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We report measurements of the specific R@g{') and of the thermal conductivitie¥’ (T) along the
periodic direction anch?(T") along a direction in the quasiperiodic plane for decagongl@h,Co;s at
low temperatures. The phonon contributionX®(7)) shows a maximum at 25 K, typical for periodic
crystals. The dominant feature in the phonon contributiom4€') is an extended plateau between
30 and 70 K, in agreement with the concept of generalized umklapp processes in quasicrystals. The
coefficienty = 0.512 mJgatom' K2 of the linear term taC,,(T) indicates a low density of electronic
states afr. [S0031-9007(96)00832-0]

PACS numbers: 61.44.Br, 65.40.+g, 66.70.+f

Decagonal quasicrystals share structural propertiedecaprisms up to 1.5 mm in diameter and up to 6 mm
of periodically and quasiperiodically structured matter.in length were cut from the ingot using spark erosion.
They are periodic along the tenfold symmetry axis andTwo decaprisms with approximate dimensiof® X
quasiperiodic in the plane perpendicular to it. Since the.5 X 0.4 and2.0 X 0.6 X 0.4 mm® have been selected
recent discovery of thermodynamically stable decagondor our experiments. Their naturally formed facets were
quasicrystals in the Al-Cu-Co and AI-Ni-Co systemspolished to remove possible surface contaminations. A
[1,2], it has become possible to study properties of botthigh degree of quasicrystalline order was confirmed
periodically and quasiperiodically structured matter alondoy electron diffraction experiments. Laue photographs
different directions of one single sample. The growth oftaken on both samples have confirmed that they are
fairly large single grains has been reported for Al-Cu-Cosingle grains. The smaller sample has been used for
and AI-Ni-Co decagonal quasicrystals [2,3], which ismeasurements of the thermal conductivity(7') along
of primary importance for reliable investigations of thethe tenfold symmetry axis, while the larger grain has
anisotropic behavior. For decagonal quasicrystals ifbeen used for measurinkf (7)) along a direction in the
these systems, strong anisotropies of electrical- [4] anduasiperiodic plane and also for the specific h€g(T)
thermal- [5] transport properties, and also of the opticaimeasurements.
conductivity [6] have experimentally been established. The thermal conductivityA(T) was measured using a

Below we describe our results of measurements oftandard steady-state heat-flow technique monitoring the
the specific heatC,(T) and of the thermal conductivi- temperature gradient along the sample. The specific heat
ties A7(T) and A?(T) along the periodic direction and C,(T) was measured using a conventional relaxation-type
along a direction in the quasiperiodic plane, respectivelymethod. The temperatures in the range between 0.06 and
of high-quality single-grained samples of decagonal Al-1 K were reached using a dilution refrigerator, and we
Cu-Co in varying temperature ranges between 0.06 andsed®*He and'He cryostats for temperatures between 0.35
105 K. This set of data contains information on theand 3 K, and above 1.5 K, respectively.
specific heat, to our knowledge not investigated before Figure 1(a) shows the complete set of our results of the
for decagonal quasicrystals. It also extends the temperapecific heatC,(T) measured in the temperature range
ture range of previous investigations of thermal-transporbetween 1.5 and 17 K, plotted on logarithmic scales. Our
properties in these materials [5] by more than 2 orders”,(7) data between 1.5 and 4.5 K, shown in Fig. 1(b) as
of magnitude, thus providing evidence for the concep-C,/T vsT?, are well fitted by
tually different lattice conduction of heat vi#’ (7') and
A4(T), defined above. C,(T) = yT + BT?, (1)

