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We report measurements of the specific h€g(T) and of the thermal conductivitiesP(T) along the
periodic direction and\%T) along a direction in the quasiperiodic plane for decagonal Al-Ni-Co at low
temperatures. The coefficient=0.63 mJ mol! K2 of the linear term taC(T) indicates a low density of
electronic states & . The magnitude of the cubic-if-term to the low-temperature specific heat is in fair
agreement with the acoustic contribution@(T) calculated from the results of low-temperature measure-
ments of the elastic stiffness constaas The phonon contribution te?(T) shows a distinct maximum at 25
K, typical for periodic crystals. The dominant feature in the phonon contribution@) 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 contributiond(@) and\9(T) is similar to that previously
observed for AsCu,Co;5. The optical conductivityr;(w) is obtained from reflectivity data in the frequency
range between 1 meV and 12 eV. At low frequencies the optical conductiyity) 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 pseudod&®163-182¢08)02230-9

[. INTRODUCTION spectra of periodic and quasiperiodic lattices. In a periodic
crystal, the exponential decrease with decreasing temperature

The atomic arrangement in decagonal quasicrystals is p@f high frequency phonons available for Umklapp processes
riodic along the tenfold symmetry axis and quasiperiodic inleads to an exponential decrease of the Umklapp scattering
the plane perpendicular to it. Thus, they share structuralate of the phonons. In a quasicrystal the situation is appar-

properties of periodically and quasiperiodically structurede_nﬂy different, because the momentum of vibrational excita-

matter. The phase equilibria of the Al-Ni-Co alloy systemt'ons can be transferred to the quasilattice in inelastic scat-
allow the growth of large single-grained decagonaltering events by arbitrarily small portions, i.e., not limited in

quasicrystald, crucial in studying reliably anisotropic prop- Mmagnitude from below, resulting in a power-law decrease of

erties. For decagonal quasicrystals in the Al-Cu-Co and AIN€ ra:]e of U_mITIr;lpp Processes. he lattice d s of
Ni-Co systems, strong anisotropies of electdcand ther- hi 'ﬁ]‘ t goretlca} (ljnvesngatpn on tfed attice >|/na|m|cs_od.a
mal transpoft® as well as the optical conductivithave 'gh-order perllo Ic _approx'lmar?t ot decagona A-Il\/ln Indi-
been established experimentally. The values of the residu ted a strongly anisotropic phonon dispersion relation and

electrical resistivityp observed in decagonal quasicrystals € presence O.f a hierarchy of optical excitations down to
S o T T very low energies, located at the boundaries of the pseudo-
along the periodigpg and along the quasiperiodic direction

