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Low-temperature thermal conductivity of a single-grain Y-Mg-Zn icosahedral quasicrystal
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We report measurements of the thermal conductixity) of a single-grain icosahedralg¥Mgz4 ¢ZNs g iN
the temperature range between 0.1 and 300 K. The quasilattice thermal condugjivitgreases monotoni-
cally with T by three orders of magnitude between 0.1 and 23 K. Above 23,T) decreases substantially
with increasing temperature, typical for high-quality single grain quasicrystals. The decrease ends in a mini-
mum at approximately 140 K. The interpretation of our data is based on a Debye-type relaxation time approxi-
mation. At very low temperatures, the corresponding fit reveals that the phonon mean free path is of the order
of the smallest sample dimension, while at high temperatures, a power-law decrease of the phonon scattering
time with increasing temperature evidences the effect of structural scattering on the mean free path of itinerant
quasilattice excitations. The behavior gf,(T) at intermediate temperatures may best be fit by assuming the
existence of stacking-fault-like phonon scatterers. No clear evidence for a scattering of phonons by tunneling
states has been observed. If compared to previously reported measurements of the thermal conductivity of
quasicrystals, these data indicate the very high structural perfection of this quasiperiodic material.

[. INTRODUCTION includes data of the low-temperature magnetic properties and
the electrical transport properties of single grain sambles,
Since the discovery of the first quasicrystalline materialthe magnetoresistance properties of bulk and ribbon
by Shechtmaret al.in 1984 much effort has been put into samples, the electronic structur®, the electronic specific
identifying distinct effects on the physical properties thatheat," and the optical properties of single-grain sampfes.
would be characteristic of the quasiperiodicity of these al-Recent advances in the growth of large single-gtaifiRE)-
loys. One of the remarkable features of quasicrystals is, foMg-Zn quasicrystafé**allow the study of transport proper-
instance, the apparent conflict between the high structurdies Without the unwanted effects of second phases and grain
quality of these materials and their thermal and electricaPoundaries upon the measured quantities. Reports on the
conductivities, which are much lower than in periodically low-temperature thermal transport properties of Y-Mg-Zn
structured metallic solids. are still missing. In this work, we present the results of mea-
In 1993 a stable icosahedral phasepbase was discov- Surements of the thermal conductivity of a high-quality,
ered in the systeniY,RE)-Mg-Zn (RE=rare earthby Luo  Single-grain Y-Mg-Zn icosahedral quasicrystal. The paper is
et al? In contrast to most of the other knowrphases this 0rganized as follows. In Sec. Il we start with a brief descrip-
system is based on Zn—and not Al—as the main constituention of the sample preparation and the experimental setup
Another interesting feature of this quasicrystalline alloy isused for measuring the thermal conductivitybetween 0.1
the possibility to substitute other RE elements for Y. De-and 300 K. In Sec. Ill, we show the results of our measure-
tailed investigations showed the stability of thphase for ~ments and present a quantitative description of the data. Fi-
RE=Gd, Tb, Dy, Ho, and E¥:* These alloys are so far the nally, in Sec. IV, we discuss the physical implications of our
only stable materials which allow to study the behavior ofanalysis.
localized 4 magnetic moments embedded in a quasiperiodic
structure. In addition, an examination of how crystalline Il EXPERIMENTAL
electric field effects and the rare-earth concentration affect
their magnetic properties is possible in this new class of sub- A large single-grain sample of ggMgs4 ¢ZNs6 g has been
stances. Neutron diffraction experiments on single-grairgrown from the ternary melt, i.e., via a self-flux methddn
sample3® show no evidence for long-range magnetic order brief, this method involves the slow cooling of a ternary melt
in contrast to earlier measurements that were performed ugatersecting the primary solidification surface of the icosahe-
ing multiphase polygrain materialsAt temperatures below dral phase, as identified by Langsdorf, Ritter, and Asstus.
10 K, both ac- and dc-susceptibility measurements on thdhe obtained sample has a dodecahedral morphology, with
rare-earth containing samples exhibit classical spin-glass fe@learly defined pentagonal facets.
tures which are consistent with the geometrical frustration of In order to measure the thermal conductivityof this
the magnetic moments in an aperiodic strucfure. material, a specimen in the form of a bar with dimensions
Previous studies oitY g gMgss ZNse.s have mainly con-  1.9x1x0.6 mn? was cut from the single grain by spark
centrated on establishing its structural characteristics. Availerosion. The sample faces were then polished using emery
able information on the physical properties of this compoundoaper.
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The cooling of the sample was achieved by using a dilu- 101 g
tion refrigerator from 0.1 to 0.5 K, @He cryostat between
0.3 and 2 K, and &He flux cryostat between 1.5 and 300 K.
The thermal conductivity was measured by a standard 10°F
steady-state heat-flow technique. At one end the bar-shaped
sample was glued to a heat sink made of OFHC copper by
means of EpoTek H20E. The sample heater, attached to the
other end with the same glue, consisted of a 1Q0
ruthenium-oxyde chip resistor. At temperatures below 2 K,
we measured the temperature gradient along the sample with
two carbon resistor thermometers which were calibrated
against the heat sink temperature when no heat-flux was ap- 103l . .
plied. The thermal contact of the thermometers to the sample 101 100 101 102
was made by 0.1 mm diameter gold wires which were at- T (X)
tached to one flat surface of the specimen by means of
EpoTek H20E. In order to measure the thermal gradient FIG. 1. Measured thermal conductivitymeas Of icosahedral
along the sample above 2 K, we preferred the use of cali¥YseVdsaeZNse.5 as a function of temperature between 0.1 and 300
brated chromel-gold/iron thermocouples. The advantage hete The solid line is an estimate of the electronic contributien as
is that the thermocouples have a much smaller surface thefxplained in the text. The inset shows the region of the maximum
the carbon resistors, which results in a substantial reductiond the minimum ofyc,s0n linear scales.
of thermal radiative losses. Very thi25 um in diameter
and long(up to 10 cm wires have been chosen in order to . €ERSEYMZ
reduce the heat flow through the thermocouples. E= eymz T (Srs/Symz) (1— €ypz) €Rs’ 3

