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Structure of the tenfold d-Al-Ni-Co quasicrystal surface
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The structure of the tenfold surface of decagonal Al-Ni-Co was studied using low-energy electron diffraction
(LEED) and scanning tunneling microscof8TM). The surface region is a relaxed truncated bulk structure,
having the same composition as the bulk. The outermost layer spacing is contracted by 10% relative to the bulk
interlayer spacing, while the next layer spacing is expanded by 5%. A small degree of intralayer rumpling was
observed within each layer. There is a one-to-one correspondence between protrusions observed in the STM
images and a subset of atoms in the model structure, indicating that in-plane reconstruction is minimal.
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The surfaces of quasicrystals hold tremendous interestetermined. In this paper, we propose an atomic structure for
due to their potential for creating new forms of matter havingthe d-Al-Ni-Co tenfold surface based on the combination of
exotic and useful electronic and structural propertids. dynamical LEED and high-resolution STM measurements.
Quasicrystalline order in bulk metal alloys can cause large The Al;aNioCo; quasicrystal used in this study was
changes to their electronic properties, for instance, producingrown at Ames Laboratory using the melt decantation
a pseudogap at the Fermi level in what would otherwise be method"’ According to the phase diagram for Al-Ni-C,
normal metallic alloy*® Quasicrystallinity can also produce this composition lies in the basic Co-rich phase. The sample,
changes in the surface electronic structure, as shown for th@ 2-mm-thick disk, was prepared in ultrahigh vacuum by
10-fold face ofd-Al;,Ni;sC0;3.2 As the behavior produced many cycles of At ion bombardment0.5 keV ion3 alter-
by aperiodicity at surfaces continues to be investigated, ovemated with annealing for six to eight hours at temperatures up
layers and films having quasiperiodic structures offer everio 1060 K, measured by l&-type thermocouple and an op-
greater potential for new phenomena. Thin films having quatical pyrometer. The LEED pattern was then observed to
sicrystalline order can be grown on quasicrystal surficeshave well-defined spots and the impurity level was below
which also act as templates for the growth of quasiperiodiAuger detectability. The symmetry of the LEED pattern is
arrays of nanocrystallites® The ability to extend these dis- tenfold, due to the presence of two equivalent surface termi-
coveries to the design of structures with new properties derations rotated by 36*? The LEED intensities were mea-
pends on having accurate structure models of quasicrystaured using a rear-view LEED system, with the electron
surfaces. beam at normal incidence to the surface, which was held at

Previous structural studies of fivefold surfaces of icosaheT=60 K. The STM measurements were carried out in an
dral quasicrystalline aluminum alloys have demonstrated tha®micron room temperature STM-1. The LEED and STM
they are bulklike, with long-range quasiperiodic ordidf  data were acquired using methods described previétiély.
Recently, low-energy electron diffractiqih EED), scanning The LEED calculations were performed using the LEED
tunneling microscopy(STM), He-atom diffraction and ion program of Moritz2?> which was modified for quasicrystal-
scattering spectroscopy were used to establish that the fivéine structured? The agreement between the calculated and
fold surface of Al-Pd-Mn consists mainly of Al atoms, and experimental spectra was tested using the PeRdigctor?®
that its structure is essentially a truncation of the bulkThe absence of a repeating unit cell parallel to the quasicrys-
structure>*®1* However, the surfaces of icosahedral quasi-tal surface means that the number of atoms with different
crystals comprise many terraces, each of which is differentscattering properties is infinite. Therefore, some approxima-
and a complete atomistic structural characterization of such ions have been applied to make the calculation tractable.
surface is a very complex task indeed. These approximatiofi$are the average neighbor approxima-

The characterization of tenfold decagonal surfaces shoulton (ANA), the diagonal dominance approximation, and the
be simpler because their structures are periodic perpendiculaveragel-matrix approximation(ATA).
to the surface, and therefore only a few terminations are The bulk decagonal Al-Ni-Co quasicrystal has been the
possible. The first structural study of a quasicrystal surfacsubject of many structure studi&s;**and the basic structure
was of decagonal AlCo,(Cu;s.t® That structure was sug- consists of a stack of identical or nearly identical fivefold
gested to be a bulk termination, based on a tiling approach teymmetric planes, each related to its neighboring planes by a
the STM images. Two other STM studies of decagonal Al-#/5 rotation, thus producing a structure havihg AB stack-
Ni-Co have reported various structural features of theing and a tenfold screw axis. The initial coordinates used for
surface™® but the atomic structure of the surface was notthe atoms of one quasicrystal layer in this study are adapted
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FIG. 1. (Color onling (a) One layer of the quasicrystal slab, = ] B4
having a diameter of about 90 A. The different shades of goay 1 : ; ~ (0.97,4.01)
colon correspond to the sublayer groups listed in Table I. The atoms : i T ER=0.15
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are, in order of grayscale darkne@tarkest first and color: TM-2
Energy (eV)

