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Strange Quasicrystal Alloys Spring
Electronic Surprise ¢n Researchers

Paul Preuss. paul preussdlbl.gov

BERKELEY, CA € An international team of scientists has
demonstrated that the electronic states of the strange metal alloys
known as quasicrystals are more like those of ordinary metals than
theorists believed possible.

Eli Rotenberg, a staff scientist at the Advanced Light Source (ALS) at
the Department of Energy's Lawrence Berkeley National Laboratory,
Karsten Horn of the Fritz-Haber Institute, Max-Planck Society, Berlin,
and their colleagues investigated the electronic structure of a
quasicrystalline alloy of aluminum-nickel-cobalt (AINiCo) by means
of angle-resolved photoemission. They report their findings in the
August 10 issue of the journal Nature.
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They found that rather than moving
around arbitrarily, electrons in
quasicrystals travel in "bands" with
distinct momentum and energy. The
data show that electron momenta
and energies are correlated with the
structure of the quasicrystal.

Band-like properties, common in
metals and other ordinary crystals,
were not expected in quasicrystals.
But then quasicrystals themselves
are an unexpected phenomenon.

"Before quasicrystals were
discovered by Dan Schechtman and
his colleagues in 1984, most people
would have said they were
structurally impossible,” says
Rotenberg. "You can tile a plane
with equilateral triangles or squares
-- shapes with three-fold or four-
fold rotational symmetry -- and you

THE CONSTANT ENERGY
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space with dodecahedrons."

Yet, although quasicrystals display five-fold symmetry and other
"forbidden" symmetries locally, they still possess perfect long-range
structural order. So complex is their geometry that it has taken years to
understand how their long-range atomic structures could arise.

Other investigations have centered on potentially useful properties.
Quasicrystalline alloys are durable, stable at high temperatures, and
make excellent nonstick coatings -- and they can store hydrogen at
high density.

Though they are composed of excellent electrical conductors such as
aluminum and copper, quasicrystalline alloys themselves are extremely
resistive -- the more perfect the quasicrystal, the more resistive it
becomes. At low temperatures their resistance changes markedly in



response to changing magnetic fields, which makes them interesting
for applications in magnetic devices.

"But few experiments have been done on the basic properties of their
electronic states,"” says Rotenberg. "In other words, where are the
electrons and how do they move? These were unresolved questions."

Ordinary metals are good conductors because their valence electrons
can move freely from atom to atom; this freedom is facilitated by long-
range periodic structure. Since quasicrystals lack periodic structure,
theorists expected no such extended electronic states.

"One might imagine that from an electron's point of view the
material appears disordered. If so, the electronic states would be
confined to localized clusters," Rotenberg says, and indeed, theoretical
considerations suggested electronic states confined to the quasicrystal's
many different local structures.

Rotenberg, Horn, and
their colleagues
decided to test the
prediction with a
special kind of
guasicrystal, an
AINiCo alloy
consisting of stacked
planes of atoms
exhibiting ten-fold

symmetry. By IN THE PLANE, THE AINiCo QUASICRYSTAL,
looking at the WHICH CONSISTS OF OVERLAPPING

DECAGONS, IS APERIODIC. BUT THE

behavior of electrons STACKED PLANES HAVE PERIODIC

in the plane, they STRUCTURE.
could observe the
effects of this Images by Steinhardt and Jeong, Nature 382, 433-5

quasicrystalline
ordering; by looking at right angles to the planes, they could observe
the effects of the periodic, crystalline-like ordering of the stack.

Peter Gille of the Ludwig-Maximilians-University, Munich, grew the
quasicrystal, and the samples were prepared and characterized by Horn
and by Wolfgang Theis of the Free University of Berlin. At the ALS,
Rotenberg, Horn, and Theis examined the samples by means of low-
energy electron diffraction and by angle-resolved photoemission at
beamline endstation 7.0.1.2.

"We measure the emission angles and the kinetic energy of electrons



scattered from near the surface of the material by soft x rays," says
Rotenberg. "These are the valence electrons, not as tightly bound as
electrons near the atomic cores."

The sample is rotated to get a complete distribution of electron angles
and energies. The eventual result is a plot of the electronic states of
AINiICo's valence electrons in "momentum space,"” the mathematical
space in which such fundamental concepts as Fermi surfaces and
Brillouin zones are constructed and on which much of the band theory
of solids is based.