Thermal conductivity measurements of materials with low ) .

« values are generally difficult to perform at high tempera-WheréSyyz is the surface of our sample. Since the tempera-
tures because of the detrimental effect of radiative losses oire of the sample varies slightly along its length, E2).

the results. In order to limit this type of energy dissipation, ahay. strictly speaking, only be applied to a layer of the
cylindrical radiation shield in good thermal contact with the Sample with the temperatufle. Nevertheless, since the tem-
heat sink was installed. With this setup, the radiative losseBerature difference along the sample is small compared to its
in our measurements have been estimated to be below 1% 8¥€rage temperature, the error made by using(Bcan be

the applied power over the whole temperature range usingedlected.

the following arguments. At 300 K, the wavelength, cor- By using Eq. (2), we calculate Paq/P= K/ Kmeas
responding to the maximum of the energy density of radia==2> 10"~ at 300 K, whereP is the power applied from the
tion may be calculated by applying Wien’s displacementheater to our sample,,qis the error due to rgtﬁatlon effects
law, which gives\ ,=9.66 um. The latter may be used for in the measurement of the thermal conductivity and.sis
an estimate of the emissivity 0fg¥Mgas, ZNsg g iN the clas- the measured thermal conductivity. In a fll’it order approxi-
sical approximation. The theory of Drude yields a relationmation, Eq.(2) may be written asP,,=20ESzsT AT,
between the emissivity, the radiation wavelength,,(um)  whereAT is the temperature difference between the sample
and the dc electrical resistivitg(2m) of a metal via the heater and the thermal sink. For this reason, radiation effects

107}

Kk (WmK)

02} &

following expression: manifest themselves in the observation of a cubig-ide-
pendence of the thermal conductivity. As will be shown be-
low, the absence of such &-regime in our data at the
€=365Vp/\m, 1) highest temperatures confirms the validity of our arguments

in favor of a negligible influence of radiation losses on our
which is generally in good agreement with experimentaldata.
data at elevated temperatures. Inserting the valuep of
~2x10"° QO m, measured on our sample at room tempera- ll. RESULTS AND ANALYSIS
ture, we obtaineyyz=0.17 for Yg gM0s34 ¢ZNsg g- The litera-
ture value for the emissivity of oxidized copper, which was In Fig. 1, we show the measured thermal conductivity
the material used for our radiation shield,dgs=0.6. The  KmeasfOr the whole temperature range which has been cov-
powerP,,q, effectively emitted by our sample via radiation, ered in our study. The quasilattice contribution to the thermal

can now be calculated using Stefan’s law conductivity kp, may in principle be obtained by subtracting
off the electronic contributiork,,. The latter has been esti-

