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Low-temperature thermal and optical properties
of single-grained decagonal Al-Ni-Co quasicrystals
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We report measurements of the specific heatCp(T) and of the thermal conductivitieslp(T) along the
periodic direction andlq(T) along a direction in the quasiperiodic plane for decagonal Al-Ni-Co at low
temperatures. The coefficientg50.63 mJ mol21 K22 of the linear term toCp(T) indicates a low density of
electronic states atEF . The magnitude of the cubic-in-T term to the low-temperature specific heat is in fair
agreement with the acoustic contribution toCp(T) calculated from the results of low-temperature measure-
ments of the elastic stiffness constantsci j . The phonon contribution tolp(T) shows a distinct maximum at 25
K, typical for periodic crystals. The dominant feature in the phonon contribution tolq(T) is an extended
plateau between 30 and 70 K, in agreement with the concept of generalized Umklapp processes in quasicrys-
tals. This distinct difference between the phonon contributions tolp(T) andlq(T) is similar to that previously
observed for Al65Cu20Co15. The optical conductivitys1(v) is obtained from reflectivity data in the frequency
range between 1 meV and 12 eV. At low frequencies the optical conductivitys1(v) is characterized by an
anisotropic Drude contribution. At high frequencies an additional absorption for the periodic and the quasip-
eriodic direction is observed centered at approximately 1 and 2 eV, respectively, which can be associated with
electronic excitations across a pseudogap.@S0163-1829~98!02230-9#
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I. INTRODUCTION

The atomic arrangement in decagonal quasicrystals is
riodic along the tenfold symmetry axis and quasiperiodic
the plane perpendicular to it. Thus, they share struct
properties of periodically and quasiperiodically structur
matter. The phase equilibria of the Al-Ni-Co alloy syste
allow the growth of large single-grained decagon
quasicrystals,1 crucial in studying reliably anisotropic prop
erties. For decagonal quasicrystals in the Al-Cu-Co and
Ni-Co systems, strong anisotropies of electrical2,3 and ther-
mal transport4–6 as well as the optical conductivity7 have
been established experimentally. The values of the resi
electrical resistivityr observed in decagonal quasicrysta
along the periodicr0

p and along the quasiperiodic directio
r0

q show an anisotropyr0
p/r0

q of the order of 10. However
rp(T) as well asrq(T) change only little with temperature

Measurements of the thermal conductivityl(T) of de-
cagonal Al-Cu-Co showed that the phonon contributions
l(T) along the periodic directionlph

p (T) and along a direc-
tion in the quasiperiodic planelph

q (T) are qualitatively
different.5 While the thermal conductivity via lattice excita
tions along the periodic directionlph

p (T) showed a distinct
maximum centered at 25 K, the thermal conductivitylph

q (T)
along a direction in the quasiperiodic plane turned out to
almost temperature independent above 30 K. These re
gave further evidence for the differing characteristics of U
klapp scattering of lattice excitations in solids with period8

and quasiperiodic orders,9 which are believed to be a direc
consequence of the difference between the lattice excita
PRB 580163-1829/98/58~6!/3046~11!/$15.00
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spectra of periodic and quasiperiodic lattices. In a perio
crystal, the exponential decrease with decreasing tempera
of high frequency phonons available for Umklapp proces
leads to an exponential decrease of the Umklapp scatte
rate of the phonons. In a quasicrystal the situation is app
ently different, because the momentum of vibrational exc
tions can be transferred to the quasilattice in inelastic s
tering events by arbitrarily small portions, i.e., not limited
magnitude from below, resulting in a power-law decrease
the rate of Umklapp processes.

A theoretical investigation on the lattice dynamics of
high-order periodic approximant of decagonal Al-Mn ind
cated a strongly anisotropic phonon dispersion relation
the presence of a hierarchy of optical excitations down
very low energies, located at the boundaries of the pseu
Brillouin zone.10

Optical properties of icosahedral quasicrystals differ fro
those of either metals or semiconductors.11–13 A common
feature in the charge dynamic spectrum of icosahedral q
sicrystals, e.g., in the Al-Mn-Pd and Al-Re-Pd systems,
pressed in terms of the real parts1(v) of the complex opti-
cal conductivitys(v), is the large absorption in the visibl
spectral range. This absorption is usually ascribed to exc
tions across a pseudogap in the electronic excitation s
trum that is thought to open due to the Hume-Rothery-ty
stabilization of an icosahedral phase.11–13 Below the visible
spectral range, another broad absorption ins1(v), extending
from mid infrared~MIR! down to far infrared~FIR! is ob-
served. Its origin is still quite puzzling. While first reports o
optical investigations11,12 claim that this absorption is due t
a mobility-gap feature, more recent and comprehensive s
3046 © 1998 The American Physical Society
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ies, combining electrical, magnetic, and optical data,14 seem
to seriously question and, in fact, invalidate that interpre
tion. The broad low-frequency tail ins1(v) below 0.4 eV is
rather to be ascribed to a distribution of bound states.14 An-
other relevant issue that still remains unresolved, is to w
extent the unusual behavior ofs1(v) in icosahedral quasi
crystals should specifically be attributed to the quasiperio
long-range order. Important information on the electrod
namic response of quasiperiodically structured solids can
obtained using decagonal quasicrystals, which offer a uni
opportunity for acomparativestudy of optical properties o
both periodically and quasiperiodically structured matter
ing light that is linearly polarized along different crystallo
graphic directions of one single sample.