"Our principal findings were that the distribution of the electronic
states in momentum space correlates with the electron diffraction
pattern, just like in an ordinary crystal. The electrons aren't localized
to clusters, instead they feel the long-range quasicrystal potential,*
Rotenberg says.

"We found that the electrons propagate nearly freely, like conduction

electrons in an ordinary metal," he continues, "and we found there is a
Fermi surface, crossed by nickel and cobalt d-electrons; its topology
should determine some of the material’s fundamental properties."

The discoveries open many new avenues for inquiry, Rotenberg says.
""How can we relate our observations to unusual properties such as
high resistivity? And are there any localized electrons in addition
to the delocalized electrons we found that look so ‘ordinary?'*

""Quasicrystalline valence bands in decagonal AINiCo," by Eli
Rotenberg, Wolfgang Theis, Karsten Horn, and Peter Gille
appears in Nature, 10 August 2000.

The Berkeley Lab is a U.S. Department of Energy national laboratory
located in Berkeley, California. It conducts unclassified scientific
research and is managed by the University of California.
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Origin of the Hall-coefficient anisotropy in the Y-AI-Ni—-Co periodic
approximant to the decagonal phase
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Abstract

We present an experimental and theoretical study of the anisotropic Hall coefficient R~ of the Y-AI-Ni-Co

periodic approximant to the decagonal phase with composition Al:sCo2:Ni.. Performing ab-/nitio calculation
of R+ for the original Y-AI-Ni—-Co structural model [B. Zhang, V. Gramlich, W. Steurer, Z. Kristallogr. 210

(1995) 498] and its relaxed version, we reproduced the experimentally observed anisotropy for all

combinations of crystalline directions of the electric current and magnetic field, where the relaxed model

yielded better quantitative matching to the experiment. The origin of the anisotropic Hall coefficient is the

anisotropic Fermi surface, the anisotropy of which originates from the specific stacked-layer structure of

the Y-AI-Ni-Co compound and the chemical decoration of the lattice. Due to the structural similarity of Y-

Al-Ni-Co to the d-Al-Ni-Co-type decagonal quasicrystals, the same physical picture explains the

universal Rranisotropy of this family of quasicrystals, where R+ changes sign along different crystalline

directions.


http://www.sciencedirect.com/science?_ob=ShoppingCartURL&_method=add&_eid=1-s2.0-S0039602800002181&_acct=C000228598&_version=1&_userid=10&_ts=1358358592&md5=556b9edf70c553cb147075bf3e356d2f
http://www.sciencedirect.com/science?_ob=ShoppingCartURL&_method=add&_eid=1-s2.0-S0039602800002181&_acct=C000228598&_version=1&_userid=10&_ts=1358358592&md5=556b9edf70c553cb147075bf3e356d2f
http://www.sciencedirect.com/science?_ob=ShoppingCartURL&_method=add&_eid=1-s2.0-S0039602800002181&_acct=C000228598&_version=1&_userid=10&_ts=1358358592&md5=556b9edf70c553cb147075bf3e356d2f
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://dx.doi.org/10.1016/j.ssc.2009.01.013
http://www.sciencedirect.com/science/help/doi.htm
http://www.sciencedirect.com/science?_ob=RedirectURL&_method=outwardLink&_partnerName=936&_eid=1-s2.0-S0038109809000271&_pii=S0038109809000271&_origin=article&_zone=art_page&_targetURL=https%3A%2F%2Fs100.copyright.com%2FAppDispatchServlet%3FpublisherName%3DELS%26contentID%3DS0038109809000271%26orderBeanReset%3Dtrue&_acct=C000228598&_version=1&_userid=10&md5=9ffb02ed4cf08fcdd291baebe3b37344
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
http://www.sciencedirect.com/science/article/pii/S0038109809000271
mailto:jani.dolinsek@ijs.si

PACS

61.44 Br;
71.23.Ft

Keywords

A. Complex intermetallics;

A. Quasicrystalline approximants;
D. Electronic transport;

D. Hall effect

Figures and tables from this article:

15 B /S VA N V% S S U N VL
b [avb -|ave b a" |ath --|a
¢ a2 —lc b b ¢ ® —lc b b
”
&« R R
) —_ ] ©) original
E &
E e R, P
E; —
T el —
< b) relaxed Ry
H Lo
0 . thl

100 200 300 100 200 300 100 200 300 400
T(K)