_ . mated by using the data of the electrical conductivity mea-
Prac= 0ESRe(T*—Try), (2)  sured on the same sample and assuming the validity of the
Wiedemann-Franz law

where T and Trg are the mean sample and the radiation LT 4
shield temperatures, respectiveBgs is the surface of the Kel= =00 1 )

radiation shield, andr=5.67x10"8 W/m?K* is Stefan’s  with the Lorenz numbet ,=2.44x 108 W(Q/T2 Equation
constant. The constaff is the effective emissivity for co- (4) has a very general range of validity. It usually holds for
axial cylinders and is given By arbitrary band structures, as long as the change in energy
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FIG. 2. kmeadoT as a function of temperature in FIG. 3. The phonon contributior,, to the thermal conductivity
Y g M0s4 ZNss 5. The solid horizontal line is a fit to the high tem- Of icosahedral ¥eMJ3s.¢ZNs68 BS @ TU“Ct.'On of temperature be-
perature data. The inset shows the ratig.,Jo as a function of ~tween 0.1 and 300 K. The solid line is a fit to the data based on Eq.
temperature. The solid line is a fit consistent with that shown in thel®)- The dashed line is an estimate of the thermal conductivity due
main frame, as explained in the text. to diffusive phonon propagation using E3.3) (see text

peratures has also been observed in icosahedral quasicrystals

during an electron collision is small compared WKBT.  with negligible electronic thermal conductidh.We are
This happens to be the case at high temperatures, where ttigerefore confident that at least part of the high temperature
dominant source of the electron collisions is given by thethermal conductivity increasing with is due to quasilattice
thermal vibrations of the ions, as well as at low temperaturesyibrational modes. For this reason, we will base our analysis
where elastic impurity scattering is the dominant mechanisnon the assumption that the classical Lorenz number approxi-
for the degradation of the electronic thermal current. Nevermately also applies for the material investigated here.
theless, a direct evaluation &f; is still missing in quasi- In Fig. 3, we show the calculated quasilattice contribution
crystals, as its measurement by conventional techniques ig,,= kmeas— ke t0 the thermal conductivity of icosahedral
inaccessible because of the high electrical resistivity of thes® g Mg, ZNsg s Where k¢ has been evaluated according to
materials. Considering the length of our sample and the latEq. (4). The lattice conductivity increases monotonically
eral extension of the thermal contacts, the uncertainty in thgjith T between 0.1 and 23 K. Between 23 and 140K(T)
geometrical factor has been estimated to be about 10%. lflecreases to almost half of its maximum value but increases
order to avoid additional uncertainties that arise in the subagain with further increasing temperature above 140 K. As
traction of the electronic contributior from the measured we argued above, the rather unusual increase gfwith
thermal conductivityx,e,s the same contacts used for the increasing temperature above the temperature region where
measurement of the temperature gradient along the sampigructural scattering is dominant, and which is commonly not
were used as voltage terminals for the measurement of thebserved in crystals with periodic structures, cannot simply
electrical conductivity. The calculated electronic contribu-be ascribed to radiative thermal losses.
tion to the thermal conductivitk, is shown in Fig. 1 as a In what follows, we present a quantitative analysis of our
solid line. Sincexg is comparable to the total thermal con- data in the long-wavelength limit. As it will be shown, our
ductivity at the lowest and at the highest temperatures, thexperimental results can successfully be described in a quan-
estimated quasilattice contribution is expected to be sensitiveitative way between 0.1 and 70 K, i.e., over almost three
to deviations from the Wiedemann-Franz relation in theserders of magnitude.
temperature ranges. Bloch-type wave functions are generally not the appropri-

In order to present the connection between thermal andte description of lattice excitations in quasicrystalghe
electrical conduction, we plotted the ratig,.d o T in the  eigenstates in quasiperiodic structures are always affected by
whole temperature range covered by our experiment in Figan intrinsic decay rate and are not localized in momentum
2. The data seem to reach asymptotically a constant \talue space as they are in periodically structured mateffaor
in the limit of high temperatures. This value is about 40%this reason, the calculation of the dynamical response for
higher than the Lorenz numbek € 3.5 108 W/QK?). In three-dimensional quasilattices is a difficult task. Neverthe-
the inset of Fig. 2, we plotted the ratig,.,d o and a fit  less, we may assume the validity of the use of quasi-Bloch
linear in temperature, to the last points taken at the highegtates in the long-wavelength limit where their decay rate is
temperatures reached in our experiment. The constant zesm low that other scattering mechanisms will certainly
temperature component resulting from the fit is within thedominate!® Thus, in the following we may identify the itin-
error margins of the extrapolation from high to low tempera-erant quasilattice excitations as phonons and we will speak
tures. On the basis of our data alone we are thus in principlabout phonon momentum as if it were a good quantum num-
not able to exclude that the upturn of the measured thermdder. Well defined phonons whose energy width is limited by
conductivity at high temperatures has to be assigned conthe instrumental resolution have in fact been observed in the
pletely to heat conduction via conduction electrons. Neveriong-wavelength limit by means of inelastic neutron scatter-
theless, an increase of the thermal conductivity at high teming experiment$2
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Theoretical calculations of the dynamical properties ofent phonon scattering mechanisms, we used the following
one-dimensional Fibonacci chains predict a linear phonomxpression for the total phonon scattering rate:
dispersion relation in the long-wavelength limit, where the
quasicrystal can be regarded as a contingtiffl.Isotropic T N, T)=(1cast 7o + 70 ) (@,T), (8)
linear phonon dispersion relations are also predicted and ) . :
have been observed in the long-wavelength limit of three!n EG: (8), the different scattering rates represent possible
dimensional icosahedral quasicrysti€® For these reasons, individual scattering channells. At very low temperatures we
we have based the analysis of our data at low temperaturd@@y €xpect a temperature independent mean free path for
where only long-wavelength states can thermally be excited?onons, known as Casimir limit, such thagae=| cas/vph-