T o Sottoow?/ad of the order of 10. H Brillouin zonel® _ _ _ _
po Show an anisotropyg/pg of the order of 10. However, Optical properties of icosahedral quasicrystals differ from
pP(T) as well asp(T) change only little with temperature. hoge of either metals or semiconductbrs= A common
Measurements of the thermal conductivityT) of de-  feature in the charge dynamic spectrum of icosahedral qua-
cagonal Al-Cu-Co showed that the phonon contributions tos,icrystals, e.g., in the Al-Mn-Pd and Al-Re-Pd systems, ex-
\(T) along the periodic direction;(T) and along a direc-  pressed in terms of the real part(w) of the complex opti-
tion in the quasiperiodic planej,(T) are qualitatively cal conductivityo(w), is the large absorption in the visible
different® While the thermal conductivity via lattice excita- spectral range. This absorption is usually ascribed to excita-
tions along the periodic directionb,(T) showed a distinct tions across a pseudogap in the electronic excitation spec-
maximum centered at 25 K, the thermal conductiwgq(T) trum that is thought to open due to the Hume-Rothery-type
along a direction in the quasiperiodic plane turned out to bestabilization of an icosahedral phase®Below the visible
almost temperature independent above 30 K. These resulspectral range, another broad absorptiorrifw), extending
gave further evidence for the differing characteristics of Um-from mid infrared(MIR) down to far infrared(FIR) is ob-
klapp scattering of lattice excitations in solids with peri§dic served. Its origin is still quite puzzling. While first reports on
and quasiperiodic ordefswhich are believed to be a direct optical investigations 2 claim that this absorption is due to
consequence of the difference between the lattice excitatioa mobility-gap feature, more recent and comprehensive stud-
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ies, combining electrical, magnetic, and optical ddtseem these samples are highly ordered quasicrystals with a very
to seriously question and, in fact, invalidate that interpretasmall phason strain and with tH#l superstructure type of
tion. The broad low-frequency tail ior,(w) below 0.4 eV is  decagonal order, indicating that the most probable chemical
rather to be ascribed to a distribution of bound stifesn-  composition of the samples is ANi;¢Co;3.1” Laue photo-
other relevant issue that still remains unresolved, is to whagiraphs taken on both samples have confirmed that they are
extent the unusual behavior of;(w) in icosahedral quasi- single quasicrystals.
crystals should specifically be attributed to the quasiperiodic The larger sample was used for measurements of the ther-
long-range order. Important information on the electrody-mal conductivity A\P(T) along the decagonal axis. The
namic response of quasiperiodically structured solids can bemaller sample was used for measurements of the thermal
obtained using decagonal quasicrystals, which offer a uniqueonductivity A9(T) along a direction in the quasiperiodic
opportunity for acomparativestudy of optical properties of plane, of the specific he&,(T) and of the optical reflectiv-
both periodically and quasiperiodically structured matter usity R(w). Subsequently this sample was also used for reso-
ing light that is linearly polarized along different crystallo- nant ultrasound spectroscopy experiméfits.
graphic directions of one single sample. The thermal conductivityA(T) was measured using a
Here we report results of measurements of the lowstandard steady-state heat-flow technique monitoring the
temperature specific he@l,(T) and the thermal conductivi- temperature gradient along the sample. The specific heat
tiesAP(T) and\9(T) along the periodic direction and along Cp(T) was measured using a conventional relaxation-type
a direction in the quasiperiodic plane, respectively, for high-method. The temperatures in the range between 0.06 and 1 K
quality single-grain samples of decagonal Al-Ni-Co in vary-were reached using a dilution refrigerator. Conventiotéé
ing temperature ranges between 0.07 and 80 K. The specifind *He cryostats were used for temperatures between 0.35
heat data provide additional information for establishing theand 3 K, and above 1.5 K, respectively.
low-frequency lattice dynamics and vibrational density of The optical reflectivityR(w) of decagonal A}Ni;¢Co;3
states, complementary to results obtained in inelastic neutropas measured in the frequency range between 1 meV and 12
scattering experimenfé. eV, i.e., over more than four orders of magnitude in fre-
In addition to our thermal-transport and thermodynamicquency and at selected fixed temperatures. The reflectivity
investigations of decagonal Al-Ni-Co and in order to reach aR(w) was obtained both from the surface parallel to the qua-
comprehensive understanding of decagonally structured soiperiodic plane and from the surface parallel to the decago-
ids, we also aim at mapping the complete electronic excitanal axis. In the latter experiment linearly polarized light was
tion spectrum. Optical investigations, performed over a veryused with the electric field vectdE direction either parallel
broad range of frequencies, have proven to be very useful fasr perpendicular to the decagonal axis.
identifying the spectrum of excitations. An analysis of the Four spectrometers with overlapping frequency ranges
complete electrodynamic response allows one to evaluate thgere used?®*In the far infrared we made use of a Bruker
plasma frequencys, and the scattering ratE of the free  IFS 113 v Fourier interferometer with a Hg arc-light source
charge carriers contribution, and also parameters characteriand He-cooled Ge-bolometer detector, while from the FIR up
ing electronic transitions and optically active lattice excita-to the MIR range a fast scanning Bruker interferometer
tions. IFS48PC was used. In the visible spectral range a home-
This set of data substantially extends the temperaturgnade spectrometer based on a Zeiss monochromator was
range of previous investigations of the specific ftand  employed and in the ultraviolet we used a McPherson spec-
thermal transpott® in Al-Ni-Co. In addition, to the best of trometer. From the MIR down to the FIR we used the reflec-
our knowledge, information on the optical properties oftivity of tungsten as a reference.
decagonal Al-Ni-Co has not been obtained. The complete set of optical properties, i.e., the complex
optical conductivity o(w)=01(w)+io,(w) was obtained
via a Kramers-Kronig transformation of the reflectiviRf w)
spectra extrapolated to lower and higher frequencies. To this
Al-Ni-Co quasicrystals were grown using the self-flux end, R(w) was extrapolated to lower frequencies using the
technique. An A}Co,eNi;s alloy was prepared by arc melt- Hagen-Rubens relation-1R(w) /o, i.e., assuming a me-
ing using high-purity elemental metal89.999 % pure alu- tallic behavior. Above the highest frequency achieved in this
minum, 99.9985 % pure nickel, and 99.997 % pure cgbalt experiment, we first used the extrapolati@e 1/w?, which
The resulting button was loaded in an alumina crucible ands meant to simulate the reflectance in the frequency range of
sealed under vacuum in a silica ampoule. The ingot wasterband transitions, and at frequencies higher than 40 eV,
remelted at 1250 °C, cooled to 1030 °C at a rate of 2 °C pewe assumedRx1/w®* simulating the behavior of free
h, annealed at 1030 °C for 5 days, and subsequently rapidiglectrons->**
cooled to room temperature. The resulting ingot contained
several large grains with decaprismatic morphology, partly
embedded in the bulk of the material. Samples were cut from lll. RESULTS AND ANALYSIS
the decaprisms using a spark cutter. Two samples cut per-
pendicular and parallel to the decagof@ériodig axis A
with approximate dimensions 42.2x1.7 mn? and 2.4 The complete set of the specific he@f(T) data in the
X 2.1x 1.5 mnt were selected for our experiments. No graintemperature range between 1.5 and 36 K for a single grain of
boundaries were observed in a scanning electron microscogkecagonal Al-Ni-Co is shown on a double logarithmic plot in
analysis. An electron-diffraction experiment revealed that-ig. 1. The same data in the form Gf,/T vs T2, are plotted

Il. SAMPLES AND EXPERIMENT

A. Specific heat
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conclusiont>* The pseudogap in the electronic DOSEat
100l pr ] of icosahedral quasicrystals in the Al-Mn-Pd, Al-Re-Pd, and
& Al-Cu-Fe alloy systems was also inferred from an analysis of
Q&&f the low-temperature high-resolution ultraviolet photoemis-
sion spectrg’
Calculations of the electronic band structure for periodic
approximants in the Al-Cu-Fé&Ref. 21 and Al-Mn-Pd(Ref.
22) systems indicated the existence of a well pronounced
M pseudogap at the Fermi energy . In the Al-Mn-Pd system
! the calculated electronic DOS of a series of approximants
1 3 10 30 indicated that the position of the pseudogap relativEgas
T(K) influenced by changes in the chemical compositfoth.was
found that for higher-order approximants the minimum in the
electronic DOS is located closer - ,>? however, the depth
of the pseudogap is almost independent of the order of the
approximant? In the same work the importance of the hy-