(black), Al-2 (blue), TM-1 (red), Al-1 (green), Al-3 (cyan), and Al-4

(yellow). (b) Side view [viewing white box in(a) from the leff FIG. 2. (Color online LEED I (E) spectra. The solid curves are

showing the surface relaxations and rumpling for the top four lay-the experimental data and the dashed curves are calculated spectra.

ers. The rumpling is exaggerated for clarity—its maximum ampli-The inset shows the LEED pattern at 72 eV. The beam indices

tude is 0.1 A. correspond to thex(y) axes shown in the inset. The total energy
range of the dataset is 1760 eV.

from those determined by the x-ray diffraction study of
Steureret a.|25 fOI’ the baSIC NI-I‘ICh pha.se Of AI'N"CO The the |ayersA and B are related by a 36° rota“on In these

top view of one layer of atoms is shown in Figal The  cajculations, a slab had a thickness of about 14efght
structure of the Co-rich phase studied in this paper is ”Ofayers) and a radius of about 45 A.

exactly the same as the Ni-rich phase studied in the x-ray *\, the | EED analysis, only the relaxations of different

dgfﬁclfg)rnt?gd;esr%a'igwset\r’eé‘t 'trst'geﬁg\rgqr?;.gngcécgl:tig'nt%atom groups perpendicular to the surface were considered,
POl 'S su uctu inatl u Fe interlayer relaxations and intralayer rumpling are al-

main d|ffer.enc'e bfatween th? two structures 'S belleved_ t?owed, but lateral shifts of atoms are not. This produces 26
mainly reside in differences in the layer stacking and/or in-

tralayer rumpling®® both of which are adjustable parametersfree geometrical parame_ters, giving an energy range of 6.8 ev
in this study. The composition is also an adjustable paramper parameter. After optimization of the structure to achieve

eter, although because LEED is insensitive to the differencd1® loOwWestR factor, the average interlayer spacings were
between Ni and Co, only Al and transition metaM) atoms ~ found to be d;,=1.84x0.13 A, dy;=2.14-0.14 A, da,
are distinguished_ =2.0+=0.2 A, d45:2.1i 0.2 A, and d56: d67:d78:2'o

In the LEED calculation, each quasicrystal layer is sepa+0.2 A. When compared to the bulk spacit@04 A) the
rated into six different groups of atonfsublayery as shown spacings of the first two layers are contracted by 10% and
in Table I. Since most of the atoms in the coordinate seexpanded by 5%, respectively, while the remaining interlayer
reside on vertices of the rhombic Penrose tiling with an edgepacings are close to the bulk value. Figuke) Ishows a
length of 2.43 A, the dominant NN distance is 2.43 A. Thisschematic drawing of the layer structure and the intralayer
is, in general, too short for an Al-Al bond, and to reduce therumpling, which has a magnitude of 0.1-0.2 A. Although the
number of unfavorable Al-Al bonds, the occupancy of all chemical compositions were allowed to change when apply-
atoms is set to 0.9(part from the atoms in the Al-1 group, ing the ATA approximation, the best fit structure has the
which have an occupancy of 0)b0sing ATA at the begin-  same composition as the bulk layers. The Pemdactor for
ning of the analysis. The quasicrystal slab was built by stackihe pest-fit structure is 0.32. Figure 2 shows the experimental
ing the layers described above in ABAB sequence, where 5nd calculated intensity spectra.

The magnitude of the observed relaxation is similar to

TABLE |. Separation of quasicrystal planes into subplanes. those observed in relatively open metal surfaces. The atom
density of one layer of the structure determined here is
Group  Coordination NN distancd) No. atoms % atoms 0,123 A"2 while that for a comparable alloy surface

TM-12 3 543 110 12 NiAl (110 is 0.170 A2 The contraction of the top layer
TM-22 4or5 243 140 15 spacing on metal surfaces is gengrally understood to be.a
Al-1 1 224 165 17 response5 to' the chgrgg smoothing prgsent gt metallic
Al-2 2 243 300 32 sur_faces". Thls_ relaxation is th_erefore conS|s_tent with a me-
Al-3 3 243 145 15 ta_llllc surface, in agreement vylth the deI(_)callzed (_:harge den-
Al-4 4or5 243 85 9 sity deduced from photoemission studies of this surface.