The ingot with a nominal composition AICu,Cos
was synthesized from 99.999% pure aluminum, 99.9985%mndicating that the main contributions are from the com-
pure copper, and 99.997% pure cobalt by arc meltingnon electronic and lattice excitations at low temperatures.
suitable amounts of the constituents to a single piec@he results of the fit are¢ = 0.512 mJgatom' K2, and
and remelting it several times. The resulting ingot wasg = 9.22 uJgatom! K™4. The coefficienty of decago-
remelted again at 110C in an alumina crucible sealed nal AlgsCuyyCoy5 cannot easily be compared with an es-
under vacuum inside a silica ampoule, cooled to 920 timate of a free-electron value of the electronic specific
at the rate 2C per h, annealed at 92Q for 24 h, heat because the number of electrons, donated by the
and subsequently cooled to room temperature. Facetaitransition-element atoms to the conduction band, is not
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Our value of the parameteB is compatible with a
102 @ 1 Debye temperatur®, of 596 K, to our knowledge the
highest of all the®, values reported previously for
thermodynamically stable quasicrystals.
. In Fig. 2(a), we show the total thermal conductivitf
Mds:f’ measured along the periodic direction in the temperature
o c range between 0.45 and 105 K, plotted on logarithmic
M o scales. The phonon contributiorf;, to the total thermal
‘ conductivity may be obtained by subtracting off an esti-
100 10! mate of the electronic contribution?,. The latter was
TK) calculated by assuming the validity of the Wiedemann-
‘ : : ‘ Franz law and using the electrical conductivity data ob-
0.7} ®) ] tained from this same sample. In Fig. 2(a), the calculated
o electronic contribution\’; is shown as the solid line. The
phonon contributiont},, obtained in this manner is shown
° on a double logarithmic plot in Fig. 2(b). The overaﬂh
| behavior is similar to that of periodic crystals; there is a
o GIT distinct maximum at an intermediate temperature. In pe-
——— y+pBT? riodic crystals, in the temperature region just above that
, ) , maximum, the phonon thermal conductivity is dominated
5 10 15 20 by the onset of umklapp processes, and hence the phonon
T? (K?) thermal conductivity is expected to decrease exponentially
FIG. 1. (a) Specific heaC,(T) of decagonal AkClyCos with increasing temperature due to an exponential increase
between 1.5 and 17 K. (b¥,/T vs T?. The solid line in the number of occupied high-frequency phonon states
represents the fit (see text). that allow the occurrence of umklapp processes [16]. In
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well defined. In any case, we note a low value of the elec- 101
tronic specific heat, amounting to approximately one-third
of that of aluminum, if all of theyT term is ascribed to
electronic degrees of freedom. Thjsvalue is compa- a
rable toy = 0.41 mJgatom! K~2 previously reported X
for icosahedral AlyMngPd,; and tentatively attributed to =
the presence of a pseudogap in the electronic density of B
states at the Fermi levdir [7]. Subsequent optical re- <
flectivity measurements using the same sample confirmed 10l ¢
this conclusion [8]. ’
It has previously been claimed that a Hume-Rothery
mechanism plays a dominant role in the stability of the
icosahedral quasicrystals [9,10]. This is mainly because
the existence of a pronounced pseudogap in the density of
electronic states afr has experimentally been indicated
for various icosahedral phases [11,12]. In contrast, it is
controversial at present as to whether the same mecha-
nism also leads to the stabilization of decagonal quasicrys-
tals. Based on the results of Hall-effect measurements
[13], Wang and co-workers have claimed that the Hume-
Rothery-type stabilization is essential. A band-structure 102 100 JoL o2
calculation for aperiodic approximantof a decagonal T®
structure of Trambly de Laissardiere and Fujiwara gave

further support by confirming the existence of a WeII-F'Gaz-t_ (,?) ATpem?eratUtrﬁ dep,e"dqe“g? Otf theft‘(’jtal them:a'
: : i~ CONAUCTIVITY Ator @lONg € perioaic airection o ecagonal
pronounced pseudogap at the Fermi level for this parﬂcuAl“Cuzoc015 batween 045 and 105 K. The solid line s an

lar case [14]. On the contrary, r.eclent optical COndUCt'\”tye_stimate of the electronic contributiod;, as explained in the
measurements [6] and photoemission spectroscopy expetixt. (b) Phonon contribution’, as a function of temperature.
ments [15] show no evidence for a pseudogap. We expegte solid line indicates a power-law approximation to g
to address this problem in a forthcoming publication. data between 0.45 and 1.2 K.
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Fig. 2(b), we may see a distinct decrease\ﬁ{ with in-
creasing temperature above the maximum, although we
cannot claim that the exponential dependence is actually
verified. In general, this exponential dependence is most
often masked by isotope or impurity scattering effects [17].
Much below the maximum temperature, the phonon mean
free path in periodic crystals is limited by sample-boundary
scattering or, in metallic crystals, by phonon-electron scat-
tering. Both these processes result in a positive slope of
the A, curve, and a crossover from high to low tempera-
tures necessarily yields a maximum in the phonon thermal
conductivity curve.