. . bridization of the Als andp states with the transition metal
Cpi(T) can adequately be described by assuming that th states in the formation of the pseudogap was pointed out as
main contributions are due to electronic and lattice excita- X P 9 P P .
tions. i.e. a result of a calculation of the electronic DOS of a series of

clusters®® A calculation of the electronic band structure in
— 3 periodic Al-based Hume-Rothery alloys lead to a similar
ColT) =y T+AT". @ conclusior?® The results of these band structure calculations
A fit of Eg. (1) to our specific-heat datd,(T) using Eq.(1), gave evidence for the validity of a model assuming an en-
which is shown in Fig. 2 as the solid line, yielgs=0.629  hanced formation of a pseudogap in the electronic DOS at
+0.003 mJ mot! K=2 and 8=9.5+0.6 xJ mol"t K™%~ Eg by the combination of the crossing ofdawith an sp
corresponding to a Debye temperatdg of 589+12 K.  band at the pseudo-Brillouin zone boundéty.
For calculating® the experimentally determined density =~ While abundant experimental evidence for the existence
p=4.186 gcm? was used® We note that the measured of a pronounced pseudogap in the density of electronic states
value of p for Al;;Ni;¢Co,5 is distinctly lower than the av- at Eg has experimentally been obtained for various icosahe-
eraged density of the constituent elemental metals. Our valudral phase$® suggesting that the Hume-Rothery mechanism
of the parametey reported here is close to analogous valuesplays an essential role in the stability of the icosahedrally
reported previously for melt-spun ANiso_Co, ribbons, ordered solid$®?* the presence of a pseudogap Bt in
with 5<x<302° This value of the electronic specific heat decagonal quasicrystals remains a controversial issue. We
parametery is 2.5 times smaller than that of aluminum but thus briefly discuss some experimental and theoretical as-
somewhat higher than the values previously reported for pects related to this matter. The results of Hall-effect mea-
highly ordered icosahedral Al-Mn-Pd and Al-Re-Pd quasic-surements reported in Ref. 27 seem to support the Hume-
rystals with the face centered icosahedral structure, whicRothery-type scenario. The low linear-in-contribution to
fall into the range between 0.11 and 0.41 mJ mdk~2141°  C, of decagonal Al-Cu-Cd@Ref. 5 and Al-Ni-Co indicate a
For these materials, the small electronic specific heat hareduced DOS &Er in decagonal quasicrystals. Based on the
tentatively been attributed to the presence of a pseudogap &mnalysis of high-resolution photoemission experiments, the
the density of electronic staté®OS) at the Fermi energy presence of a pseudogap in decagonal Al-Cu-Co and Al-
Eq.*1° Subsequent optical reflectivity measurements usindNi-Co was claimed by Stadnik and co-worké?s.
the same samples gave further evidence supporting this The absence of a pseudogapEatin the electronic den-
sity of states in decagonal AC0,:CuSi; and
o075l ' ' ' - ] AlgsC0o,,Cuyg has been inferred from an analysis of the op-
tical conductivityo;(w), which indicated a higher density of
free charge carriera in these systems compared with the
values ofn observed in icosahedral quasicrystaléeverthe-
less, our results omr;(w) in decagonal Al-Ni-Co presented
here clearly show an absorption centered at approximately 1
eV for both directions. Such an absorption is a general ob-
servation in thes;(w) curves of icosahedral quasicrystals
and is commonly associated with excitations across a
pseudogap in the electronic excitation spectrum. This point
0.60 : s - s will be discussed in more detail in Sec. Il C. Calculations of
2 (<) the electronic_ band structure (_)f rational approximants to de-
cagonal quasicrystals have raised some doubts as to whether
FIG. 2. Specific heat of decagonalAVi;Coy; plotted asC, /T~ the observed minimum in the electronic DOS of decagonal
vs T2. The solid line is the fit to the data using E() in the  quasicrystals is due to an electronically driven stabilization
temperature range between 1.5 and 3 K. of quasiperiodic structuréS:>

101t

C, (Jmol K-")

FIG. 1. Specific heaC(T) of decagonal A};Ni,Co,5 between
1.5 and 36 K.

in Fig. 2. Between 1.5 ah3 K the temperature variation of

0.70

C,/T (mJmol™' K2)
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A recent band structure calculation using a model approx- 40
imant AlgsCusgCoy4 of decagonal Al-Cu-Co showed the
presence of a pseudogap with a width=e®.5 eV centered at HaSo
an energy of~0.3 eV aboveEr .3! The overall energy de- I
pendence of the electronic DOS is, however, in poor agree-
ment with the photoelectron spectra reported for a decagonal
guasicrystal of a somewhat different chemical composi-
tion.283%In addition, it turned out that both the position and
the depth of the pseudogap in the calculated electronic DOS
of decagonal Al-Cu-Co strongly depend on the chemical
decoration of the Cu/Co sité&3° For certain decorations of
the Cu/Co sites, the minimum in the partial DOS of thesAl i 10
and p states neaEg is covered by the large contribution T(K)
from the Cod states These observations have led to the
conclusion that a pseudogap in the electronic DOS of de- FIG. 3. The lattice specific heat is plotted @g,/T° vs T. The
cagonal Al-Cu-Co is the consequence of the hybridizatiorsolid line shows the result of the fit to E(), with Cyy,/T%=9.5 uJ
between transition metal states and aluminuns and p mol’_l K_"‘. The dashe(_j_line is the the long-wavelength acoustic
states rather than the result of the interaction of the Fermffontribution to the specific hedtp /T°=8.93 uJ mol™* K™* (see
surface with the pseudo-Brillouin zoR&® A similar con-  ©€XV-
clusion regarding the origin of the pseudogapEatin de- o )
cagonal quasicrystals has emerged from electronic ban@oted above, theC,,/T® ratio is temperature independent
structure calculations for decagonal Al-Mn-BdConcluding  below 3 K. For temperatures higher than 3 K, 8g,/T*
this discussion, we note that our results on the low-ratio increases rapidly with increasing temperature above the
temperature specific heat indicate a small electronic DOS donstant Debye limit, indicating that with increasingthe
Er and are therefore consistent with the presence of ¥ibrational DOSg(w) increases more strongly than the De-
pseudogap in the electronic DOSEt . bye approximation

We now concentrate on the lattice contributiOp,(T) to
the specific heaC, of decagonal Al-Ni-Co. The specific 3 2 4
heat data plotted in Fig. 2 &, /T vs T2 falls on a straight 9(w)= om2d “)
line, indicating a Debye-type behavior @,(T) for tem- s
peratures below 3 K. At low temperatures only the acoustidVith further increasing temperaturféph/T3 tends to saturate

[
[=]

C,/ T (ud Mol K-
N
o

-
(=]
T

(=]

excitations contribute t€,(T), which takes the form above 30 K at the level of 32J mol * K~4, approximately
a factor of 3 higher than the rati®y /T>. At high tempera-
2772k‘é turesT>0y, the lattice specific hea(T) is expected to
Co(M=—75T° (2)  reach the constant Dulong-Petit limit and theref@g,/T3
Shvg vs T passes through a maximum at intermediate tempera-

tures. This trend to saturation of tl%h/T3 vs T curve sim-
ply indicates the proximity to this maximum.