Here we report results of measurements of the lo
temperature specific heatCp(T) and the thermal conductivi
ties lp(T) andlq(T) along the periodic direction and alon
a direction in the quasiperiodic plane, respectively, for hig
quality single-grain samples of decagonal Al-Ni-Co in var
ing temperature ranges between 0.07 and 80 K. The spe
heat data provide additional information for establishing
low-frequency lattice dynamics and vibrational density
states, complementary to results obtained in inelastic neu
scattering experiments.15

In addition to our thermal-transport and thermodynam
investigations of decagonal Al-Ni-Co and in order to reac
comprehensive understanding of decagonally structured
ids, we also aim at mapping the complete electronic exc
tion spectrum. Optical investigations, performed over a v
broad range of frequencies, have proven to be very usefu
identifying the spectrum of excitations. An analysis of t
complete electrodynamic response allows one to evaluate
plasma frequencyvp and the scattering rateG of the free
charge carriers contribution, and also parameters charact
ing electronic transitions and optically active lattice exci
tions.

This set of data substantially extends the tempera
range of previous investigations of the specific heat16 and
thermal transport4,6 in Al-Ni-Co. In addition, to the best of
our knowledge, information on the optical properties
decagonal Al-Ni-Co has not been obtained.

II. SAMPLES AND EXPERIMENT

Al-Ni-Co quasicrystals were grown using the self-flu
technique. An Al70Co15Ni15 alloy was prepared by arc mel
ing using high-purity elemental metals~99.999 % pure alu-
minum, 99.9985 % pure nickel, and 99.997 % pure coba!.
The resulting button was loaded in an alumina crucible a
sealed under vacuum in a silica ampoule. The ingot w
remelted at 1250 °C, cooled to 1030 °C at a rate of 2 °C
h, annealed at 1030 °C for 5 days, and subsequently rap
cooled to room temperature. The resulting ingot contain
several large grains with decaprismatic morphology, pa
embedded in the bulk of the material. Samples were cut fr
the decaprisms using a spark cutter. Two samples cut
pendicular and parallel to the decagonal~periodic! axis A10
with approximate dimensions 432.231.7 mm3 and 2.4
32.131.5 mm3 were selected for our experiments. No gra
boundaries were observed in a scanning electron micros
analysis. An electron-diffraction experiment revealed t
-
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these samples are highly ordered quasicrystals with a v
small phason strain and with theS1 superstructure type o
decagonal order, indicating that the most probable chem
composition of the samples is Al71Ni16Co13.17 Laue photo-
graphs taken on both samples have confirmed that they
single quasicrystals.

The larger sample was used for measurements of the t
mal conductivity lp(T) along the decagonal axis. Th
smaller sample was used for measurements of the the
conductivity lq(T) along a direction in the quasiperiodi
plane, of the specific heatCp(T) and of the optical reflectiv-
ity R(v). Subsequently this sample was also used for re
nant ultrasound spectroscopy experiments.18

The thermal conductivityl(T) was measured using
standard steady-state heat-flow technique monitoring
temperature gradient along the sample. The specific h
Cp(T) was measured using a conventional relaxation-ty
method. The temperatures in the range between 0.06 and
were reached using a dilution refrigerator. Conventional3He
and 4He cryostats were used for temperatures between 0
and 3 K, and above 1.5 K, respectively.

The optical reflectivityR(v) of decagonal Al71Ni16Co13
was measured in the frequency range between 1 meV an
eV, i.e., over more than four orders of magnitude in fr
quency and at selected fixed temperatures. The reflect
R(v) was obtained both from the surface parallel to the q
siperiodic plane and from the surface parallel to the deca
nal axis. In the latter experiment linearly polarized light w
used with the electric field vectorE direction either parallel
or perpendicular to the decagonal axis.

Four spectrometers with overlapping frequency ran
were used.13,14 In the far infrared we made use of a Bruk
IFS 113 v Fourier interferometer with a Hg arc-light sour
and He-cooled Ge-bolometer detector, while from the FIR
to the MIR range a fast scanning Bruker interferome
IFS48PC was used. In the visible spectral range a ho
made spectrometer based on a Zeiss monochromator
employed and in the ultraviolet we used a McPherson sp
trometer. From the MIR down to the FIR we used the refle
tivity of tungsten as a reference.

The complete set of optical properties, i.e., the comp
optical conductivitys(v)5s1(v)1 is2(v) was obtained
via a Kramers-Kronig transformation of the reflectivityR(v)
spectra extrapolated to lower and higher frequencies. To
end,R(v) was extrapolated to lower frequencies using t
Hagen-Rubens relation 12R(v)}Av, i.e., assuming a me
tallic behavior. Above the highest frequency achieved in t
experiment, we first used the extrapolationR}1/v2, which
is meant to simulate the reflectance in the frequency rang
interband transitions, and at frequencies higher than 40
we assumedR}1/v4, simulating the behavior of free
electrons.13,14

III. RESULTS AND ANALYSIS

A. Specific heat

The complete set of the specific heatCp(T) data in the
temperature range between 1.5 and 36 K for a single grai
decagonal Al-Ni-Co is shown on a double logarithmic plot
Fig. 1. The same data in the form ofCp /T vs T2, are plotted
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3048 PRB 58A. D. BIANCHI et al.
in Fig. 2. Between 1.5 and 3 K the temperature variation o
Cph(T) can adequately be described by assuming that
main contributions are due to electronic and lattice exc
tions, i.e.,

Cp~T!5gT1bT3. ~1!