In a relaxation-time approximation, the quasilattice ther-raté due to phonon interactions with stacking fault-like de-
mal conductivityx,, can be written as fects. For the power law describing Umklapp scattefihge

found that a rater;'=Bw®T provides the best fit to our
it ) data. We attempted to fit our data using _EB), Iettinglcf%s,
Kph=3 Cul@, Tvphr(w,T)dw, ©) A, andB as free parameters. The resulting curve which re-

produces our data below 70 K very well is displayed in
whereC,(w,T) is the quasilattice specific heat amtw,T) Fig. 3 as a solid line.
is the mean lifetime of a phonon. In the Debye model, the Previously reported results of thermal conductivity mea-
phonon dispersion relation is approximated by linearsurements on icosahedral quasicrystals were characterized by
branches for whichy;h, in the expression above is simply a a temperature regime in whioky, varied approximately pro-
constant mean phonon velocity, extending over all wave vecportional toT?, suggestive for a term™ '~ » in the scatter-
tors up to the Debye wave-vectkp . In this simplification, ing rate?®8 Scattering of phonons by two-level systems as
the density of phonon states is quadraticcinand Eq.(5)  well as phonon-electron scattering do account for such terms

may be rewritten as in the scattering rate. Since a scattering of phonons on elec-
trons was not expected to be dominant in these previously

it T\ , [@o/T x4 investigated materials, theph~T2 dependence was inter-
Kph=3nkg Uphf MT(X'T)dX' (6) preted as being due to the presence of tunneling states in the

investigated quasicrystals. This observation was also sup-

wheren=1/67(kg®p /fiv ) is the number density of at- ported by the fact that tunneling statesi#Al-Mn-Pd have
oms in the quasicrystak=%w/kgT, and® is the Debye been observed by analyzing the results of ultrasound
temperature. The value @ ,=348 K corresponding to a experiments! Phonon interactions with two-level systems
phonon velocityv ,,=3040 msec! may be extracted from are described by a scattering rate
specific-heat measurements which have been performed on .
the same sampl€. ., PY? ho

Some comments about the range of the validity of &§. TIS== 5, TW tanl‘(m
seem in order. As we mentioned above, inelastic neutron PU pn

scatt.ering experiments showed a Iipear phonqn dispersiqere b is the density of tunneling states, decribes the
relation up to wave vectors with approximately

~0.3A "L in icosahedral Al-Mn-Pd! A phonon density of ~2V€ra9¢€ coupling between them azgggthe phonons, pasd
states quadratic inv has been estimated by Hafner ang the mass density of%\(@MgMﬁan,ﬁ,g._ As we tried to use
Krajci for higher-order rational approximants ité\l-Mg-Zn the additional termrrs i the scattering rate given by E@)
quasicrystals up to energies of the order of magnitude of 1@nd leavingPy* as a free parameter, the quality of our fit did
meV, which also correspond to wave vectors with Nnot improve and the free parameter tended to be zero. At-
~0.3A 125 |f we assume the existence of a similar “well tempts to fix the factoPy? to values of the same order of
behaved” phonon-spectrum forg¥Mgss Znsg g at low q’s,  magnitude as those observed if-Al-Mn-Pd?® or

we expect the Debye approximation to be valid at those temi-Al-Re-Pd® lead to nonconvergent fits, suggesting that tun-
peratures where the thermal excitation of phonons with aeling states in ¥ ¢Mgas. ZNse g if present at all, are charac-

: (€)

wave vectorq<0.3 A ~* is dominant. By considering terized by a coupling paramet&y? which is much lower
) than those observed in other icosahedral quasicrystals. It has
w been argued that tunneling states might not necessarily be an
g(w,T)=27T203 ho ’ () intrinsic feature of quasicrystalline materiafsThe absence
ph XD( kB_T) -1 of any evidence in our data for a scattering of phonons by

tunneling states supports this point of view.