In the harmonic approximation, the lattice specific heat
Cpi(T) depends on the DO§(w):

where 1{;2 is the average of the inverse third power of the
long-wavelength phase velocities(q) of the three acoustic
modes:

1 19 1 desingde - g ho
Ug— 3 |=21 J' Ui3(¢,g) an . (3) Cph(T):fo g(w)(y—T<W)dw (5)

Herev;(¢,6) are the velocities of the sound waves propa-The phonon DOS(w) cannot, strictly speaking, unambigu-
gating in a direction defined by the directional angieand  ously be determined from the measured lattice specific heat
6. From the low-temperature values of the elastic modyli  Cp(T), as this requires solving an integral equation with an
obtained using resonant ultrasound spectrosopyd the  unstable kernel? An analysis of theC(T) behavior may
measured mass densitywe deduce the average sound ve-nevertheless provide relevant information @fw), because
locity v to be (4.91@-0.02)x 10° m/s. This value, inserted the integral in Eq(5) is especially sensitive to the variation
into Eq.(2), gives a low-temperature contribution to the spe-of g(w) close tow~2.3gT/%. The information ong(w)
cific heat ofCp(T)=(8.93£0.11)T% xJ mol * K%, in fair ~ obtained from theC,,(T) analysis is particularly accurate in
agreement with the abovementioned experimental resuthe low-frequency limit, in which the contribution from high-
BT3=(9.5+0.6)T% wJ mol'* K1, This is quite different frequency modes is exponentially small.
than the situation in icosahedral quasicrystals, for which a The increase of,,(T) with increasing temperature above
large excess cubic-ifi-term in the low-temperature specific the Debye limit may be related to either low-lying optical
heatC,(T) has previously been observed in the Al-Mn-Pdmodes or the dispersion of acoustical excitations. In decago-
and Al-Re-Pd systens. nal Al,1Ni;¢Co,3 the presence of an optical branch at the
The lattice specific heaC,,(T) obtained by subtracting frequencyw=1.9X 10" rad/s may be inferred from the split-
off the linear contributionyT from the measured specific ting of the w(q) data for transverse excitations measured
heatC,(T) is shown as a plot otlpth3 vs T in Fig. 3. As  using inelastic neutron scattering along ttiel,—1,—1,0
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108 ] TABLE |. Parameters of the fit of the phonon dispersio(q)
\‘ data of decagonal Al-Ni-Co in the randg| <0.55 A using Eq(6).
E 101} \ J a) at
x ., v, x10717 vy x10717
& e, Direction (m/s) (m3/s) (m/s) (m3/s)
B 107 1 (0,0,0,0,2 7490:120 —5.8+0.6 3990:60 —1.7+0.4
' e, (1,1-1,-1,0 7900500 —8+2 406060 —1.3+0.4
S ‘e
T 109 ceu,

- s The dispersion relation of acoustic excitatioc®agq) can
10 5 3 ; .
T () be expanded in a power series of the form

FIG. 4. (Cpn—BT3)T? vs T~ plotted on a semilogarithmic o () =vig+aq*+0(q%), i=ltgt,. (6)
scale. The phonon dispersion(q) in Al;;Ni;¢Co,3 has been deter-

mined at 300 K by inelastic neutron scattering using a triple

crystallographic directio® Theoretical calculations of the axis spectrometer. Two transversal and two longitudinal
vibrational DOS using the modified Burkov motfe$uggest modes were observed starting close to the Bragg peaks at
the presence of an optical mode in the frequency range b€6,0,0,0,2 and(1,1,—1,—1,0) and propagating parallel to the
tween 1.5 10" and 2.4x 10*%rad/s®" However, no optical (1,1,-1,—1,0) and (0,0,0,0,3, crystallographic directions,
mode in this frequency range was resolved in the generalizegspectively’® The polarization vectors of these modes were
vibrational density of statd&VDOS) of quasicrystalline Al- lying in the plane defined by the(0,0,0,0,2 and
Ni-Co as determined by time-of-flight inelastic neutron (1,1,~1,—1,0) directions® The parameters; and«; of a fit
scattering’’ of Eq. (6) to the w(q) data in the wave vector rande|

In Fig. 4 we show the difference betwe€h, and BT <0.55 A are given in Table I. We note that thedetermined
multiplied by T? as function of the inverse temperature on afrom the fits to thew(q) data are in good agreement with the
semilogarithmic plot. The@,n,— BT3)T? data do not fall on  sound velocities obtained from the measured low-
a straight line indicating that a singular low-frequency opti-temperature elastic stiffness constanlfs.18 The observed
cal branch can be ruled out as the origin of the observeghonon dispersion was found to be isotropic within the ex-
Cph—,BT3. This is because at temperatur€sfiwy/kz a  perimental errors fopg|<0.55 A. This is again in agreement
singular optical excitation with an enerdiyn, is expected to  with the results of the resonant ultrasound spectroscopy
contribute a term to the specific heat that increases exponeexperiment® indicating that the variation of the sound ve-
tially with increasing temperaturgEq. (5)]. We note that locities with the angled between the wave vector and the
below 8 KCp,— BT?2 displays rather a power-law behavior, decagonal axis is 13% at most. These experimental findings
as can be seen on the double logarithmic ploCgf— BT3  are quite in contrast to the results of a theoretical investiga-
vs T in Fig. 5. The solid line in Fig. 5 is compatible with tion of lattice excitations in decagonal Al-Mn, suggesting a
Cph— BT3=T" and n=5.1+0.1. ApproximatingC,— BT strongly anisotropic dispersion for lattice excitations propa-
by 6T" with n=5, we obtain6=96+0.2 nJ mol* K™®. A gating in the quasiperiodic plane and along the periodic
TS term in the lattice specifi€,(T) may have its origin in ~ direction®
a w* term in the vibrational density of statgéw) indicating A crude estimate ofj4(w) may be obtained assuming that
the dispersion of acoustic excitations. the phonon dispersion in decagonal Al-Ni-Co is isotropic at
low |g| and that the transverse acoustical branch is doubly
degenerate. This assumption leads to the vibrational density