A fit of Eq. ~1! to our specific-heat dataCp(T) using Eq.~1!,
which is shown in Fig. 2 as the solid line, yieldsg50.629
60.003 mJ mol21 K22 and b59.560.6 mJ mol21 K24,
corresponding to a Debye temperatureQD of 589612 K.
For calculatingQD the experimentally determined densi
r54.186 gcm23 was used.18 We note that the measure
value of r for Al71Ni16Co13 is distinctly lower than the av-
eraged density of the constituent elemental metals. Our v
of the parameterg reported here is close to analogous valu
reported previously for melt-spun Al70Ni302xCox ribbons,
with 5,x,30.16 This value of the electronic specific he
parameterg is 2.5 times smaller than that of aluminum b
somewhat higher than theg values previously reported fo
highly ordered icosahedral Al-Mn-Pd and Al-Re-Pd quas
rystals with the face centered icosahedral structure, wh
fall into the range between 0.11 and 0.41 mJ mol21 K22.14,19

For these materials, the small electronic specific heat
tentatively been attributed to the presence of a pseudoga
the density of electronic states~DOS! at the Fermi energy
EF .14,19 Subsequent optical reflectivity measurements us
the same samples gave further evidence supporting

FIG. 1. Specific heatCp(T) of decagonal Al71Ni16Co13 between
1.5 and 36 K.

FIG. 2. Specific heat of decagonal Al71Ni16Co13 plotted asCp /T
vs T2. The solid line is the fit to the data using Eq.~1! in the
temperature range between 1.5 and 3 K.
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conclusion.13,14 The pseudogap in the electronic DOS atEF

of icosahedral quasicrystals in the Al-Mn-Pd, Al-Re-Pd, a
Al-Cu-Fe alloy systems was also inferred from an analysis
the low-temperature high-resolution ultraviolet photoem
sion spectra.20

Calculations of the electronic band structure for perio
approximants in the Al-Cu-Fe~Ref. 21! and Al-Mn-Pd~Ref.
22! systems indicated the existence of a well pronoun
pseudogap at the Fermi energyEF . In the Al-Mn-Pd system
the calculated electronic DOS of a series of approxima
indicated that the position of the pseudogap relative toEF is
influenced by changes in the chemical composition.22 It was
found that for higher-order approximants the minimum in t
electronic DOS is located closer toEF ,22 however, the depth
of the pseudogap is almost independent of the order of
approximant.22 In the same work the importance of the h
bridization of the Als andp states with the transition meta
d states in the formation of the pseudogap was pointed ou
a result of a calculation of the electronic DOS of a series
clusters.22 A calculation of the electronic band structure
periodic Al-based Hume-Rothery alloys lead to a simi
conclusion.23 The results of these band structure calculatio
gave evidence for the validity of a model assuming an
hanced formation of a pseudogap in the electronic DOS
EF by the combination of the crossing of ad with an sp
band at the pseudo-Brillouin zone boundary.24

While abundant experimental evidence for the existe
of a pronounced pseudogap in the density of electronic st
at EF has experimentally been obtained for various icosa
dral phases,25 suggesting that the Hume-Rothery mechani
plays an essential role in the stability of the icosahedra
ordered solids,26,24 the presence of a pseudogap atEF in
decagonal quasicrystals remains a controversial issue.
thus briefly discuss some experimental and theoretical
pects related to this matter. The results of Hall-effect m
surements reported in Ref. 27 seem to support the Hu
Rothery-type scenario. The low linear-in-T contribution to
Cp of decagonal Al-Cu-Co~Ref. 5! and Al-Ni-Co indicate a
reduced DOS atEF in decagonal quasicrystals. Based on t
analysis of high-resolution photoemission experiments,
presence of a pseudogap in decagonal Al-Cu-Co and
Ni-Co was claimed by Stadnik and co-workers.28

The absence of a pseudogap atEF in the electronic den-
sity of states in decagonal Al62Co15Cu20Si3 and
Al65Co17Cu18 has been inferred from an analysis of the o
tical conductivitys1(v), which indicated a higher density o
free charge carriersn in these systems compared with th
values ofn observed in icosahedral quasicrystals.7 Neverthe-
less, our results ons1(v) in decagonal Al-Ni-Co presente
here clearly show an absorption centered at approximate
eV for both directions. Such an absorption is a general
servation in thes1(v) curves of icosahedral quasicrysta
and is commonly associated with excitations across
pseudogap in the electronic excitation spectrum. This po
will be discussed in more detail in Sec. III C. Calculations
the electronic band structure of rational approximants to
cagonal quasicrystals have raised some doubts as to wh
the observed minimum in the electronic DOS of decago
quasicrystals is due to an electronically driven stabilizat
of quasiperiodic structures.29,30
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A recent band structure calculation using a model appr
imant Al66Cu30Co14 of decagonal Al-Cu-Co showed th
presence of a pseudogap with a width of'0.5 eV centered a
an energy of'0.3 eV aboveEF .31 The overall energy de
pendence of the electronic DOS is, however, in poor ag
ment with the photoelectron spectra reported for a decag
quasicrystal of a somewhat different chemical compo
tion.28,30 In addition, it turned out that both the position an
the depth of the pseudogap in the calculated electronic D
of decagonal Al-Cu-Co strongly depend on the chemi
decoration of the Cu/Co sites.29,30 For certain decorations o
the Cu/Co sites, the minimum in the partial DOS of the As
and p states nearEF is covered by the large contributio
from the Cod states.30 These observations have led to t
conclusion that a pseudogap in the electronic DOS of
cagonal Al-Cu-Co is the consequence of the hybridizat
between transition metald states and aluminums and p
states rather than the result of the interaction of the Fe
surface with the pseudo-Brillouin zone.29,30 A similar con-
clusion regarding the origin of the pseudogap atEF in de-
cagonal quasicrystals has emerged from electronic b
structure calculations for decagonal Al-Mn-Pd.32 Concluding
this discussion, we note that our results on the lo
temperature specific heat indicate a small electronic DO
EF and are therefore consistent with the presence o
pseudogap in the electronic DOS atEF .