Between 0.45 and 1.2 K, the slope mfh(T) of our
sample is almost constant, and it may be seen that
Apn(T) can adequately be approximated ¥g§, = AT"
with n = 1.85 [see solid line in Fig. 2(b)]. There are
two mechanisms of phonon scattering that yield an
approximately quadratic temperature dependence of the
phonon thermal conductivity, i.e., the scattering of the
phonons which involves either conduction electrons or
tunneling states. The relatively low resistivig? (T) of

our sample suggests that a substantial part of the phonon T X

. P \— . .
thermal resistancei;p) ! might be attributed to phonon- Fi. 3. (a) The total thermal conductivityix(T) of decago-
electron interactions. nal AlgsCuwCoss in a quasiperiodic direction between 0.06 and

At the lowest and at the highest temperatures of thig10 K. The solid line is an estimate of the electronic con-
experiment, i.e., where the phonon contributi@ﬁl i tribution A (see text). (b) Quasilattice thermal conductivity

. . . AL(T). The solid line is a power-law approximation to the
expected to be Smaw*ﬁ" is close in magnitude td‘gl' dzl;:a between 0.2 and 0.8 K.pThe inset sr;lr())\&s between 10
This observation corroborates our conjecture that the lawnq 100 K on an expanded vertical scale.
of Wiedemann and Franz is approximately valid for the

periodic direction of decagonal AICu,Coys. N . .
Figure 3(a) shows the total thermal conductivitf, ~ S€€N N Fig. 3(a). This problem is much less severe at

along a direction in the quasiperiodic plane, togethepigher temperatures, and we recall that a power law with
with the electronic thermal conductivity!, calculated in &0 €xponent close to 2 has also been observed fd(T")

the same way as described above. The phonon therm i ico_sahedral AoMnoPdy [.18]' In_Ref. [18], thi_s
q ehavior has been analyzed in terms of the scattering of

;;Oggg\fvtrllv;;yéigh’ 30(?;)&”;2):1)/08;: iroa((:)tlf g};}] friﬁ?re)ggés phonons by tunngling states, which 'is often.also c_)bse;rved
rapidly with inc.reasir;g temper.ature .Fror%ho 210 0.8 K, " amorphous ;ohds [19’20.]' Experimental investigations
the slope ofA%, (T is almost constaﬁt anAig (T.) s weil ’_problng tunn(_ellng states directly, e.g., L_lltrasound exper-
i g Ph ) ph ' iments studying the temperature variation of the sound
fitted with Ap, = AT" with n = 1.90, again suggestive of \e|ocity and power dependence of the acoustic-wave
the phonon scattering involving either itinerant electronsyitenuation in decagonal ACw,Coys, as they have been
or tunneling states. The result of this fit is indicated by thegone for icosahedral Al-Mn-Pd [21], would be helpful.
solid line in Fig. 3(b). At higher temperatures, the slope  The occurrence of a plateau-type feature in the quasilat-
dAgn/dT decreases gradually antfy,(7) saturates at tice thermal conductivity\?, of decagonal AlCunCos
about 25 K. From 30 to 70 K}y, is almost temperature in the quasiperiodic plane [Fig. 3(b)] is compatible with
independent and slowly increases again above 70 K. Ahe concept of generalized umklapp processes in con-
closer examination ok, (7)) reveals a shallow maximum densed matter with quasiperiodic order recently proposed
at the lower end of the plateau region, as may be seen isy Kalugin and co-workers [22]. In conventional crys-
the inset of Fig. 3(b). tals, the rate of the umklapp processes is expected to de-
The overall Agh(T) variation for decagonal pend exponentially on temperature at low temperatures, as
AlgsCuyCoys described above is reminiscent af,(7) described above. Kalugin and co-workers argue that the
of icosahedral AbMngPd; [18], except for the rapid rate of the generalized umklapp processes in quasicrys-
increase in the lowest temperature range between 0.Géls should have a weaker power-law dependence, reflect-
and 0.1 K. A detailed analysis aﬁ,fh in this temperature ing the fact that the momentum of vibrational excitations
range meets difficulties because of the large electronican be transferred to the quasilattice in inelastic scatter-
contribution to the total thermal conductivity, as may being events by arbitrarily small portions, i.e., not limited
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