100 of statesg,(w) of the form
T ot 5« a
i Qy(w)=— —2( =+ 2—;) o', @)
g 102 2w \v)  vg
2
L o Substituting this result into Ed5) gives
= 109l
|
& 4078 o, «
10 CelT)=— Bl 2= | TS, ()
-5 : lhs U|6 U'?
1973 10 30

Using the values of, v, «;, anda; given in Table I,
leads t0Cq,/T°=6 nJ mol'! K. This value is 15 times
FIG. 5. Cpp— BT3 vs T plotted on logarithmic scales. The solid smaller than the exp.e.rimentally determined cqefficiqnt of the
line indicates a fit to a power la@,,— BT3= T®. The dashed line is T term to the specific heal(T). Thus the dispersion of
an estimate of th@® contribution toC,(T) which is compatible acoustical excitations in decagonal Al-Ni-Co cannot account
with the experimentally determined values of the phonon dispersiofior the observed deviation from the Debye-type behavior of
relationsw(q) for decagonal Al-Ni-Co(see text the low-temperature lattice specific he@(T). Given the

T(K)
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FIG. 6. The total measured thermal conductivity of decago-
nal Al;;Ni;¢Co;3 in a quasiperiodic direction between 0.06 and 80
K. The solid line is an estimate of the electronic contributidh
(see text

FIG. 7. The lattice contributior)\gh along a direction in the
quasiperiodic plane obtained by subtractiffjfrom A9, shown on
a semilogarithmic scale.

small degree of polar elastic anisotropy in decagonal alare small. As a result, the rate of the generalized Umklapp

Ni-Co as revealed by ultrasound resonant spectrostamyl processes in_quasicrystals has a weak powef"a.‘w d_epen—
inelastic neutron scatteririg,it seems quite unlikely, that a den.ce,_ reflecting the fact that the moment_um_of ylb_ratlona}l
stronger curvature of the phonon dispersiofy) along cer- excitations can be transferred to the quasilattice in inelastic
tain directions in the reciprocal space than that already megcaltering events by arbnrar\%y sr_na_ll portions, 1.e., not lim-
sured is the cause of the observed deviatiog{T) from ited in magnitude from below.This is quite in contrast to

a Debye-type behavior. But unlesgq) has been measured periodic crystals, for which the rate of the Umklapp pro-

along additional directions in reciprocal space this po:ssibilitycesses shows an exponential temperature dependidiee.

cannot be ruled out completely. Another possible eprana?—Neak temperature dependence of the phonon scattering rate

tion of this discrepancy could be a distribution of nonpropa—In qua5|cryst:|:1ls IS e)fpecr':eccj] toleadtoa shalloyv maxwr]um or
gating lattice excitations with a densiyf )= w®. However, €VeN 10 & plateau in thap(T) curve (see Fig. J. The

at present we are not aware of any theoretical model featuR'@t€au-type feature in the phonon thermal conductivity
ing such a behavior. curve N\p(T) seems to be a general observation for

quasicrystaf®=*! and it has previously been observed for
decagonal Al-Cu-Co along the quasiperiodic directias
B. Thermal conductivity well as for icosahedral Al-Mn-Pd, Al-Cu-Fe, and Al-Re-Pd.

1. Quasiperiodic direction
. . . 2. Periodic direction
The thermal conductivith9 of Al-Ni-Co along a direc-

tion in the quasiperiodic plane in the temperature range be- In Fig. 8 we show the thermal conductiviyy’ measured
tween 0.06 and 80 K is shown on double logarithmic scaleglong the periodic direction in the temperature range be-
in Fig. 6. The solid line is an estimate of the electronic con-tween 0.45 and 80 K plotted on logarithmic scales. We esti-
tribution A%, which was calculated from electrical resistivity mate the electronic contributiong, to AP by assuming that

el . . : X
p data measured on this same sample and assuming tA&(T) high and low temperatures is dominated Xfy given

validity of the Wiedemann-Franz law. by the law of Wiedemann and Franz, which is justified by
The lattice contributiomgh(T), obtained by subtracting
A\(T) from the measured thermal conductiviyf(T), is 10!

shown in Fig. 7. It increases considerably with increasing
between 0.07 and 2 K. With further increasinglgfwe note

the trend ofxgh(T) to saturate at 30 K and from 30 to 80 K
)\gh is almost temperature independent. The occurrence of a
plateau-type feature in the thermal conductiv}tgh(T) of
decagonal Al-Ni-Co along a direction in the quasiperiodic
plane is compatible with theoretical expectations considering
generalized Umklapp processes in solids with quasiperiodic 10714
order?® Those are based on the argument that for a quasicrys-
tal one expects a hierarchy of gaps in the vibrational excita-
tion spectrumw(q) at any frequency less than the maximum
lattice frequencywax. FOr quasiperiodic lattices, the gaps
due to the Bragg peaks at smélland therefore small fre- FIG. 8. Temperature dependence of the total thermal conductiv-
guency transfersy of the back-scattered acoustical waves,ity AP along the periodic direction of decagonal,Mi,Co;; be-
may provide a substantial contribution to the probability oftween 0.45 and 80 K. The solid line is an estimate of the electronic
Umklapp processes of the phonons, even if the gap widthsontribution\},, as explained in the text.

100.

AP (WM K-

i 10 700
T(K)
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FIG. 10. Phonon contribution,‘;h as a function of temperature.
The solid line indicates a power-law approximatimtghscTn be-
tween 0.45 and 1.2 K.