We now concentrate on the lattice contributionCph(T) to
the specific heatCp of decagonal Al-Ni-Co. The specific
heat data plotted in Fig. 2 asCp /T vs T2 falls on a straight
line, indicating a Debye-type behavior ofCph(T) for tem-
peratures below 3 K. At low temperatures only the acou
excitations contribute toCph(T), which takes the form

CD~T!5
2p2kB

4

5\3vs
3

T3, ~2!

where 1/vs
3 is the average of the inverse third power of t

long-wavelength phase velocitiesv i(q) of the three acoustic
modes:

1

vs
3

5
1

3 (
i 51

3 E 1

v i
3~w,u!

dwsinudu

4p
. ~3!

Here v i(w,u) are the velocities of the sound waves prop
gating in a direction defined by the directional anglesw and
u. From the low-temperature values of the elastic modulici j
obtained using resonant ultrasound spectroscopy18 and the
measured mass densityr we deduce the average sound v
locity vs to be (4.91060.02)3103 m/s. This value, inserted
into Eq.~2!, gives a low-temperature contribution to the sp
cific heat ofCD(T)5(8.9360.11)T3 mJ mol21 K21, in fair
agreement with the abovementioned experimental re
bT35(9.560.6)T3 mJ mol21 K21. This is quite different
than the situation in icosahedral quasicrystals, for whic
large excess cubic-in-T term in the low-temperature specifi
heatCp(T) has previously been observed in the Al-Mn-P
and Al-Re-Pd systems.33

The lattice specific heatCph(T) obtained by subtracting
off the linear contributiongT from the measured specifi
heatCp(T) is shown as a plot ofCph/T3 vs T in Fig. 3. As
-
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noted above, theCph/T3 ratio is temperature independe
below 3 K. For temperatures higher than 3 K, theCph/T3

ratio increases rapidly with increasing temperature above
constant Debye limit, indicating that with increasingv the
vibrational DOSg(v) increases more strongly than the D
bye approximation

g~v!5
3

2p2vs
3
v2. ~4!

With further increasing temperature,Cph/T3 tends to saturate
above 30 K at the level of 32mJ mol21 K24, approximately
a factor of 3 higher than the ratioCD /T3. At high tempera-
turesT.QD the lattice specific heatCph(T) is expected to
reach the constant Dulong-Petit limit and thereforeCph/T3

vs T passes through a maximum at intermediate temp
tures. This trend to saturation of theCph/T3 vs T curve sim-
ply indicates the proximity to this maximum.

In the harmonic approximation, the lattice specific he
Cph(T) depends on the DOSg(v):

Cph~T!5E
0

`

g~v!
]

]TS \v

exp~\v/kBT!21Ddv. ~5!

The phonon DOSg(v) cannot, strictly speaking, unambigu
ously be determined from the measured lattice specific h
Cph(T), as this requires solving an integral equation with
unstable kernel.34 An analysis of theCph(T) behavior may
nevertheless provide relevant information ong(v), because
the integral in Eq.~5! is especially sensitive to the variatio
of g(v) close tov'2.3kBT/\. The information ong(v)
obtained from theCph(T) analysis is particularly accurate i
the low-frequency limit, in which the contribution from high
frequency modes is exponentially small.

The increase ofCph(T) with increasing temperature abov
the Debye limit may be related to either low-lying optic
modes or the dispersion of acoustical excitations. In deca
nal Al71Ni16Co13 the presence of an optical branch at t
frequencyv51.931013 rad/s may be inferred from the split
ting of the v(q) data for transverse excitations measur
using inelastic neutron scattering along the~1,1,21,21,0!

FIG. 3. The lattice specific heat is plotted asCph/T3 vs T. The
solid line shows the result of the fit to Eq.~1!, with Cph/T359.5mJ
mol21 K24. The dashed line is the the long-wavelength acous
contribution to the specific heatCD /T358.93 mJ mol21 K24 ~see
text!.
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3050 PRB 58A. D. BIANCHI et al.
crystallographic direction.35 Theoretical calculations of the
vibrational DOS using the modified Burkov model36 suggest
the presence of an optical mode in the frequency range
tween 1.531013 and 2.431013rad/s.37 However, no optical
mode in this frequency range was resolved in the general
vibrational density of states~GVDOS! of quasicrystalline Al-
Ni-Co as determined by time-of-flight inelastic neutro
scattering.37

In Fig. 4 we show the difference betweenCph and bT3

multiplied by T2 as function of the inverse temperature on
semilogarithmic plot. The (Cph2bT3)T2 data do not fall on
a straight line indicating that a singular low-frequency op
cal branch can be ruled out as the origin of the obser
Cph2bT3. This is because at temperaturesT!\v0 /kB a
singular optical excitation with an energy\v0 is expected to
contribute a term to the specific heat that increases expo
tially with increasing temperature@Eq. ~5!#. We note that
below 8 K Cph2bT3 displays rather a power-law behavio
as can be seen on the double logarithmic plot ofCph2bT3

vs T in Fig. 5. The solid line in Fig. 5 is compatible wit
Cph2bT3}Tn and n55.160.1. ApproximatingCph2bT3

by dTn with n55, we obtaind59660.2 nJ mol21 K26. A
T5 term in the lattice specificCph(T) may have its origin in
a v4 term in the vibrational density of statesg(v) indicating
the dispersion of acoustic excitations.

FIG. 4. (Cph2bT3)T2 vs T21 plotted on a semilogarithmic
scale.

FIG. 5. Cph2bT3 vs T plotted on logarithmic scales. The soli
line indicates a fit to a power lawCph2bT3}T5. The dashed line is
an estimate of theT5 contribution toCp(T) which is compatible
with the experimentally determined values of the phonon disper
relationsv(q) for decagonal Al-Ni-Co~see text!.
e-

ed
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The dispersion relation of acoustic excitationsv(q) can
be expanded in a power series of the form

v i~q!5v iq1a iq
31O~q5!, i 5 l ,t1 ,t2 . ~6!