Fig. 1. (Color online) (a) Experimental anisotropic temperature-dependent Hall coefficient Rgm = Ei/ji Bm of Y-
Al-Ni-Co for different combinations of directions of the current jiand magnetic field Bn (given in the legend). The
superscript &, borcon R+ denotes the direction of the magnetic field, whereas the indices / /are omitted. (b)
Theoretical anisotropic Hall coefficient for the same set of current and field directions as in (a). R#was
calculated ab-initio using the relaxed structural model of the Y-AI-Ni-Co phase of composition Al;sCos. (C)
Theoretical anisotropic Hall coefficient calculated along the same lines as in (b), by using the original Zhang

et al. [] structural model of Y-AI-Ni—Co.
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Fig. 2. Theoretical electronic DOS of the Y-AI-Ni—Co phase, calculated ab-initio for the original structural model of
Zhang et al. [5] (thick grey curve) and the relaxed model (thin black curve), assuming composition Al;sCo.. The
DOS of the original model is reproduced from Ref. [4].
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Fig. 3. (Color online) Fermi surface in the first Brillouin zone, calculated ab-
inifiofor (a) the original Y-AI-Ni-Co model (Zhang et al. [5]) of composition
AlzsCozs and  (b) its relaxed version. Orientation of the reciprocal-space
axes &, brand c is also shown. While & and ¢ are perpendicular to &, the angle
between & and ¢ amounts 63.83-. The Fermi surface of the original model is

reproduced from Ref. [4].

Figure options
Table 1. Fractional atomic coordinates (x, y, 2) of the relaxed model
of Y-AI-Ni-Co. The coordinates (xz, yz, z2) of the original model of
Zhang et al. [5] are given for comparison. The labels of the atomic
positions together with their Wyckoff positions and site symmetry

follow the labeling of Ref. [5] and TM denotes transition metal.
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Electronic structure of single crystal and highly oriented pyrolytic graphite
from ARPES and KRIPES
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Abstract

We present a comparative study of the near fermi-level electronic structure of single crystal and highly
oriented pyrolytic graphite (HOPG). Angle resolved photoelectron spectroscopy and angle resolved
inverse photoelectron spectroscopy have been used to probe the occupied and unoccupied electronic
states, respectively. The band dispersions showed by single crystal graphite along
its TK'and 'V symmetry directions were found to be in agreement with calculated band structure of
graphite. The 1 bands of single crystal graphite were found to have a splitting of ~ 0.5 ¢V at the Apoint.
We also observe the presence of a quasiparticle peak below EFat the K point at low temperature which
indicates a strong electron—phonon coupling in graphite. In HOPG, the Mand K points like features were
found to be present in the same radial direction due to the superposition of the '/ and I' K'directions.
Results from our angle resolved inverse photoemission spectroscopy present the dispersion of the
conduction band states, particularly the lower moband. We have also found the presence of some non-

dispersive features in both the valence and the conduction bands.
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Fig. 1. (a) The raw photoemission data from single crystal graphite along the I'K'direction of its Brillouin zone.
Shown in the inset is the two dimensional Brillouin zone of graphite. The emission angles @and ¢ (in degree) for
some of the spectra are indicated beside the spectra. In (b) the photoemission intensity plot as a function of
binding energy and & derived from the spectra in (a) is shown. The spectra along the cut A of the Brillouin zone
through the K point over a small energy range near Fermi energy are shown in (c). In (d) the spectra over a very
small energy range at the K'point at two different temperatures (300 K (black curve) and 77 K (red curve)) are
compared. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 2. (a) The spectra along the 'Mdirection of graphite Brillouin zone. The emission angles for some of the
spectra are marked beside the spectra. (b) The intensity map of the spectra shown in (a) as a function of binding

energy and 4.
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Fig. 3. Energy versus momentum component parallel to the sample surface (£(k) ~4) for all the strong (red circles)

and weak (green circles) peaks of the experimental results in Fig. 1 and Fig. 2. They have been plotted along with

a theoretical band structure (black circles) of graphite in the F'K'and 'V directions of the Brillouin zone. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 4. (a) The angle resolved photoemission spectra of HOPG along a radial direction of the circular Brillouin zone