FIG. 9. Phonon contributionj, to the thermal conductivity
along the periodic direction.

comparison with the situation for Al-Cu-CoThe result of

. O i I a thermal resistanag,'=T~2. In icosahedral Al-
this calculation is shown as the solid line in Fig. 8. eads to B

i G . I Mn-Pd and Al-Re-Pd, the presence of tunneling states was
The lattice contributior\p,,, obtained by subtractinge;  jgentified by measurements of the low-temperature thermal
from the measured thermal conductivity, is shown in Fig. conductivity®4L and by the results of a low-temperature ul-
9. At 25 K, Ap(T) passes over a maximum and decreasegrasound experiment which revealed a logarithmic deviation
distinctly with further increasing. This behavior is reminis- jn the sound-velocity variation with temperature and a non-
cent of that of periodic crystals, whekg(T) at intermedi-  |inear attenuation of acoustic shear waves at low
ate temperature§l0—30 K) is characterized by a crossover temperature$*
from the regime of boundary-limited or phonon-electron  The relaxation rate of phonons due to scattering on elec-
scattering and to the regime of increasing Umklapp phonofons ! is also expected to be proportional to the phonon

scattering. _ . frequency, i.e.7s > and hence the corresponding lattice
h In pe”.Od'C cryhstalsﬁ In thehtempelratu.re region JLéSt *’%bo"% ermal conductivity\ ,(T) is expected to be proportional to
that maximum, the phonon thermal resistance is dominateg:2 4s g, a\(T) variation has been verified for metallic

by the onset of Umklapp processes. In this regimg, is alloys, for which the lattice contribution,, is comparable to

expected to decrease e_qunentially with increasin_g teMpergne ‘measured thermal conductivity. One example is the lat-
ture due to an exponential increase of the occupation numbeﬁr

. . ; ce conduction in the normal state of single crystals of
of the phonon modes with frequencies high enough to aIIO\'\(:admium-doped tin where a fair agreement between the mea-

the occurrence of Um_klapp Processes, i.e., of the order of th?ured values of\,, and theoretical calculations was
Debye frequenc§.While above the maximum a decrease Ofobserved‘ﬁ P

Apn With increasing temperature is observede Fig. 9, itis, To conclude our discussion of the mechanism responsible
however, not possible to identify the exponential depenyo the thermal resistance of decagonal Al-Ni-Co at low tem-
dence. In this connection we note that even in single crystal§eratures, we note that the relatively low electrical resistivity
the exponential variation ofj(T) is most often masked by ,p(T) of decagonal Al-Ni-Co along the periodic direction is
ISotope or Impurity scattering effec‘t"sNe\{er_theless, evenin of the order of those ofl-transition metals and alloyssug-
polycrystalline or impure samples a distinct maximum of yesting that a substantial part of the phonon thermal resis-

)\ph('_r) is olbserved. Far below the temperature at which thg; e Q\gh)—l is due to phonon-electron scattering.
maximum in the\ ,,(T) occurs, the phonon mean free path

in periodic crystals is limited either by sample-boundary
scattering(in insulatorsg or by phonon-electron scatteririg
metalg. Both these mechanisms result in a positive slope of In Fig. 11 the room temperature reflectivitR of
the ,, curve. A crossover from the regime of Umklapp scat-Al,;Ni;¢Coy3 is plotted as a function of frequenay on a
tering at high temperatures and the regime of either boundaryemilogarithmic scale for both experimental geometries, i.e.,
or electron-phonon scattering at low temperatures result®or E||A,, and for ELA,,. For comparison,R(w) of
necessarily in a maximum in the,, vs T curve. Al;oMngPdy; is also plotted in this figure. Within the accu-
Between 0.45 and 1.2 K, the phonon thermal conductivityracy of our experiment, no difference was found between the
is well described by\ghocT”, wheren=2.2+0.1 (see solid reflectivity R(w) spectrum obtained from the surface parallel
line in Fig. 10. An approximately quadratic temperature de-to the quasiperiodic plane and tRéw) data obtained using
pendence of the phonon thermal conductivity, is compatibldinearly polarized light with the electric field direction nor-
with scattering of phonons that involves either conductionmal to the decagonal axis. Also, no significant temperature
electroné? or tunneling state$® dependence oR(w) was found. OurR(w) results are in
At low temperatures the relaxation rate of resonant scatgeneral agreement with the first optical measurements on de-
tering of phonons on tunneling state$5l is proportional to  cagonal quasicrystals grown from theg&lo;sCu0Si; and
the frequency of the phonon. Thiss(w) dependence in the AlgCo0i7,Cuyg melts and performed only up to 5 e\How-
regime where phonon scattering involves tunneling statesver, for decagonal Al-Ni-Co the reflectivity spectra reveal

C. Optical conductivity
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10 102 108 104 (cm™) metallic behavior. One can also identify the already men-
' ' ' tioned broad shoulder overlapping with the Drude contribu-

tion at 0.1 eV and an absorption at approximately 2 eV. On

the other handg(w) in the quasiperiodic plane displays a

[T e AI71 Ni160013
80} T

® o frequency-independent behavior followed by an onset of a
> 60r e N 1 rather broad absorption peaked at about 1 eV. These latter
3% SN two absorptions inor(w) at 2 eV in the periodic direction
= 40t and at 1 eV in the quasiperiodic plane were not clearly re-
o — periodic direction solved in decagonal Al-Cu-C@Ref. 7) (see below.