whereg(w,T) expresses the density of the thermally excited By inspecting the insert of Fig. 1 it may well be seen that
phonons at a given temperature and frequency, this is théne measured total thermal conductivity,easexhibits a dis-
case for temperatures lower than 50 K. tinct maximum around 25 K. This feature, even more promi-

As already mentioned, it has been argued that the phonament for «,,, is typical for periodic crystals and quite differ-
eigenstates in quasicrystals are always affected by an intrirent from the plateau-type behavior af,, of amorphous
sic decay raté? However, this decay is exponentially slow materials. The appearance of a plateau in the thermal con-
in the long-wavelength limit, and other scattering mecha-ductivity of amorphoussolids is thought to be the conse-
nisms will dominate. In order to take into account the differ-quence of a rapidly decreasing phonon mean free path with
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10 . - faces of quasicrystals. Previous low-temperature measure-
ments of the thermal conductivity drAI-Mn-Pd?® seemed

to suggest that the scattering of phonons on microholes or on
grain boundaries were responsible for the appearance of a
rather long temperature-independent mean free path
=2.5x10 * m.

According to Zaitlinet al.,*? | = a(4A/7)Y?is a good ap-
proximation for the boundary limited phonon mean free path
for samples with a square cross sectanTaking into ac-
count the finite sample length by introducing the factor
=0.6, as derived by Bermaretal,’® we calculate |
102 . . =5.2x10"* m for our sample, which is shorter than the

10 10 temperature independent mean free path imposed by the size

T(K) of the sample. This can be explained by using arguments

given in Ref. 31, stating that only about half of the phonons

undergo diffusive boundary reflection. Thus our measure-
fnents seem to provide evidence that also in quasicrystals, as
in periodic structures, phonons are thermalized so that upon
leaving the surface they are, at least partly, independent of

! . ) . RN the incident phonons in energy as well as in the direction of
describe this feature by introducing a terg,~w” which propagation.

has been compared to theoretical estimates of Rayleigh scat-
tering. Such a term clearly fails to describe the features mea-
sured on ¥, gMgs4 ZNs6 g Where the appearance of a maxi-
mum implies that the mean free path of phonons with a given In order to reproduce our thermal conductivity data, we
frequency decreases with increasing temperature, whereas liad to assume a terﬁl’;’flocw2 in the total phonon scattering
amorphous solids an explicit temperature dependeneeiof rate 7! given in Eq.(8). According to Klemeng? such a
not required. For these two reasons, i.e., the absence of tufrequency dependence of the scattering rate can be ascribed
neling states and absence of a plateau region at intermedidi@ the presence of stacking faults. By following this ap-
temperatures, it is definetely misleading to characterize theroach, the effective value en‘;fl is
quasilattice thermal conductivityc,, of quasicrystals as
“glasslike.”

In what follows we discuss in more detail and quantita-
tively the parameters that follow from the measured tempera-

ture dependence of,, in this quasicrystalline material. wherea is an averaged lattice constamt,, is the phonon
velocity, y is the Gruneisen-constant ard, is the number of

stacking faults crossing a line of unit length.
IV. DISCUSSION The measured thermal expansioni-@fl-Mn-Pd does not
A. The temperature independent mean free pathre,, differ more than 50% from the thermal expansion of the
. . isolated element¥ and the low temperature limit of the
At the lowest temperatures reached in our experimest,  Grineisen parameter has been calculated tg5d.14—1.32
varies approximately a$”, as may be seen in Fig. 4. This ¢, Mg and y=2.15-2.24 for Zrf° By averaging these val-
trend suggests that the mechanism which limits the phonopeg for Mg and Zn, using the formula ratio as a weighing
mean free path at the lowest temperatures is temperaturf-éctor, we gety=1.8 for Yg Mgas ZNes 5. Therefore, taking
ag?_frequency-!ndependent. The fit to our data using a term — 5 9106 sec from the fit shown in Fig. 3 and using
Tcas= Uph/l casWith I cas@s a free parameter amd, fixed 10 he yaluea=2.96 A from Ref. 3, we gefN.=(5.1+0.1)
the value given above, leads to a mean free paitr (9.8 538 m~* for the linear stacking fault-density on
+0.7)X10"" m, which is of the same order of magnitude asy, \g.,, Znss 5. This value has simply to be understood as
the lateral dimensions of our specimen. The size-limited, rogh estimate of the stacking fault density. Nevertheless,