(along the arrow shown in inset); the low energy electron diffraction pattern of HOPG was taken at room

temperature with a beam energy of 165 eV. The circular pattern, instead of six distinct spots as in single crystal

graphite, shows its quasicrystalline structure. Since different symmetry directions of the Brillouin zone get

averaged out, all the radial directions become equivalent. (b) The intensity plot of the photoemission spectra

shown

in (a).
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Fig. 5. Spectra of HOPG along the same direction as in Fig. 4 over different energy ranges: (a) shows the spectra
at the 'point (black curve) and at the zone boundary (red curve) over an energy range of =~ 11 ¥ (b) shows a
set of spectra at and around the zone boundary over an energy range of ~~ 5 &V | in (c) the spectra at K point (red
curve) and slightly away from the AK'point (black curve) of the Brillouin zone over the energy range of ~ 3 eV are
compared. The K point spectra shows the appearance of a small peak very close to the Fermi energy. The
dispersion of this peak for some nearby angles is shown in (d) where the spectra are taken over an energy range
of 0.5 eV, the same taken at a temperature of 77 K is shown in (e). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) The Aresolved inverse photoemission spectra of HOPG along a radial direction; (c) the same taken on
single crystal graphite along the direction shown in inset. It is ~17° away from the MM direction of the Brillouin
zone of graphite. The spectra were taken at an interval of 5°. For clarity, polar angle of incident electrons referred
to the surface normal for some of the spectra are marked beside. All the strong (red circles) and weak (green
circles) peaks of the experimental results in (a) and (c) have been plotted in (b) and (d), respectively, along with
the theoretical (black circles) unoccupied bands of graphite calculated by Holzwarth et al. [29] in the '-A/direction
of the Brillouin zone. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Abstract

One of the recent important developments in solid state physics in the last 15 years is certainly the
discovery of quasicrystals. Quasicrystal is the new thermodynamically stable state, in which the atomic
arrangement is neither periodic nor random. Not only the structural arrangement, but also the electronic
structures and properties are quite exotic. Several quasicrystals show an electric conductivity smaller than
Mott’s minimum metallic conductivity and the temperature coefficient of conductivity is large and negative.

Lots of new information is still being collated.
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Fig. 1. Total DOSs of (a) Al-Mn (Reprinted from Physical Review B 1989;40:942, with permission from the
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permission from the American Physical Society.) [28].
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Fig. 2. The pseudo-Brillouin zone in quasicrystals. (a) Pseudo-BZ constructed from the [211111] and [221001]
planes (Ml-type), and (b) that from the [222100] and [311111]/[222110] planes (TC-type).
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Fig. 3. The participation ratio of ¢*AlICuCo averaged over about 50 eigenstates near the Fermi energy £ (¢), 0.2 Ry
below E+(®), and 0.5 Ry below £ (+), as a function of the number of atoms, A, in a unit cell. (Reprinted from

Physical Review B 1996;53:R2910, with permission from The American Physical Society.)
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Fig. 2. The pseudo-Brillouin zone in quasicrystals. (a) Pseudo-BZ constructed from the [211111] and [221001] planes
(Ml-type), and (b) that from the [222100] and [311111]/[222110] planes (TC-type).
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Fig. 1. Total DOSs of (a) Al-Mn (Reprinted from Physical Review B 1989;40:942, with permission from
the American Physical Society.) [26] and (b) Al-Cu-Fe (Reprinted from Physical Review B 1994;50:5999,

with permission from the American Physical Society.) [28].
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Fig. 5. Spectra of HOPG along the same direction as in Fig. 4 over different energy ranges: (a) shows the spectra at
the [point (black curve) and at the zone boundary (red curve) over an energy range of ~ 11 €V, (b) shows a set of
spectra at and around the zone boundary over an energy range of ~ 5 €V, in (c) the spectra at K'point (red curve)
and slightly away from the K'point (black curve) of the Brillouin zone over the energy range of ~ 3 eV are compared.
The K point spectra shows the appearance of a small peak very close to the Fermi energy. The dispersion of this
peak for some nearby angles is shown in (d) where the spectra are taken over an energy range of 0.5 eV, the same
taken at a temperature of 77 K is shown in (e). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 4. (a) The angle resolved photoemission spectra of HOPG along a radial direction of the circular Brillouin zone
(along the arrow shown in inset); the low energy electron diffraction pattern of HOPG was taken at room temperature
with a beam energy of 165 eV. The circular pattern, instead of six distinct spots as in single crystal graphite, shows its
quasicrystalline structure. Since different symmetry directions of the Brillouin zone get averaged out, all the radial

directions become equivalent. (b) The intensity plot of the photoemission spectra shown in (a).
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