PHYSICAL REVIEW B VOLUME 58, NUMBER 9 1 SEPTEMBER 1998-

Highly anisotropic electronic structure in decagonal quasicrystals and approximants
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We present detailedb initio calculations of the electronic structure in decagonal quasicrystals and approxi-
mants and in crystalline compounds in the Al-Cu-Co and Al-Mn systems. The observed anisotropy of the
electronic structure is discussed in relation to the anomalous transport properties of the decagonal quasicrystals.
Our results can explain the appearance of large transport anisotropies in the quasicrystalline and approximant
phases. The effect of disorder on the anisotropies has been invest{@63-182608)04533-0

I. INTRODUCTION In this paper we present detailedh initio calculations of
the electronic structure and of the transport properties of
The discovery of quasicrystalline alloys has stimulatedmodel decagonal quasicrystals and approximants in the Al-
numerous experimental investigations of physical propertie€u-Co and Al-Mn systems performed using the tight-binding
intrinsically related to the quasiperiodicity of the atomic linear-muffin-tin-orbital (TB-LMTO) (Refs. 15,16 tech-
structure. Transport properties in particular are expected tgidue. We use the Boltzmann-Bloch conductivity as a quan-
be affected by the loss of translational invariance. For icosality for characterizing the anisotropy of the electronic struc-
hedral quasicrystals it has been shown that the lowture. We show that in all systems the anisotropy of the
temperature resistivity reaches sevefhtm, decreases al- {ransport properties with “nonmetallic” behavior along cer-
most linearily with temperature, and increases with structurat@in crystallographic planes or symmetry directions is related
perfection'~® Decagonal quasicrystals show in addition ato a corresponding anisotropy in the electronic band struc-
strong anisotropy of the transport properties and the electriiire. The band structure in turn depends quite sensitively on

cal conductivity may be described as metallic along the pedetails of the atomic structure. Introducing atomic disorder
riodic direction and nonmetallic in the quasiperiodic leads to a pronounced enhancement of the Boltzmann-Bloch

p|anes‘}_6 F0||Owing the pioneering work of Kohomoto ConductiVity in the nonmetallic directions while the conduc-

et al’ on quasiperiodic one-dimensional chains demonstrattivity in the other directions is hardly affected.
ing that quasiperiodicity leads to “critical” eigenstat@sith
a power-law decay of the amplitugesnd a singular continu- Il. STRUCTURAL MODELS
ous spectrum there have been numerous attempts to relate
the transport properties of real quasicrystals to the spikiness Our model structure for the decagonal Al-Cu-Co alloys is
of the electronic density of statéPOS) and in particular to  based on a Klotz-triangle tiling of the quasiperiodic pidne
the existence of a pseudogap- POS minimum) at the as proposed by Burko¥ We choose a variant which has a
Fermi level®—10 simple cut-and-projection representation in five-dimensional
Some recent results have demonstrated that the situatigipace—this facilitates the construction of rational approxi-
is in reality more complex(a) Photoemission and optical mants. Here we consider an orthorhombic approximant (
conductivity experimentd have demonstrated that the =32.07 A,b=37.78 A,c=4.18 A) with 352 atoms and the
pseudogap at the Fermi level characteristic for many icosa:magic” composition Al,_,Cu.Co,, 7'=(2—-17)/2, i.e.,
hedral alloys is absent in decagonal alloys—in agreemenhlg gl 140 19, Wherer=(1+ J5)/2 is the golden mean.
with the most recent theoretical studiés? (b) Highly an-  The distribution of Cu and Co over the sites available for the
isotropic transport properties have been reported also fdransition-metal atoms is not determined by the available dif-
some decagonal approximartl sCo(Fe),, AlsMn].** In  fraction data, it has been chosen such as to optimize the
the Al-Mn approximant the nonmetallic behavior is even ob-agreement of the calculated electronic structure with the pho-
served along the axis perpendicular to the plane with pertoemission data! The new Burkov-model for decagonal Al-
tagonal atomic arrangements=(the “pseudoquasiperi- Cu-Co leads to more realistic results for the electronic struc-
odic” planes. The result (a) raises the problem of ture than earlier models based on a binary Penrose fifing.
nonmetallic transport properties in the presence of a higletails of our structural model have been published else-
number of carriers antb) suggests that the anisotropic trans- where(see Ref. 12 In addition to the decagonal alloys we
port properties cannot be explained as an effect of theonsidered the crystalline intermetallic compoundg;Bo,
pseudoquasiperiodicity alone. and ALCu,Co. The orthorhombic cell of AlCo, (a
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FIG. 1. Tiling of the pseudoquasiperiodic planes of thand T
phases with squashed hexagoii ffles) and decomposition into
Hiragas pentagonal columnar clusters. The shading of the penta-
gons indicate the twofold screw-symmetry relationship between co-
lumnar clusters decorating pairs of edge-sharing pentagons.
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=14.0A, b=11.84 A, c=7.72 A) contains 92 atoms, we 0.
used the idealized atomic coordinates proposed by Witfom.
This structure is characterized by pentagonal atomic arrange-
ments in the plane perpendicular to thexis, similar to the 0.2
decagonal phase. LLu,Co has a composition very similar
to that of the decagonal phase, but its tetragonal structure
(space groupP4/mnc, a=b=6.315A, c=14.74 A, 40 0.0 Eal o o
atoms/cell (Ref. 21 is not directly related to the decagonal ) 10 -5 0
phase.