The phonon dispersionv(q) in Al71Ni16Co13 has been deter
mined at 300 K by inelastic neutron scattering using a tri
axis spectrometer.35 Two transversal and two longitudina
modes were observed starting close to the Bragg peak
~0,0,0,0,2! and~1,1,21,21,0! and propagating parallel to th
~1,1,21,21,0! and ~0,0,0,0,2!, crystallographic directions
respectively.35 The polarization vectors of these modes we
lying in the plane defined by the~0,0,0,0,2! and
~1,1,21,21,0! directions.35 The parametersv i anda i of a fit
of Eq. ~6! to the v(q) data in the wave vector rangeuqu
,0.55 Å are given in Table I. We note that thev i determined
from the fits to thev(q) data are in good agreement with th
sound velocities obtained from the measured lo
temperature elastic stiffness constantsci j .18 The observed
phonon dispersion was found to be isotropic within the e
perimental errors foruqu,0.55 Å. This is again in agreemen
with the results of the resonant ultrasound spectrosc
experiment18 indicating that the variation of the sound ve
locities with the angleu between the wave vector and th
decagonal axis is 13% at most. These experimental find
are quite in contrast to the results of a theoretical investi
tion of lattice excitations in decagonal Al-Mn, suggesting
strongly anisotropic dispersion for lattice excitations prop
gating in the quasiperiodic plane and along the perio
direction.10

A crude estimate ofg4(v) may be obtained assuming th
the phonon dispersion in decagonal Al-Ni-Co is isotropic
low uqu and that the transverse acoustical branch is dou
degenerate. This assumption leads to the vibrational den
of statesg4(v) of the form

g4~v!52
5

2p2S a l

v l
6

12
a t

v t
6D v4. ~7!

Substituting this result into Eq.~5! gives

Cex~T!52
40p4kB

6

21\5 S a l

v l
6

12
a t

v t
6D T5. ~8!

Using the values ofv l , v t , a l , and a t given in Table I,
leads toCex/T556 nJ mol21 K26. This value is 15 times
smaller than the experimentally determined coefficient of
T5 term to the specific heatCp(T). Thus the dispersion o
acoustical excitations in decagonal Al-Ni-Co cannot acco
for the observed deviation from the Debye-type behavior
the low-temperature lattice specific heatCph(T). Given the
n

TABLE I. Parameters of the fit of the phonon dispersionv(q)
data of decagonal Al-Ni-Co in the rangeuqu,0.55 Å using Eq.~6!.

Direction
v l

~m/s!

a l

310217

(m3/s)
v t

~m/s!

a t

310217

(m3/s)

~0,0,0,0,2! 74906120 25.860.6 3990660 21.760.4
~1,1,21,21,0! 79006500 2862 4060660 21.360.4
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small degree of polar elastic anisotropy in decagonal
Ni-Co as revealed by ultrasound resonant spectroscopy18 and
inelastic neutron scattering,35 it seems quite unlikely, that a
stronger curvature of the phonon dispersionv(q) along cer-
tain directions in the reciprocal space than that already m
sured is the cause of the observed deviation ofCph(T) from
a Debye-type behavior. But unlessv(q) has been measure
along additional directions in reciprocal space this possibi
cannot be ruled out completely. Another possible expla
tion of this discrepancy could be a distribution of nonprop
gating lattice excitations with a densityg(v)}v4. However,
at present we are not aware of any theoretical model fea
ing such a behavior.

B. Thermal conductivity

1. Quasiperiodic direction

The thermal conductivitylq of Al-Ni-Co along a direc-
tion in the quasiperiodic plane in the temperature range
tween 0.06 and 80 K is shown on double logarithmic sca
in Fig. 6. The solid line is an estimate of the electronic co
tribution lel

q , which was calculated from electrical resistivi
rq data measured on this same sample and assuming
validity of the Wiedemann-Franz law.

The lattice contributionlph
q (T), obtained by subtracting

lel
q (T) from the measured thermal conductivitylq(T), is

shown in Fig. 7. It increases considerably with increasingT
between 0.07 and 2 K. With further increasing ofT, we note
the trend oflph

q (T) to saturate at 30 K and from 30 to 80
lph

q is almost temperature independent. The occurrence
plateau-type feature in the thermal conductivitylph

q (T) of
decagonal Al-Ni-Co along a direction in the quasiperiod
plane is compatible with theoretical expectations conside
generalized Umklapp processes in solids with quasiperio
order.9 Those are based on the argument that for a quasic
tal one expects a hierarchy of gaps in the vibrational exc
tion spectrumv(q) at any frequency less than the maximu
lattice frequencyvmax. For quasiperiodic lattices, the gap
due to the Bragg peaks at smallk and therefore small fre
quency transfersv of the back-scattered acoustical wave
may provide a substantial contribution to the probability
Umklapp processes of the phonons, even if the gap wid

FIG. 6. The total measured thermal conductivitylq of decago-
nal Al71Ni16Co13 in a quasiperiodic direction between 0.06 and
K. The solid line is an estimate of the electronic contributionlel

q

~see text!.
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are small. As a result, the rate of the generalized Umkla
processes in quasicrystals has a weak power-law de
dence, reflecting the fact that the momentum of vibratio
excitations can be transferred to the quasilattice in inela
scattering events by arbitrarily small portions, i.e., not lim
ited in magnitude from below.9 This is quite in contrast to
periodic crystals, for which the rate of the Umklapp pr
cesses shows an exponential temperature dependence.8 The
weak temperature dependence of the phonon scattering
in quasicrystals is expected to lead to a shallow maximum
even to a plateau in thelph

q (T) curve ~see Fig. 7!. The
plateau-type feature in the phonon thermal conductiv
curve lph(T) seems to be a general observation
quasicrystals38–41 and it has previously been observed f
decagonal Al-Cu-Co along the quasiperiodic direction5 as
well as for icosahedral Al-Mn-Pd, Al-Cu-Fe, and Al-Re-P

2. Periodic direction

In Fig. 8 we show the thermal conductivitylp measured
along the periodic direction in the temperature range
tween 0.45 and 80 K plotted on logarithmic scales. We e
mate the electronic contributionlel

p to lp by assuming that
lp(T) high and low temperatures is dominated bylel

p given
by the law of Wiedemann and Franz, which is justified

FIG. 7. The lattice contributionlph
q along a direction in the

quasiperiodic plane obtained by subtractinglel
q from lq, shown on

a semilogarithmic scale.

