sample is tilted by 7° from this position, and t
energy is lowered to 43 eV. This scattering condition rend
21220
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relatively high specular intensity that provides confident d
collection. In order to calculate the energy of electrons ins
the QC and thus determine truef and truel, an inner po-
tential of 12 eV is chosen. This value is reasonable assum
4.5 eV for the work function and taking 7.5 eV for the wid
of the valence band of the alloy from photoemissi
experiments.18 Hence, truef and truel are calculated to be
6.2° and 1.66 Å, respectively.

Figure 2 contains the logarithmic plot of the diffractio
intensity of the~00! beam at a given temperature normaliz
to the intensity at 350 K as a function of sample temperat
after evaporation of 65 Å. We note that the logarithm of t
relative intensity is proportional to the temperature up

FIG. 1. LEED pattern recorded at 68 eV electron energy a
near-normal incidence after vacuum deposition of 65 Å Al onto
pentagonal surface.

FIG. 2. Plot of the logarithm of the relative intensity of th
specular beam at 43 eV energy and 7° angle of incidence a
function of temperature, obtained after 65 Å Al evaporation.
3-2
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600 K. At higher temperatures, inelastic scattering increa
significantly and the data become uncertain. The slope of
linear plot is found as20.001 581 1/K, which is propor
tional to the square of the inverse ofuD . Using Eq. ~1!,
33968 K is found for uD . This procedure is repeated su
cessively after vacuum deposition of increasing amounts
Al. Figure 3 shows the resulting values of surface Deb
temperatures. We note thatuD increases almost linearly at
rate of 0.6460.05 K/Å. As the Al quantity is increase
above'100 Å, the evaporation times become so long, e
it takes about 2 h for 150 Å, that the contamination leve
introduces significant uncertainties in the extraction ofuD .
We were, therefore, unable to observe a clear satura
Some contamination on the surface does not adversely a
either the quality of LEED patterns or the linear trend ofuD
values in agreement with Chang and co-workers19 who have
reported that some oxygen on the surface would affect
diffraction intensities, but not the overall quality of th
LEED pattern.

QC’s are stable only in a limited region of their pha
diagram,20 and even a small change in the chemical com
sition can induce a structural phase transformation. Since
evaporation process does not affect the quasicrystalline o
and no measurable changes in the Al concentration h
been found at the surface after evaporation at 770 K, ei
diffusion or desorption of Al must be present which mak
Al disappear from the surface. Schmithu¨sen et al.21 have
found that Al does not evaporate below 1000 K. Therefore
must be diffusion into the bulk that makes Al disappear fro
the surface to within a few percent and preserves the st
tural order at the surface as seen in Fig. 1.

In order to study the diffusion of Al from the surface in
the bulk Al-Pd-Mn, we have grown Al layers of aroun
27.5-Å thickness on the quasicrystalline surface at room t
perature. The Al film thickness was monitored by the
Auger signal at 330 eV. Subsequently, the decrease of A
the surface was measured as a function of time for differ
substrate temperatures. In the range of 320–370 K, we h

FIG. 3. The surface Debye temperatureuD vs the evaporated
amount of Al.
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found that the diffusivity of Al in Al-Pd-Mn shows an
Arrhenius-type behavior. We have extracted from d
'1.1 eV for the activation energy of Al diffusion with a
preexponential factorDo of 331025 m2/s ~Ref. 22!. These
values are characteristic for the type of the diffusion proc
and establish that Al diffusion is fast and proceeds
vacancies23 as it is known for the nontransition metals Z
Ge, and In. Kanazawa and co-workers24 have suggested tha
Al diffuses following the Al subnetwork. Further, high
temperature (T.528 K) diffusion studies have been pe
formed on thei-Al-Pd-Mn, using the radiotracer method.25,23

It has been found that for most of the tracer elements di
sion in QC’s is not significantly different from that in relate
crystalline systems where vacancy-mediated diffusion is g
erally accepted as the basic mechanism.23

The diffusion data allows us to estimate the mean dif
sion depth given byADt of Al evaporated at 770 K onto the
sample. For the range of evaporation times, this quantit
found to be in the order of several tens of microns result
in a concentration of 15–70 ppm in that region. T
diffusion-derived concentration profile for excess Al in th
bulk is flattened by further annealing and reaches the dim
sions of the sample leading to an almost homogeneous
tribution.

Each data point presented in Fig. 3 was obtained from
freshly prepared surface, which was subsequently expose
Al. This procedure was applied in order to avoid surfa
contamination due to prolonged exposure times. It is rema
able that regardless of how much Al was previously dep
ited, the freshly prepared surfaces all had the same in
value of uD . The first step of the preparation procedure
sputtering, which strongly depletes Al in a near-surface
gion of several tens of angstroms. This region has a chem
composition of nearly Al50Pd50 and a cubic structure. Subse
quent annealing at 850 K causes migration of Al from dee
layers of the bulk towards the surface which, howev
changes the bulk Al concentration only in the range of so
parts per million per cycle. Furthermore, this change is
appreciably different if previously Al is deposited onto th
sample. We may expect that such a minute variation of the
concentration will not have a measurable influence onuD at
the surface. Hence, a well-defined chemical composition
a corresponding vacancy concentration at the surface is
tablished after each sputter-anneal cycle. The evolution
the surface structure during the preparation process has
studied in several occasions26 and interpreted in terms o
diffusion of vacancies from the bulk towards the surface
well as diffusion of alloy constituents.27 Kluge et al.28 have
also suggested the presence of defects and/or vacanci
the bulk.

The semiquantitative arguments given above are base
a continuum approximation with a mean averaging length
about ADt. However, in the determination ofuD using
LEED, a thin surface layer of only a few angstroms
sampled. In this region of discrete atomic distribution, stro
deviations from the bulk behavior, such as the continuo
diffusion process, are expected. Consequently, the Al-trea
surface must be regarded differently from the bulk. At t
surface, an Al enhancement up to a few percent is not un
3-3
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sonable at which the quasicrystalline order is still preserv
This situation can qualitatively account for the increase ofuD
at the surface with the addition of Al. However, its lineari
still awaits for a satisfactory explanation. Surprisingly, a
nealing without sputtering of these surfaces does not lo
uD , previously determined. Furthermore, repeated deter
nations ofuD , which anyway involve measurements at e
evated temperatures, deliver the same value. This is an a
tional evidence that once quasicrystalline surfaces are w
prepared ~with or without additional Al!, they remain
structurally stable under further heat treatment. The la
only flattens theaveragedconcentration profile of Al with
negligible influence on the enriched surface.

The freshly prepared specimen has auD of 298 K at the
pentagonal surface, which corresponds to an average v
tional amplitude of'0.10 Å. By evaporating 195-Å thick
Al, the surface Debye temperature is significantly raised. T
highest attained value ofuD is '400 K at the surface o
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