For decagonal Al-Mn and Al-Pd-Mn a close structural E (eV)
relationship between the decagonal phase and crystalline
Al;Mn (Taylor's phase orT phase2,2 orthorhombic, a FIG. 2. Electronic density of states for degagonal
=12.56 A, b=14.77 A, c=12.43 A) and the Robinsofor Al 6Ly 140y 19- From top to bottom: total DOS and partial Co,
R) phase AlNi,Mny; (Ref. 23 (orthorhombica=7.76 A, €t and AIDOS.
b=23.90 A, c=12.43 A) has been establish&t?* In both
cases the “pseudoquasiperiodic” plane is perpendicular t
the ¢ axis. While bothR and T phases can be described in
terms of tiling of a single hexagonaH() supercell, in the
decagonal phase there are two more supercells in the form
a pentagonal sta) and a decagonY). All DPH tilings
may be decomposed into pentagonal clusters proposed .
Hiragaet al?* Figure 1 shows the arrangement of thdiles ave been published elsewhé?g. .
and their decomposition into Hiragas pentagonal clusters for Th? structure' of banQEn(k) na sy§tem with many at-
both phases. For the idealized structures of fhend T oms in the unit cell is Very compllcated. We use the
phases based d tiling and preserving the pentagonal clus- Boltzmann-Bloch conductivity as a convenient quantity for

ters, we derive a composition of 20.5 at. % Mn, further struc—w.?rrfdtehnzggltthe am;lotrcr)]p%;] of tr:ﬁ electéont[c . structure.
tural details may be found in Ref. 13. ithin the Boltzmann-Bloch theory the conductivigy can

be expressed &s
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c')l'he difference between both sets of calculations can be at-

tributed to the structural models. Both crystalline compounds

show stronger Alsp-TM-d hybridization and Cu and Cd-

gfands shifted to higher binding energies so that the

pseudogap in the Al band is no longer covered up by a high
-d DOS. The pseudogap is deepest in@W,Co. Details