20| - direction in the quasiperiodic plane In order to better highlight various contributions to the

---- icosahedral AlzgMngPd,, excitation spectrum of AlNi;¢Co;53, we apply the classical
0 . . . . dispersion theory of Lorentz and Drudfeln the quasiperi-
103 102 10-1 100 101

odic plane,o;(w) can be described by a fairly broad Drude
term with a dampind’~0.2 eV, a plasma frequenay,, of

FIG. 11. Reflectivity spectra at 300 K of decagonal about 2 eV, and a harmonic oscillator centered at 1 eV. On
Al;Ni;«Coys along both polarization directioné.e., periodic and  the other handy;(w) for the peFIOdIC_dlre.Ctlon-ls dominated
quasiperiodit and of icosahedral AjMngPd,; (from Ref. 13. by a much more narrow Drude contribution with~1.2 eV

andI'~1.4x 102 eV. While the additional absorption at 2

only very weak features in the FIR that might be identified aV could possibly be assigned to excitations of charégf;garn-
lattice excitations, because those are apparently screened across a pseudogap in th? elecronic density of (ES,
the more abundant free charge carriers. Also,R{up) data tHe origin of the FIR excitation centered at 0.1 eV is, at
for the periodic direction show a broad FIR feature~&d.1 presen'_[, unknown._We note _that the total spectral we|_ght of
eV (see below; again quite in contrast to the findings of Ref. (€ optical conductivityr; () is the same for both polariza-
7 tion directions. This implies that first the anisotropy of the

At first sight, our reflectivity spectra displayed in Fig. 11 conductivity due to “band struc;ure effgcts may be ne-
show a metallic behavior with a plasma-edge-type feature &/ected and second, that the anisotropyir(w) (Fig. 12)
about 10 eV and the reflectivifg( ) approaching 100% for must be attributed yo the anisotropy of 'the _scgtterlng rgte.
frequencies close to zero frequency. A closer look, howeverndeed, the scattering rafé for the quasiperiodic plane is
reveals more complex features, particularly in the form of aNre than a factor 10 larger than that along the periodic axis,
broad shoulder in the visible spectral range. We also not@Pviously leading to the fairly flatry(w) from FIR up to
that the less conducting icosahedralgMngPd,; is charac- approximately 0.1 eV. _
terized by a less intense reflectivity below 0.6 eV, whereas S far as the plasma frequencies, are concerned, we
the broad signal in the visible spectral range is more intensinmediately note that they are an order of magnitude larger
(see Fig. 11 Finally, for a quasiperiodic direction of than those of the less conducting Al-Re-Pd quasicrystals and

H 1-14
Al;.Ni,Coys, the onset of electronic interband transitions &€ comparable te,, of icosahedral Al-Mn-Pd:"**The as-
can be identified above 10 eV. sumption that the effective magss® is close to the free elec-

The ontical anisotropy of decagonal-AVi-«Co.~ clearl tron mass leads to a concentration of itinerant charge carriers
manifestg itself in thepc))/ptical co%duct?%?lt;f(a?;g spectya that is at least two orders of magnitude higher than the values
plotted on a semilogarithmic scale in Fig. 12. The differenceP"€Viously reported for distinctly less conducting icosahedral
betweeno;(w) for the periodic direction and for a direction quasicrystals: , ,
in the quasiperiodic plane is most prominent in the frequency A rough estimate of the effective mass' and the con-
range below 2 eV. For the periodic directian,(w) shows a centrationn of the itinerant charge carriers may be obtained

typical Drude-like component, indicating rather conventionall"oM @ direct comparison of the plasma frequengy, asso-
ciated with the metallic Drude contribution ®;(w), with

the value of the linear terny in the low-temperature specific

Photon Energy (eV)

1510870 10% 10° 10¢_fem ) heat. In doing so we have to keep in mind thais propor-
__ periodic direction (data) tional to the average density of electronic stateE@afor all
—~— periodic direction (ft) directions and therefore our calculation may only serve as
— 1010°} - Quasiperiodic plane (data) | setting a trend. Usingy=0.629 mJ mol! K2 (see Sec.
© 7 Quasiperiodic plane (1) INA) and w,~2 eV we obtainn~7.3x10** cm 2? and
< m*/m¢~2.5 in the quasiperiodic plane and with~1.2 eV
< AlyyNi6Coys we obtainn~3.4x 10?* cm™® andm*/m,~3.9 for the peri-
© 510° l odic direction. While these values ofare in fair agreement
Lo with the charge-carrier concentration estimated from the re-
sults of Hall effect measuremerfisthey are exceedingly
0 ; s s 2 lower than the estimate based upon the atomic density and
103 102 101 100 101

the effective valency of the constituent elemétit©nce

again this confirms the presence of a pseudogap in the den-
FIG. 12. Real partry(w) of the optical conductivity at 300 K Sity of electronic states d .

along both polarization directions. The dashed and dot-dashed lines In Fig. 13 the optical conductivity(w) of Al7{Ni;C0;3

represent the phenomenological Drude-Lorentzskie texk is plotted on double logarithmic scales. Also shown in that

photon energy (eV)
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101 102 103 104 (cm™) and consequently quite different spectral weights in the cor-

Joth responding Drude contributions t8,(w).

2 0k IV. SUMMARY AND CONCLUSIONS
£
T The specific hea€,(T) and both components of the ther-
g’, . mal conductivity tensohP(T) and\%T) of decagonal Al-
© 107 o T AriNingCors P Ni-Co were measured in varying temperature ranges between
__________________________ S :7‘:'16‘::‘30 0.06 and 80 K. The optical conductivities along the periodic
- n o
1 P, o(w) and the quasiperiodic directiond(w) were deter-
""" 70O 6 Y214 . . « .
1010'_3 e e T T mined from the analysis of the reflectivifg(w) measure-
Photon Energy (eV) ments in the frequency range between 0.1 meV and 12 eV

using linearly polarized light.