thermal conductivity of solids due to nonspecular scatteringne calculated\. is comparable with those reported for Al-
of phonons at the sample surface, known as the Casimij,.pq (NS~1.85>< 100 m1), Al-Cu-Fe (No~6.3x10°

limit, is well documented for periodic crystalSbut is usu- - 1y, and A-Ni-Co (Ne=2.4x 10 m~%) 2637 An analysis

ally not observed in amorphous substances. It has been &5t o,r sample using scanning and transmission electron mi-
gued that the absence of a temperature- and frequUenCygscopy is in progress for confirming the presence of such

independent phonon mean free path in glassy materials Stacking faults in ¥ Mgas Znsss. It is not clear whether

due to the fact that the defects responsible for diffusive scasjiher phason walls or similar sheetlike defects can manifest
tering of phonons at the surfaces of periodic crystals are n

, _ %hemselves in the same manner as stacking faults would.
present in amorphous solid&Attempts to roughen or dam-

age the flat surfaces of glassy materials did not suppress
specular surface-reflection of phonons, which is a process
which leaves the flow of heat unalter&dlt is still not The concept of generalized Umklapp processes in quasi-
known whether the necessary kind of defects exists at superiodic structures has been introduced by Kalugial*® It

100¢

K/ THW/mK?)

FIG. 4. Kph/T3 vs T of icosahedral ¥ gMgs4 ¢ZNs6 g below 2 K.
The solid line corresponds to the fit to our data as explained in th
text.

increasing frequency. Zaitlin and AndersBmwere able to

B. Scattering of phonons on defects

2
a
r;fl=0-7v—ph Y20?N;, (10)

C. Generalized Umklapp processes



PRB 62 LOW-TEMPERATURE THERMAL CONDUCTIVITY OF A.. .. 297

25 Since we do not take into account any dispersion in the pho-
non spectrum, the exponent in the frequency dependence of
2.0 J the given scattering rate ! may actually be lower than
three. A decrease oefphocT*l with increasing temperature is
o usually obeyed in periodic systems at temperatuiesve
g Op where the thermal resistivity is determined by three-
%: Lo o) phonon processes and the temperature variation of the ther-
R § mal conductivity depends only on the variation in the popu-
: 109 ] lation of the modes and not on the increasing ratio of the
0.5 < ook 1 phonons undergoing structural scattering. We would like to
80 100 200 300 mention here that the appearance of a gap in the phonon
T(K) .
o5 o0 50 300 spectrum ofi-Y-Mg-Zn at frequencies lower than the Debye

frequencywp could lead to al ~!-temperature dependence
of the thermal conductivity at temperatuieslowthe Debye

FIG. 5. The phonon contributioky, to the thermal conductivity ~temperature. Actually, an infinite number of gaps, opening in
of icosahedral ¥gMga, ZNss s @s a function of temperature be- the dispersion curves ofY-Mg-Zn at any energy less than
tween 0.1 and 300 K on linear scales. The inset shows the addthe Debye energy, is expected due to the quasicrystallinity of
tional contribution to the thermal conductivigy,,. above 70 K, as  the sampléf.9 The widths of these gaps are of no concern in
explained in the text. the long-wavelength limit, as the spectrum appears as con-

tinuous.

has been argued that these processes lead to a power-lawMajor gaps defining pseudo-Brillouin zone boundaries
dependence of the mean free path of delocalized quasilattiggay be located by introducing quasiperiodicity as a weak
excitations on temperature as opposed to the exponentigerturbatiorf* The acoustic branches are expected to flatten
temperature dependence of the phonon mean free path duedgt when crossing such a boundary. The calculated disper-

conventional Umklapp processes in periodic structures. Unsjon relations fori-Al-Mg-Zn meet with zero slope at wave
der the assumption that three-phonon processes are not piasciors Uma~0.5 A"1.25 This has been identified as

hibited by the conservation laws, it has been shown thajhe crossing to a quasi-Brillouin-zone boundary where a gap

7y = w”T* is expected for Umklapp processes in quasiCrySynening could be expected. Phonons with wave veators

tals, Whi_ch leads t93a power-law dependence of the thermalqm‘_ﬂx/2 can thermally be excited at temperatufes 30 K,
conductivity kprec T~