Ill. ANISOTROPIC ELECTRONIC STRUCTURE B

e?
_ , , - UaB:Q_TE Una(K)vng(K) T EK
Figure 2 shows the total and partial electronic densities of 0 nk n
states(DOS) calculated for decagonal Al-Cu-Co using B2 wherer is the relaxation time{), is volume per atom, anfi
pOintS in the irreducible zone. The main characteristics are & the Fermi-Dirac function. The band velocities are calcu-
parabolic Al-DOS with a broad structure-inducethdsp-d  |ated in terms of the gradients of the dispersion relations of
hybridization enhancedminimum at the Fermi level super- the electronic eigenstatésas
posed by Co and Cu bands peaked-4t.7 eV and— 3.6 eV
belowEg, respectivelyd-band positions and the high value 1 9En(k)
of the total DOS at the Fermi level are well confirmed by Unal®I= 3 Tk, 2
photoemissiolt and soft-x-ray spectr®. Trambly de Lais-
sardiee and Fujiwar® have published calculations of the At zero temperature the conductivity may be under-
electronic structure of a smaller approximant with composistood as a function of the position of the Fermi leég,
tion AlggCusgCo, 4 based on the earlier version of the Burkov o= (Eg). The application of Boltzmann-Bloch theory to
model?® predicting a low density of states at the Fermi level. quasiperiodic systems has been criticized because the scaling
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properties of critical eigenstates lead to the expectation thatnisotropies of o,,/0.~10 at low temperature and
the propagation of the electrons is not ballistic in quasiperiv,,/o,,~8 at room temperature. Considering the small dif-
odic in contrast to periodic system$? However, so far the ferences in composition and certain degree of disorder that is
criticality of the eigenstates has been established only founavoidable in the laboratory-made samples, the agreement
simplified model quasicrystals, and the appearance of thg satisfactory.

anomalous transport properties in crystalline systems sug- Earlier calculations by Trambly de Laissandie and
gests that criticality of the eigenstates cannot be the decisiveujiware® based on a smaller approximaitlO atoms/cell
factor. As noted above we understand the Boltzmann-Bloclof a different structural mod& and a slightly different com-
conductivity as a convenient quantity for characterizing theposition led to a higher resistivity along the periodic direc-
anisotropy of the electronic structure. However, as we shaflion (p,=69 1) cm) and a considerably smaller anisotropy
see later the anisotropy of the transport properties with noneatio (for the perfectly ordered modedf o,/ o~ 5. Hence
metallic behavior along certain crystallographic planes othe electronic structure calculated for the older variant of the
symmetry directions is related to a corresponding anisotroppBurkov model is less anisotropic than that of the new
in the electronic band structure. Although we are interestedhodels!® it also agrees better with spectroscopic data.

in anisotropies of the electronic structure and the absolute For the orthorhombic approximant ACo, the conduc-
value of the zero temperature conductivity is not of our pri-tivities are very similar to those in the decagonal phase
mary interest, the realistic assumption about the value of thgig. 3(b)], with o, > oy, ~ o4 in @ wide energy range and a
relaxation timer~10~'° s provides values of conductivities transport anisotropy of,,/o,,~8 close to the Fermi level,
well comparable with experimental values. The low-increasing steeply t@r,,/oy,~20 only 0.2-0.3 eV below
temperature resistivity ofi-Alg ¢sCly 15C0y 20 Measured in - E- (note that for consistency we have oriented thexis

the periodic directiohis 32 () cm, the corresponding value along thez direction. In contrast to our model decagonal
calculated for the Burkov model of-AlCuCo from the alloy where we find a large transport anisotropy for a wide

Boltzmann-Bloch formula1),(2) is 25 u€) cm. range of energies, the anisotropic behavior of;8b, com-
pound depends quite sensitively on the precise position of
IV. RESULTS AND DISCUSSION the Fermi level. Experimentally Volkov and Pd8meported