FIG. 8. Temperature dependence of the total thermal conduc
ity lp along the periodic direction of decagonal Al71Ni16Co13 be-
tween 0.45 and 80 K. The solid line is an estimate of the electro
contributionlel

p , as explained in the text.
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comparison with the situation for Al-Cu-Co.5 The result of
this calculation is shown as the solid line in Fig. 8.

The lattice contributionlph
p , obtained by subtractinglel

p

from the measured thermal conductivitylp, is shown in Fig.
9. At 25 K, lph

p (T) passes over a maximum and decrea
distinctly with further increasingT. This behavior is reminis-
cent of that of periodic crystals, wherelph(T) at intermedi-
ate temperatures~10–30 K! is characterized by a crossov
from the regime of boundary-limited or phonon-electr
scattering and to the regime of increasing Umklapp pho
scattering.

In periodic crystals, in the temperature region just abo
that maximum, the phonon thermal resistance is domina
by the onset of Umklapp processes. In this regime,lph is
expected to decrease exponentially with increasing temp
ture due to an exponential increase of the occupation num
of the phonon modes with frequencies high enough to al
the occurrence of Umklapp processes, i.e., of the order of
Debye frequency.8 While above the maximum a decrease
lph

p with increasing temperature is observed~see Fig. 9!, it is,
however, not possible to identify the exponential dep
dence. In this connection we note that even in single crys
the exponential variation oflph

p (T) is most often masked by
isotope or impurity scattering effects.42 Nevertheless, even in
polycrystalline or impure samples a distinct maximum
lph(T) is observed. Far below the temperature at which
maximum in thelph(T) occurs, the phonon mean free pa
in periodic crystals is limited either by sample-bounda
scattering~in insulators! or by phonon-electron scattering~in
metals!. Both these mechanisms result in a positive slope
thelph curve. A crossover from the regime of Umklapp sc
tering at high temperatures and the regime of either bound
or electron-phonon scattering at low temperatures res
necessarily in a maximum in thelph vs T curve.

Between 0.45 and 1.2 K, the phonon thermal conductiv
is well described bylph

p }Tn, wheren52.260.1 ~see solid
line in Fig. 10!. An approximately quadratic temperature d
pendence of the phonon thermal conductivity, is compat
with scattering of phonons that involves either conduct
electrons42 or tunneling states.43

At low temperatures the relaxation rate of resonant s
tering of phonons on tunneling statestTS

21 is proportional to
the frequency of the phonon. ThistTS(v) dependence in the
regime where phonon scattering involves tunneling sta

FIG. 9. Phonon contributionlph
p to the thermal conductivity

along the periodic direction.
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leads to a thermal resistancelph
21}T22. In icosahedral Al-

Mn-Pd and Al-Re-Pd, the presence of tunneling states
identified by measurements of the low-temperature ther
conductivity38,41 and by the results of a low-temperature u
trasound experiment which revealed a logarithmic deviat
in the sound-velocity variation with temperature and a no
linear attenuation of acoustic shear waves at l
temperatures.44

The relaxation rate of phonons due to scattering on e
tronstpe

21 is also expected to be proportional to the phon
frequency, i.e.,tpe

21}v and hence the corresponding lattic
thermal conductivitylph(T) is expected to be proportional t
T2.45 Such alph(T) variation has been verified for metalli
alloys, for which the lattice contributionlph is comparable to
the measured thermal conductivity. One example is the
tice conduction in the normal state of single crystals
cadmium-doped tin where a fair agreement between the m
sured values of lph and theoretical calculations wa
observed.46

To conclude our discussion of the mechanism respons
for the thermal resistance of decagonal Al-Ni-Co at low te
peratures, we note that the relatively low electrical resistiv
rp(T) of decagonal Al-Ni-Co along the periodic direction
of the order of those ofd-transition metals and alloys,3 sug-
gesting that a substantial part of the phonon thermal re
tance (lph

p )21 is due to phonon-electron scattering.

C. Optical conductivity

In Fig. 11 the room temperature reflectivityR of
Al71Ni16Co13 is plotted as a function of frequencyv on a
semilogarithmic scale for both experimental geometries,
for EiA10 and for E'A10. For comparison,R(v) of
Al70Mn9Pd21 is also plotted in this figure. Within the accu
racy of our experiment, no difference was found between
reflectivity R(v) spectrum obtained from the surface paral
to the quasiperiodic plane and theR(v) data obtained using
linearly polarized light with the electric fieldE direction nor-
mal to the decagonal axis. Also, no significant temperat
dependence ofR(v) was found. OurR(v) results are in
general agreement with the first optical measurements on
cagonal quasicrystals grown from the Al62Co15Cu20Si3 and
Al65Co17Cu18 melts and performed only up to 5 eV.7 How-
ever, for decagonal Al-Ni-Co the reflectivity spectra reve

FIG. 10. Phonon contributionlph
p as a function of temperature

The solid line indicates a power-law approximationlph
p }Tn be-

tween 0.45 and 1.2 K.
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only very weak features in the FIR that might be identified
lattice excitations, because those are apparently screene
the more abundant free charge carriers. Also, ourR(v) data
for the periodic direction show a broad FIR feature at;0.1
eV ~see below!, again quite in contrast to the findings of Re
7.