. . . i.e., just above the peak in the quasilattice thermal conduc-
The observation of the regime where the proportion o# J P a

phonon-phonon interactions leading to U-processes “freeziV Y Of ¥ 6.0M0as.Z N5 THiS means that if if-Y-Mg-Zn a

out” is not trivial, even in periodic structures. Defects inevi- gap 1S S|tuated“at wave VSCtO%aXNO'S A% the U pro-
tably suppress the maximum which ought to appear in thgessgs_would freeze out a_t te_mperatures where the char-
crossover regime between the Casimir limit of boundaryaCt_e”St'C tempe_rature behavior is masked by the defect scat-
scattering leading to<phocT3 and the region of increasing tering mechanlsm presented above. Nevertheless_, we
importance of Umklapp processes which is supposed to leag@MPhasize that, to the best of our knowledge, no gaps in the
approximately tmphocT*?’. In comparison withe,(T) of an d|_sp_erS|on _rel_atlon _of quasicrystals hav_e as yet been detected
ideal, defect-free sample, the defect scattering mechanisiithin the limits of instrumental resolutioft.

presented in the previous section may also result in an over-

all shift of this maximum towards higher temperatures, even- _

tually masking the manifestation of the theoretical low tem- D. Thermal conduction above 70 K

perature dependence qul- The increase of the quasilattice contribution to the thermal
A decrease of the thermal conductivity with increasingconductivity with T at high temperatures seems to be a gen-
temperature, compatible with a power-law decrease of theral feature of quasicrystat&™® It has been argued that
phonon mean free path, is observed in our experimenihove temperatures of the order of 100 K, quasilattice vibra-
between 23 and 140 K. As can be seen in Fig. S5tjonal modes responsible for heat transport cannot be de-
Y 8.6M034.6ZNs6.5 €xhibits a very pronounced peak in the tem- scribed as propagating collective excitatidh# localization
perature dependence of the thermal conductivjfy, at least  of the high-frequency vibrational modes in Al-Mn-Pd quasi-
when compared to analogous data on other quasicrystallir@ystab has previously been claimed by de Boissieal?*
samples. For instance, the region with a negative slopgy analyzing the results of inelastic neutron scattering ex-
dkpn/dT is more extended in temperature than for any quaperiments. In their data, a broadening of the acoustic modes
Sicrysta“ine system investigated so far. Also, the ratiOOccurS for wave vectors of aboqt: 0_5A71, Corresponding
Kkpn | kpn' between the values of the thermal conductivity to a wavelength of the order of 10 A . Since this is the size of
maximum and the subsequent minimum at higher temperahe Mackay icosahedra and of the intercluster bond length, it
tures is 50% larger for y¥gMgss eZNse s than reported for has been pointed out that the hierarchical and quasiperiodic
i-Al-Mn-Pd in Ref. 26. tiling of these clusters might be at the origin of the localiza-
The best fit to our data was achieved using a teffi  tion of the phonon&!
«w°T, which leads to an approximate temperature depen- In order to understand the deviation of the quasilattice
dence of the thermal conductivil;yphocT‘1 instead of T3, contribution to the thermal conductivity from our low-

T(K)
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T(X) FIG. 7. The frequency dependence of the phonon mean free path

] at T=1 and 70 K and of the phonon wavelength(dash-dotted
FIG. 6. The averaged phonon mean free path as a function qfne) assuming a constant phonon velocity.

temperature calculated as explained in the text. The phonon scatter-
ing length corresponding to the quasilattice contribution to the ther- In attempts to explain the thermal conductivity of systems
mal conductivity at 70 K is of the order of 2 A . where the high-frequency vibrational states are localized,
several models have been proposed. In the following, we will
temperature fit above approximately 70 K, we have tried tacompare our data with different theoretical predictions of
relatexp, at 70 K to a characteristic phonon scattering lengthx .
(lpn, defined so that The concept of hierarchically variable-range hopping be-
tween localized states in quasicrystals was introduced by
1 Janot* In order to explain the increase af, at high tem-
Kpr(T) = §vaph<| o) (T). (11 peratures, an interaction between high-energy localized
modes and low-energy extended phonons is assumed. This
The scattering length,(»,T) =v (@, T) is, as implied by interaction induces the hopping of localized states between
Eq. (8), a function of temperaturand frequency, and there- equivalent sites of the structure. Since the quasicrystalline
fore needs to be averaged over the frequency spectrum witstructure in this model is described as a hierarchically packed
an appropriate weighing function. The proper way to calcu-ensemble of pseudo-Mackay icosahetirthe possible hop-
late (I ), such that Eq(11) is fulfilled, is mentioned in Ref. ping distances corresponding to the distances between the

39, and equivalent sites of the structure are expected to scale with the
cube of the golden mean In this picture, a thermal conduc-
o Cyw,T) tivity KphocT"*l is expected, where describes the damping