for orthorhombic Al-Co compounds with compositions vary-

Figures 3a)—3(c) show the energy-dependent conductivi- ing between 23.2 and 25.8 at. % @ be compared with
ties o,4(E) scaled by the relaxation time calculated for  23.5 at. % in A{3Co,) an anisotropy of-30. The tetragonal
d-Alg 6Ly 1480y 19 (@), Al13C04 (b), and ALCu,Co (c) along  Al,Cu,Co [see Fig. &)] compound, on the other hand,
the directions of the Cartesian axes. The Fermi level is loshows essentially isotropic transport properties, with conduc-
cated atE=0. The energy dependence of the conductivitytivities that are in all directions of the same order as in the
shows its behavio(in a rigid-band approximationif the  metallic directions of the quasiperiodic and approximant
Fermi level is shifted. For the decagonal phase we find verphases.
low conductivities in the quasiperiodix{y) plane, for all The electronic density of states of all Al-Mn phases is
energies in the range of Co and @ubands. The conductiv- strongly structured around the Fermi leMgke Fig. 4 In
ity along the decagonal axis is much higher and stronglyparticular we find a sharp peak immediatelyEatand a very
energy dependent. At the actual position of the Fermi levetleep DOS minimum aE~0.8 eV. These details depend
the transport anisotropy is,,/oy~50. If the chemical very sensitively on details of the chemical decoration—
decoration of the tiling is changed, the conductivity in theparticularly on that of the sites not belonging to the pentago-
guasiperiodic plane is hardly affected, but the peak close toal columnar clusters whose decoration is hence less subject
the Fermi energy in the conductivity along the periodic di-to symmetry constraints. Interchanging the occupation of
rection changes in position and amplitude. Altogether theawo sites with Al and Mn, respectively, such as to enhance
anisotropy ratio varies between,/c,~20 and op,/oq  the Mn-Mn coordinatiorfand increasing the concentration to
~150. We assume that the origin of the experimentally ob23.1 at. % leads for bothR and T phases to very deep
served anisotropic transport properties is in a strongly anisgpseudogaps only a few tenths of an eV ab&e[see the
tropic band structure. The electronic eigenstates show onlgesults labeled?(T)-V2 in Fig. 4]. Close inspection of the
very weak dispersion along directions within the quasiperi-band structure shows a strong dispersion of eigenstates along
odic planes and much stronger dispersion in the periodi&, (the periodic directiopnand much weaker dispersion in the
direction. If we scale the conductivities with the square ofpseudoquasiperiodic plane. In both phases a real gap of
linear dimensions we find thaf o ,,(E) is almost isotropic. ~50 meV is found in the quasiperiodic plane for~0. For
In order to simulate thermal disorder we generated disorthe R-V2 phase the gap closes near the boundary of the
dered configurations by shifting the atoms by random disBrillouin zone as one moves away fokp=0 to k,=0.5, in
placement vectors with a Gaussian distribution. Here we rethe T-V2 phase the gap persists but its position shifts be-
port the conductivities calculated for a standard deviation otause of the dispersion of the eigenstates. Hence only a
Ar=0.15 A (for comparison the shortest nearest-neighbompseudogap appears in the total DOS. For icosahedral quasi-
distance is~2.5A). We find that the conductivity in the crystals and approximantsi-@AlIPdRej-AICuFe) similar
guasiperiodic plane increases by a factor of 5 at the Fermivery sharp and deep pseudogaps have been detected by tun-
energy ofd-AlCuCo (and even more at lower energies neling spectroscop
while that along the periodic direction is hardly affecisde For the conductivities we find a strongly structured
Fig. 3@] and the transport anisotropy is reduced too,g(E) with very low values for all three Cartesian direc-
0,,104~10. Martin etal? found for d-AlgCu<Co, tions, for bothV2-type compounds—so far in agreement



PRB 58

20000
15000
10000

5000

10000

(sQcm)!]

(10715

20000

o(E)/7

15000

10000

5000

0

5000 1

HIGHLY ANISOTROPIC ELECTRONIC STRUCTUREN.. .. 5381
a) b)
40000 F zz
— 20000 F
il by b beaaa s b by E 0 o popa e e aalat
a
»y 20000
n 15000 Yy
S toooo
- 5000
3 -
NENEEENENE R NN FRER re e lo v el aa e AN 0 [ RN RN ISR AN |
I L 20000
Hu XX o = XX
15000 +
10000 +
5000 o
il el by faera lyea s bl 0 :||||I|||| v a el gl
-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 0 1 2 3 4
E (eV) E (eV)
c)
40000 E
— 20000 F
E 0 Y Lol baeaa b b lesn
a
0 =
: 40000 £ W
5k
. 20000 E
. ]
AN 0 ||||I||||I|||||||||'||1|I||||I||||I|||1
= v
© 40000 E WVU
20000 £
0 E||||I||||l||||I||||l||||I||||I||||I||||

-4

-3

-2 -1

E

0 1 2 3 4

(eV)