At first sight, our reflectivity spectra displayed in Fig. 1
show a metallic behavior with a plasma-edge-type featur
about 10 eV and the reflectivityR(v) approaching 100% for
frequencies close to zero frequency. A closer look, howe
reveals more complex features, particularly in the form o
broad shoulder in the visible spectral range. We also n
that the less conducting icosahedral Al70Mn9Pd21 is charac-
terized by a less intense reflectivity below 0.6 eV, wher
the broad signal in the visible spectral range is more inte
~see Fig. 11!. Finally, for a quasiperiodic direction o
Al71Ni16Co13, the onset of electronic interband transitio
can be identified above 10 eV.

The optical anisotropy of decagonal Al71Ni16Co13 clearly
manifests itself in the optical conductivitys1(v) spectra
plotted on a semilogarithmic scale in Fig. 12. The differen
betweens1(v) for the periodic direction and for a directio
in the quasiperiodic plane is most prominent in the freque
range below 2 eV. For the periodic direction,s1(v) shows a
typical Drude-like component, indicating rather convention

FIG. 11. Reflectivity spectra at 300 K of decagon
Al71Ni16Co13 along both polarization directions~i.e., periodic and
quasiperiodic! and of icosahedral Al70Mn9Pd21 ~from Ref. 13!.

FIG. 12. Real parts1(v) of the optical conductivity at 300 K
along both polarization directions. The dashed and dot-dashed
represent the phenomenological Drude-Lorentz fit~see text!.
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metallic behavior. One can also identify the already me
tioned broad shoulder overlapping with the Drude contrib
tion at 0.1 eV and an absorption at approximately 2 eV.
the other hand,s1(v) in the quasiperiodic plane displays
frequency-independent behavior followed by an onset o
rather broad absorption peaked at about 1 eV. These la
two absorptions ins1(v) at 2 eV in the periodic direction
and at 1 eV in the quasiperiodic plane were not clearly
solved in decagonal Al-Cu-Co~Ref. 7! ~see below!.

In order to better highlight various contributions to th
excitation spectrum of Al71Ni16Co13, we apply the classica
dispersion theory of Lorentz and Drude.47 In the quasiperi-
odic plane,s1(v) can be described by a fairly broad Drud
term with a dampingG;0.2 eV, a plasma frequencyvp of
about 2 eV, and a harmonic oscillator centered at 1 eV.
the other hand,s1(v) for the periodic direction is dominate
by a much more narrow Drude contribution withvp;1.2 eV
andG;1.431022 eV. While the additional absorption at
eV could possibly be assigned to excitations of charge ca
ers across a pseudogap in the electronic density of states13,14

the origin of the FIR excitation centered at 0.1 eV is,
present, unknown. We note that the total spectral weigh
the optical conductivitys1(v) is the same for both polariza
tion directions. This implies that first the anisotropy of th
conductivity due to ‘‘band structure’’ effects may be n
glected and second, that the anisotropy ins1(v) ~Fig. 12!
must be attributed to the anisotropy of the scattering ra7

Indeed, the scattering rateG for the quasiperiodic plane is
more than a factor 10 larger than that along the periodic a
obviously leading to the fairly flats1(v) from FIR up to
approximately 0.1 eV.

As far as the plasma frequenciesvp are concerned, we
immediately note that they are an order of magnitude lar
than those of the less conducting Al-Re-Pd quasicrystals
are comparable tovp of icosahedral Al-Mn-Pd.11–14The as-
sumption that the effective massm* is close to the free elec
tron mass leads to a concentration of itinerant charge car
that is at least two orders of magnitude higher than the va
previously reported for distinctly less conducting icosahed
quasicrystals.11–14

A rough estimate of the effective massm* and the con-
centrationn of the itinerant charge carriers may be obtain
from a direct comparison of the plasma frequencyvp , asso-
ciated with the metallic Drude contribution tos1(v), with
the value of the linear termg in the low-temperature specifi
heat. In doing so we have to keep in mind thatg is propor-
tional to the average density of electronic states atEF for all
directions and therefore our calculation may only serve
setting a trend. Usingg50.629 mJ mol21 K22 ~see Sec.
III A ! and vp'2 eV we obtainn'7.331021 cm23 and
m* /me'2.5 in the quasiperiodic plane and withvp'1.2 eV
we obtainn'3.431021 cm23 andm* /me'3.9 for the peri-
odic direction. While these values ofn are in fair agreemen
with the charge-carrier concentration estimated from the
sults of Hall effect measurements,27 they are exceedingly
lower than the estimate based upon the atomic density
the effective valency of the constituent elements.27 Once
again this confirms the presence of a pseudogap in the
sity of electronic states atEF .

In Fig. 13 the optical conductivitys1(v) of Al71Ni16Co13
is plotted on double logarithmic scales. Also shown in th

es
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figure are the s1(v) spectra of two icosahedra
quasicrystals–Al70Mn9Pd21 ~Ref. 13! and Al70Re8.6Pd21.4.