(Ipf(T))""=C, (T)f mdw- (12 of thermal propagation and depends on the hierarchical

structure of the quasicrystal. Assuming fog gfgsz4 ¢ZNsg g@

The resulting function has been plotted in Fig. 6. As may besimilar hierarchical structure as farAl-Mn-Pd where «
inferred from this diagram, the averaged phonon mean free=2.5;* we would expectkphoch-5.
path at 70 K, i.e., the temperature at which the experimental The excess high temperature contribution to the thermal
Ko Starts to deviate from the calculated one, is close to 2 A conductivity of Yz gMgs4 ZNsg 5, Which cannot be described
This has to be compared with the results of a powder x-rayn the Debye approximation, can be expresse&gs= «pn
diffraction study of the Zn-Mg-Ho icosahedral phase, where— thh In the inset of Fig. 5, we have plotted,. versusT on
atomic clusters which have been interpreted as extendedgarithmic scales. As may be seen, above 140K is
Bergman clusters could be identified with shell-radii varyingnicely approximated by a power-law,,.~T" with n=1.7
from 2.6 to 8.8 A% which in the inset, is represented by the solid line. This value

In Fig. 7, we show the calculated phonon mean free patlis close to the exponemt= 1.5 which has been predicted for
| pn @s a function of frequency for the temperatufes1 and  the hierarchical phonon hopping mechanism, provoked by
70 K together with the phonon wavelength-27/k, calcu-  the hierarchical structural characteristics of quasicrystals.
lated by assuming a constant phonon veloeity. At fre- The temperature variation of,,~T" with n=1.5 ought
quencies of the order ob~2x 10" rad/sec, the phonon to be compared withep,~T, often observed in amorphous
mean free path at 70 K becomes smaller than the phonosolids far above th&-plateau, typical for this type of mate-
wavelengthy and is of the order of LA . A maximuminthe rials. This difference is again an indication that quasicrystals
density of states as given in E¢{f) occurs at frequencies should not simply be regarded as another species of disor-
w~2x 10" rad/sec for temperatures around 90 K. Thedered solids.
equality ofl ,, and\ suggests that high frequency phonons at  Quite generally, the increase of the thermal conductivity
70 K are localized and that this localization is related toof solids at elevated temperatures has, in some cases, suc-
some characteristic structural correlation length of the ordecessfully been described by using a model originally pro-
of a few A . It is not possible to exactly determine this posed by Einsteif® who assumed a mechanism of heat
characteristic length, since the calculation of it is based ortransport due to a random exchange of thermal energy be-
the Debye model which is not expected to be valid at thoséween neigboring atoms vibrating with random phases. Ca-
temperatures, as discussed above. hill and Pohf® modified Einstein’s result by dividing the
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sample into regions of size/2, whose frequencies of oscil- stacking faults. Evidence for the effect of generalized
lation are given by the low-frequency speed of sound Umklapp-processes has been found between approximately
=2mv/\. This modification leads to a minimum thermal 23 and 140 K. Above these temperatures, vibrational modes

conductivity K min responsible for the heat transport cannot be described as
propagating excitations. Einstein’s model which considers

3n | RKET? f0p/T  x3eX the energy transfer between localized modes via a strong-

Kmin=\ 47 705 )0 (ex_l)zdx, (13 coupling mechanism cannot successfully explain the mea-

sured high temperature thermal conductivity. Our data at

wheren is the number of atoms per unit volume. We havehigh temperatures are, however, compatible with a variable-
plotted k,, as a dotted line in Fig. 3, using the val®g range hopping mechanism based on a hierarchical structural
=348 K from Ref. 13. Although previous measurements ofmodel of quasicrystals.

the thermal conductivity of quasicrystals at high  Taken altogether, our results provide strong evidence that
temperaturé$ were close to the prediction of Einstein’s the lattice properties of quasicrystals are indeed different
model, the minimum thermal conductivity model predictsfrom those of glassy materials. The very long mean free

Kmin=0.71 W/m K at 300 K for % Mgz ¢ZNs6.5 Which is  path, limited by the sample size, of itinerant lattice excita-

distinctly less than the observed,=1.9 W/m K. tions at low temperatures, the lacking evidence for scattering
at two level centers, the typical features of structural scatter-
V. SUMMARY AND CONCLUSION ing in quasiperiodic lattices and the characteristics of the
] increase of the lattice conductivity at high temperatures, all
Measurements of the thermal transport of oint in this direction. The trends for this behavior were

Y5 Mg346/Ns6.6 bEtween 0.1 and 300 K have been reportedecognized and discussed in earlier witk®3 but it is,

and analyzed. The thermal conductivity data have been disnost likely, the high structural perfection of the specimen
cussed on the basis of the Debye approximation in the teMnyestigated in this work, which allows for a much more
perature region below 70 K. At the lowest temperatureyphyvious identification of these features.

reached in our experiment, the phonon mean free path is

close to the smallest lateral dimension of our sample. No
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