FIG. 13. o4(w) of the decagonal AlNi,zCo,3 at 300 K along Below 3 K, the specific heat can adequately be described
the periodic direction®) and along a direction in the quasiperiodic as the sum of a linear-ifi-term and a cubic-ifF term, i.e.,
plane Q) in comparison with icosahedral AMngPdy, (Ref. 13 assuming thaC,(T) is due to electronic and lattice excita-
and AloRes Ph 4 (Ref. 14. tions. The coefficient of the linear term in the specific heat

amounts to about one third of thevalue of aluminum in-
figure are the o,(w) spectra of two icosahedral dicating that the density of electronic stategatis reduced.
quasicrystals—AbMngPdy; (Ref. 13 and AbgRe; P 4™ The cubic-inT term inC,(T) agrees well with the contribu-
As a first observation we note that in the FIR and up to thdion of the long wavelength acoustic excitations calculated
MIR spectral rangey ;1 (w) of icosahedral quasicrystals tends using low-temperature values of the elastic modiuli ob-
to slowly increase with increasing frequency, i.e., quite intained for this same sampt®We did not find any indica-
contrast with the frequency-independent behavior in the quations for an excess specific heat, contrary to what has previ-
siperiodic plane of decagonal ANi;¢Co,5 that is character- ously been observed in icosahedral Al-Mn-Pd and
istic of disordered or amorphous metals. Also, the values oAl-Re-Pd3® Above 3 K, the lattice specific hed,=C,
o1(w) in the quasiperiodic plane in the low-frequency limit —yT increases with increasing temperature more steeply
is typical rather of amorphous metals than of highly orderedhan T3. The deviationC,p— BT? between the experimen-
icosahedral quasicrystals with dc conductivity values that ar¢ally determined lattice specific heat and the Debye-type ex-
below the Mott minimum metallic conductivity~** pectations varies approximately @S. A term in the lattice

The most striking difference between the optical conduc-specific heatC, that varies asT® may originate from the
tivity spectra of decagonal and icosahedral quasicrystals iglispersion of acoustic excitations. However, théq) data
however, the less prominent pseudogap feature inrtlie) for decagonal Al-Ni-Co as determined from the results of
spectra of the decagonal quasicrystals. In decagonal Aknelastic neutron scattering experimentsannot account for
Ni-Co the absorptions visible irry(w) at 1 eV along a di-  the magnitude of th@® term in the specific heat.
rection in the quasiperiodic plane and at 2 eV along the pe- The phonon thermal conductiviyi(T) along a direction

ri;)dic direction ca(r; t?e attributed [tjo a(tjpseudpgap in th&n the quasiperiodic plane is distinctly different from that
electronic DOS and electronic interband transitions, respecy e periodic directionf,(T). Between 30 and 70 K,

tively. Such absorptions imr;(w), although with less inten- . .
sity, were previously observed in decagonal Al-Cu’Cthis Apor(T) is weakly temperature dependent. This feature of the

difference in the intensities of these absorptions between AR pn(T) curve was previously observed for de_cagonall Al-
Ni-Co and Al-Cu-Co most likely originates in tH(w) data CU-Co(Ref. 5 as well as for icosahedral quasicrystérs*
available for the Kramers-Kronig transformation which for @hd has been attributed to generalized Umklapp scattering of
Al-Cu-Co (Ref. 7) extends up to a lower high-frequency phonons in quasicrystalsThe phonon thermal conductivity
limit and consequently affecis,(w). We recall that a well-  long the periodic directionj(T) is characterized by a dis-
developed pseudogap that seems to be characteristic of icogiict maximum at 25 K, which can be attributed to a cross-
hedrally structured solids has been associated with thever between the Peierls regime of the usual Umklapp pho-
Hume-Rothery-type stabilization mechanism. In our previ-non scatteringjand the regime of phonon-electron scattering.
ous investigations of the complete electrodynamic responsghis A5,(T) behavior is reminiscent ok ,(T) of periodic

of icosahedral quasicrystals, we recognized a shift of the€rystals. Thus, the transport of heat via lattice excitations
pseudogap from the weakly conducting Re-based quasicryglong the decagonal axis and along a direction in the quasi-
tals towards lower frequencies for more conducting Mn-periodic plane resembles closely that of periodic crystals and
based quasicrystal$:** For decagonal quasicrystals the gapicosahedral quasicrystals, respectively. Surprisingly, the lat-
frequency is further reduced which, together with the stilltice thermal conductivity in decagonal Al-Ni-Co is higher
higher conductivity substantially screens the pseudogap fe#@long a direction in the quasiperiodic plane, than along the
ture. This difference between the optical conductivity spectrgeriodic direction. The inequality\gh>)\gh seems to be

of icosahedral and decagonal quasicrystals would support the general observation for decagonal quasicrystalad
scenario, in which the major difference between the twads possibly related to strongly anisotropic phonon-electron
families is the difference in the density of free charge carrierscattering.
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The optical reflectivityR(w) of decagonal Al-Ni-Co also  y=0.629 mJ mol* K2 yields a charge carrier concentra-
shows a strongly anisotropic behavior. For the periodic ditjon n~7.3x 1021 cm~2 and an effective mass ratio* /m,
rection, o} (w) is dominated at low frequencies by a narrow ~205.
Drude contribution with a plasma frequen@y~1.2 eV and
a scattering ratel’ of the free charge carrier§’~1.4
% 10" 2 eV and two additional absorptions centered at 0.1 eV
and at 2 eV at higher frequencies. The optical conductivity
along the quasiperiodic directiarf(w) is characterized by a We thank S. Ritsch and H.-J. Schwer for their help in the
much broader Drude contribution with,~2 eV andT’ electron microscopy and the x-ray characterization of our
~0.2 eV and only one high-frequency absorption centered atamples and J. Mier for technical assistance. We are grate-
1 eV. These absorptions at 2 and 1 eV for the periodic diful to M. de Boissieu and F. Dugain for supplying us with
rection and a direction in the quasiperiodic plane, respecthe phonon dispersion data of decagonal Al-Ni-Co prior to
tively, are possibly related to a pseudogap-like absorption. Ipublication. F. B. and L. D. would like to thank P. Wachter
is particularly interesting that these absorptions are less prder his generous support in providing infrastructures related
nounced in the case of decagonal quasicrystals compared to these experiments. This work was in part supported by the
the icosahedral quasicrystals, which is due to the higher corSchweizerische Nationalfonds zur fderung der wissen-
ductivity of decagonal quasicrystals at low frequencies. Aschaftlichen Forschung. K. E. acknowledges the financial
direct comparison otv,~2 eV obtained along the quasip- support from the Ministry of Education, Science, and Culture
eriodic direction and the linear-ii-term to the specific heat of Japan.
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