The observed layer rumplings are similar to those observed
2Although indistinguishable in LEED, TM-1 can be identified with in the bulk structure by x-ray diffractiénand supported by
Co and TM-2 with Ni, after the EXAFS study which identified total energy calculation®>* The main feature of the ob-
their coordinationgRef. 34. served rumpling is that the atoms that are part of the deca-
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FIG. 3. (a) STM image from Al-Ni-Co. Tun-
neling conditions are: sample bias1.00 V, cur-
rent 1 nA.(b) Same aga) after Fourier filtering.
(c) Same agb) after an unsharp mask filter is
applied. The circles and pentagons assist in iden-
tification of features in the image after the pro-
cessing. The dashed square indicates the area
shown in Fig. 4.

prismatic columnar clusters, made up of TM1, Al2, and Al3,step in the image processing is to apply an unsharp mask
tend to be located toward the surfa@avay from the bulk filter to the data of Fig. &), which enhances contrast and
relative to the other atoms. partially removes the large protrusioffsig. 3(c)].

Because the sensitivity of LEED to lateral atom positions  The STM data were compared to the LEED structure by
is limited, high-resolution STM experiments were performedsuperposition of the top layer of the LEED structure model
to investigate in-plane structure. STM images were acquirednd the STM data. A 75 X 75 A patch of the STM data
from large flat terraces with dimensions on the order of 100C[dashed box in Fig.(®)] was chosen and a match was sought
A.A180 Ax180 A scan of a single terrace is shown in Fig. heween the protrusions and the atomic model. Because the
3(a). It shows protrusions of altomlc dimensions and the peny, ,mper of protrusions in the STM image is significantly
tagonal and decagonal groupings of these fealis@®ie are  gaiar than the number of atoms present in the single layer

Olrjetl\l/?::gyllq Trfleg. re:iae)]ncgrgf Iasrmglravrvhittoe trrgt)rsuesiorr?sf)ovcﬁi?:h of the LEED model, subsets of atoms in the layer were tried.
b : P 9 P ' A very good match was found for the transition metals,

have also been observed in previous studies of thlEhown in Fig. 4, although other matches may be possible.

1,16 . .
zurr':ﬁgir vl i[]sd tr?grzeg nag tsrg(caz gfa\ég]r?talrﬁ?r?;tigﬁn;ig?r?: he closeness of the match indicates that lateral distortions
sﬁrface tﬁe apparently consist of bulk material too strongl in the surface structure are likely to be minimal.

- they app y 9 The general features of the structure determined here are

bonded at these sites to difiuse to step edges during the milar to those found for icosahedral guasicrystal surfaces,
nealing process.

i . e.g., the basic surface structure is similar to the bulk, with a
e B e e oy Je0ee of relsalon consisent ith 3 o close pacied
. using o Y P rinetal surface. One difference is that the top layers of both

cessed using a Fourier filter which involves enhancement a

; ; I-Al-Pd-Mn (Ref. 14 andi-Al-Cu-Fe (Ref. 12 were found
the strongest Fourier components of the image, followed b¥0 be Al-rich. whereas both the LEED and STM data pre-
an inverse transformation. The result is shown in Figp),3 ’ P

: : . s?nted here are most consistent with a surface structure that
with the outlined areas corresponding to the same decagonﬁas essentially the same composition as the bulk. The higher
and pentagonal features highlighted in Figa)3 The final y P ) 9

Al content at the surfaces of the icosahedral quasicrystals is
believed to be related to the relatively low surface energy of
Al.121%|t is likely that the surface of Al-Ni-Co will have a

W oA o higher surface energy than the icosahedral surfaces discussed
FL* oot above, and this is likely to affect film growth by making the
CJ‘P © .0' R . . surface more prone to adsorbate-induced reconstruction, but

foYop¥o 240N otherwise it may also be more “wettable.”

» ’:.: C, :G: '-‘:D : C _ In conclusion, we have used th_e complementary tech-
SR L Y niques of LEED and STM to establish the structure of the
pa > P o i;.b O C O tenfold surface oti-AINiCo. A unique and important feature
o a ' of this study is that the positions and typ@d or TM) of all
surface atoms have been identified. Unlike the icosahedral
surfaces, the decagonal surface structure is wholly deter-
mined because there is effectively only one type of termina-
tion (two terminations related to each other by a rotation
symmetry. This result provides a definite model for the sur-
face structure, which can be used in the interpretation of
other studies of this surface, as a basis for the interpretation
of adsorption and growth on this surface, and for first prin-

FIG. 4. (Color onling Superposition of the atom positions from ¢jples calculations of surface geometric, electronic, and dy-
the LEED result onto the STM image. The shadioglor) of atoms  3mical properties.

is the same as that shown in Fig. 1. The protrusions corresponding

to TM-1 atoms are generally brighter, consistent with them being We gratefully acknowledge financial support from NSF
closer to the surface. The decagon denotes the quasi-unit-cell idefGrant Nos. DMR-0208520 and DGE-9979%7BPSRC and
tified in bulk structure studiegRefs. 36, 37. the Finnish National Graduate School in Materials Physics.
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