FIG. 3. Low-temperature conductivities,z(E) scaled by the relaxation time calculated in three Cartesian directions for decagonal
Al 6Ly 14C0y 19 (@), orthorhombic Aj;Co,, (), and tetragonal ACu,Co (c). The dashed lines itia) shows the quantities,z(E)/7
calculated for a decagonal structure with a superposed random digsegethe text

with the results of Volkov and Podh (see Fig. 5. Most

tively ~0.4 (T-V2) eV above the Fermi level. For tHe

remarkably, for both components the conductivity in one di-phase this direction is along tieedge of the cell, for th&@

rection goes to zero at an energp0.2 eV (R-V2), respec-

phase this is the axis. Note that in both cases this is the
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V. SUMMARY AND CONCLUSION ; 5000 ::
Our results for the Al-Mnd approximants may be sum- - E
marized as follows(a) The close structural relationship with \" - AR TR
thed phase leads to a very spiky structure of the DOS in the = 0
vicinity of Eg; the details of the structure depend quite sen- — 10000 T
sitively on minor aspects of the chemical decoratigm.Av- © XX
eraged over an energy range of even a very few tenths of an
eV, the conductivity is essentially isotropic, despite the 5000
structural similarity with the decagonal phase. At the en-
ergy where the deepest pseudogap in the DOS is found, a

true conductivity gap of~50 meV exists in the direction
along which the pentagonal columnar clusters are joined di-
rectly together. If the Fermi edge falls at this energy, the E (eV)

conductivity along this direction will decrease steeply in this

direction. Again the existence of the conductivity depends FIG. 5. Low-temperature conductivities, z(E) scaled by the
sensitively on the chemical decoration—it is absent in ver+elaxation timer calculated in three Cartesian directions for fe
sionV1 of theR phase, in spite of a very similar structure of and T phases(both version 2, corresponding to the densities of
the DOS. The existence of a conductivity gap in a singlestates shown in Fig. 4.

crystallographic direction agrees with the experimental re-

sults of Volkov and Poon—but there is no agreement in theAl;sMn,.  Volkov and Poolf give a composition of
directions along which this effect is observed. The reasonélgdVin, for a structure described as identical to the
for the discrepancy have to be found in the details of theHiragag® Al;; Mn, phase. A number of atomic sites in the
crystalline structure. Our calculations have been performedHiragas structure have a fractional or mixed occupation.
on idealized models with a composition very close toHence a number of open problems concerning the precise
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structure of the Al,Mn, approximant phase will have to be however_, this remains to be explained in more deta!l. In this
clarified before we can proceed to a more detailed comparicontext it would be extremely helpful if the experimental

son between theory and experiment. transport investigations were supplemented by spectroscopic
However, it remains remarkable that extremely narrowinvestigations with very high resolution. _
gaps in the electronic density of states amdirectional However, one should also not forget to emphasize the

conductivity can exist in decagonal approximants. Togethedimitations of the Boltzmann-approach. Several attempts
our results for the decagonal Al-Cu-Co quasicrystals and aphave been made to go beyond the quasiclassical description,
proximants and for the decagonal Al-Mn approximants shedased either on a multichannel Landauer formula for the
light on two facts of the electronic transport properties ofconductivity®® or using the knowledge of the electronic
quasicrystals(a) The results ford-Al-CuCo quasicrystals —€igenstatesand not only of the dispersion relations as in
emphasize the important role of the widely different lengthBoltzmann theory within the framework of Kubo-
scales in the periodic and quasiperiodic directions leading t&reenwood theory?*' So far such calculations are restricted
strong differences in the dispersion of the electronic eigento simple model systems, with the exception of the work of
states and to the characteristic scaling behavior in the eledUjiwaraet al*® Fujiwaraet al. analyzed the electronic dif-
tronic conductivities(b) The results for thel-Al-Cu-Co and ~ fusivity in the quasiperiodic plane of approximants to
d-Al-Mn approximants emphasize the important role of thed-Al-Cu-Co, with particular emphasis on the scaling behav-
local atomic structure. For a certain local order the electronidor, but stopped short of a calculation of the anisotropy of the
spectrum show very strong structurespikes, gaps much  transport properties. A Kubo-Greenwood calculation for the
stronger than usually observed even in the quasiperiodigystems discussed in the present study is under way. Results
limit. For certain directions and energies this can even caus#ill be published in due coursg.

the appearance of conductivity gap of the order-&0 meV

and hence to an insulating behavi_o_r in the limit-0 K. ACKNOWLEDGMENTS
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