14

As a first observation we note that in the FIR and up to
MIR spectral range,s1(v) of icosahedral quasicrystals tend
to slowly increase with increasing frequency, i.e., quite
contrast with the frequency-independent behavior in the q
siperiodic plane of decagonal Al71Ni16Co13 that is character-
istic of disordered or amorphous metals. Also, the values
s1(v) in the quasiperiodic plane in the low-frequency lim
is typical rather of amorphous metals than of highly orde
icosahedral quasicrystals with dc conductivity values that
below the Mott minimum metallic conductivity.11–14

The most striking difference between the optical cond
tivity spectra of decagonal and icosahedral quasicrystals
however, the less prominent pseudogap feature in thes1(v)
spectra of the decagonal quasicrystals. In decagonal
Ni-Co the absorptions visible ins1(v) at 1 eV along a di-
rection in the quasiperiodic plane and at 2 eV along the
riodic direction can be attributed to a pseudogap in
electronic DOS and electronic interband transitions, resp
tively. Such absorptions ins1(v), although with less inten-
sity, were previously observed in decagonal Al-Cu-Co.7 This
difference in the intensities of these absorptions between
Ni-Co and Al-Cu-Co most likely originates in theR(v) data
available for the Kramers-Kronig transformation which f
Al-Cu-Co ~Ref. 7! extends up to a lower high-frequenc
limit and consequently affectss1(v). We recall that a well-
developed pseudogap that seems to be characteristic of ic
hedrally structured solids has been associated with
Hume-Rothery-type stabilization mechanism. In our pre
ous investigations of the complete electrodynamic respo
of icosahedral quasicrystals, we recognized a shift of
pseudogap from the weakly conducting Re-based quasic
tals towards lower frequencies for more conducting M
based quasicrystals.13,14 For decagonal quasicrystals the g
frequency is further reduced which, together with the s
higher conductivity substantially screens the pseudogap
ture. This difference between the optical conductivity spec
of icosahedral and decagonal quasicrystals would suppor
scenario, in which the major difference between the t
families is the difference in the density of free charge carri

FIG. 13. s1(v) of the decagonal Al71Ni16Co13 at 300 K along
the periodic direction (P) and along a direction in the quasiperiod
plane (Q) in comparison with icosahedral Al70Mn9Pd21 ~Ref. 13!
and Al70Re8.6Pd21.4 ~Ref. 14!.
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and consequently quite different spectral weights in the c
responding Drude contributions tos1(v).

IV. SUMMARY AND CONCLUSIONS

The specific heatCp(T) and both components of the the
mal conductivity tensorlp(T) and lq(T) of decagonal Al-
Ni-Co were measured in varying temperature ranges betw
0.06 and 80 K. The optical conductivities along the perio
s1

p(v) and the quasiperiodic directions1
q(v) were deter-

mined from the analysis of the reflectivityR(v) measure-
ments in the frequency range between 0.1 meV and 12
using linearly polarized light.

Below 3 K, the specific heat can adequately be descri
as the sum of a linear-in-T term and a cubic-in-T term, i.e.,
assuming thatCp(T) is due to electronic and lattice excita
tions. The coefficientg of the linear term in the specific hea
amounts to about one third of theg value of aluminum in-
dicating that the density of electronic states atEF is reduced.
The cubic-in-T term inCp(T) agrees well with the contribu
tion of the long wavelength acoustic excitations calcula
using low-temperature values of the elastic modulici j ob-
tained for this same sample.18 We did not find any indica-
tions for an excess specific heat, contrary to what has pr
ously been observed in icosahedral Al-Mn-Pd a
Al-Re-Pd.33 Above 3 K, the lattice specific heatCph5Cp

2gT increases with increasing temperature more stee
than T3. The deviationCph2bT3 between the experimen
tally determined lattice specific heat and the Debye-type
pectations varies approximately asT5. A term in the lattice
specific heatCph that varies asT5 may originate from the
dispersion of acoustic excitations. However, thev(q) data
for decagonal Al-Ni-Co as determined from the results
inelastic neutron scattering experiments35 cannot account for
the magnitude of theT5 term in the specific heat.

The phonon thermal conductivitylph
q (T) along a direction

in the quasiperiodic plane is distinctly different from th
along the periodic directionlph

p (T). Between 30 and 70 K
lph

q (T) is weakly temperature dependent. This feature of
lph

q (T) curve was previously observed for decagonal A
Cu-Co ~Ref. 5! as well as for icosahedral quasicrystals38–41

and has been attributed to generalized Umklapp scatterin
phonons in quasicrystals.9 The phonon thermal conductivity
along the periodic directionlph

p (T) is characterized by a dis
tinct maximum at 25 K, which can be attributed to a cros
over between the Peierls regime of the usual Umklapp p
non scattering8 and the regime of phonon-electron scatterin
This lph

p (T) behavior is reminiscent oflph(T) of periodic
crystals. Thus, the transport of heat via lattice excitatio
along the decagonal axis and along a direction in the qu
periodic plane resembles closely that of periodic crystals
icosahedral quasicrystals, respectively. Surprisingly, the
tice thermal conductivity in decagonal Al-Ni-Co is highe
along a direction in the quasiperiodic plane, than along
periodic direction. The inequalitylph

q .lph
p seems to be

a general observation for decagonal quasicrystals5 and
is possibly related to strongly anisotropic phonon-elect
scattering.
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The optical reflectivityR(v) of decagonal Al-Ni-Co also
shows a strongly anisotropic behavior. For the periodic
rection,s1

p(v) is dominated at low frequencies by a narro
Drude contribution with a plasma frequencyvp;1.2 eV and
a scattering rateG of the free charge carriersG;1.4
31022 eV and two additional absorptions centered at 0.1
and at 2 eV at higher frequencies. The optical conductiv
along the quasiperiodic directions1

q(v) is characterized by a
much broader Drude contribution withvp;2 eV and G
;0.2 eV and only one high-frequency absorption centere
1 eV. These absorptions at 2 and 1 eV for the periodic
rection and a direction in the quasiperiodic plane, resp
tively, are possibly related to a pseudogap-like absorption
is particularly interesting that these absorptions are less
nounced in the case of decagonal quasicrystals compare
the icosahedral quasicrystals, which is due to the higher c
ductivity of decagonal quasicrystals at low frequencies.
direct comparison ofvp'2 eV obtained along the quasip
eriodic direction and the linear-in-T term to the specific hea
e
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g50.629 mJ mol21 K22 yields a charge carrier concentra
tion n'7.331021 cm23 and an effective mass ratiom* /me

'2.5.
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