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Lattice excitations in icosahedral Al-Mn-Pd and Al-Re-Pd
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We report results of measurements of the specific BgéT) of a large Czochralski-grown single grain of
icosahedral Ajg MngPdy, g and of a high-quality single-phase sample of icosahedrajR& Pd, 4 in the
temperature range between 1.6 and 280 K. For icosahedsghWihgPd,, g, the cubic-inT term to the low-
temperature specific he@,(T) is distinctly larger than the expected acoustic-phonon contribution calculated
from the results of low-temperature measurements of the sound velagiteeslv,, thus indicating a large
excess specific heatC.(T). The same conclusion can be reached for ;R8P 4.
[S0163-182698)02517-X

[. INTRODUCTION tivities at low temperatures, comparable to those observed in
doped semiconductof8.Since no magnetic excitations are
Since the discovery of highly ordered quasicrystals withpresent at low temperatures, a precise evaluation of the lat-
face-centered icosahedral symmetry and long-range quadice contribution to the total measured specific heat can be
periodic order with structural coherence lengths up t6 10 achieved. Therefore, Al-Re-Pd may be considered as a model
A,*~% many theoretical and experimental investigations ofSystem for the investigation of nontrivial thermodynamic
their dynamical properties have been made. In these matefproperties of nonperiodically structured materials.
als with long-range orientational order but only quasiperiodic N0 measurements of the specific heat in a wide tempera-
translational order, the common procedures based on pefiUré range up to room temperature have, to our knowledge,
odic boundary conditions for evaluating the lattice and elec@en reported for the face-centered icosahedral quasicrystals
tronic excitation spectra no longer apply. Only in the one-f the Al-Mn-Pd and Al-Re-Pd alloy systems. Below we
dimensional case, an exact solution of the acousti®resent the results of measurements of the specific heat
eigenmode problem has been fodn@linvestigations of the Cp(T) of a high-CI_UaIity single grain _of an _icosahed_ral
three-dimensional case revealed that eigenstates in quasicrydles MnePdh g quasicrystal, of a polygrain quasicrystal with
tals are always affected by an intrinsic decay rate and therdhe composition AlMngPd,;, and of a large bulk sample of
fore are never strictly localized ik space’’ The intrinsic  icosahedral AlRes Py 4, covering the temperature range
decay rate varies exponentially with the strength of the quabetween 1.6 and 300 K. Parts of these results, particularly
siperiodic potential and therefore in the long-wavelengththose forC,(T) below 15 K have been reported in previous
limit the intrinsic decay will be overshadowed by other de-Publications*+?
cay mechanisms, such as phonon-phonon scattering due to
the anharmonicity of the lattice oscillations. Inelastic
neutron-scattering investigations on icosahedral Al-Mn-Pd
revealed the existence of well-defined acoustic modes in the The single grain of icosahedral QlMngPdy», g was
vicinity of strong Bragg reflexions. Several other broad dis-grown with the Czochralski method from a melt of initial
persionless excitations at various energies up to 23 meomposition 72.1 at.% Al, 20.7 at.% Pd, and 7.2% Mn. The
have been observéd. details of the sample preparation are described elsevfere.
The elementary excitations are directly related to the speThe specimen has been checked by scanning electron mi-
cific heat of a material. Therefore, measurements of the sp&roscopy (SEM) investigations and electron-probe mi-
cific heat may serve as a tool for gaining information on thecroanalysis and was found to consist of one single phase.
elementary excitation spectrum of a solid. Among thermody-X-ray energy-dispersive spectroscopy yielded the final com-
namically stable icosahedral quasicrystals, Al-Mn-Pd is ongoosition 68.2 at.% Al, 22.8 at.% Pd, and 9 at.% Mn. The
of the very few systems for which quasicrystals are availabldiomogeneity and single quasicrystallinity was checked by
as large single grains, and therefore, for Al-Mn-Pd quasicx-ray Laue diffraction at different orientations. The full
rystals the phonon properties have been investigated in greaidth at half maximum of the sharp Bragg reflexions is lim-
detail®® Face-centered icosahedral Al-Re-Pd can be obited by the instrumental resolution and corresponds to a cor-
tained in the form of polygrained specimens which show,relation length of several tenth gfm. Transmission electron
depending on the composition, very low electrical conduc-microscopy(TEM) investigations revealed a very high de-

Il. SAMPLES AND EXPERIMENTS
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function of temperature on logarithmic scales for the tem-
perature range between 12 and 300 K. In the same figure, we
i - Al-Mn-Pd 20 show the measured total specific hé}ﬁg(T) of the high-
10° ' quality polygrained sample of icosahedral,qMngPd,; in
the temperature range between 1.6 and 18 K. We note that
the C;YT) andCEY(T) data coincide in the overlap tempera-
ture range. Therefore we assume with some confidence that
the low-temperature data of the polygrained sample also rep-
resents the specific heat of the single grain material. The
open squares in Fig. 1 represent the remaining specific heat
10° 00 C,(T) obtained by subtracting off estimates of the magnetic
T(K) contributionC,(T), and the electronic and tunneling states
1041 m ™ contribution (yqt yrs) T from the total measured specific
T (K) heat_. The evaluation of these terms is explained in detail in
1
previous work! At temperatures near 300 K, the measured
FIG. 1. Specific hea€,(T) of icosahedral Afg MnsPd,gas a  specific heaC,, is close to the Dulong-Petit expectation for
function of temperature between 1.6 and 280 K. The full circIeSC?J/ , the specific heat due to lattice excitations at constant
correspond to the specific heat of the single grain ggAIngPd, s  volume. At high temperatures, dilatation effects cannot be
and the empty circles to the polygrained samfdee text The  neglected, and therefor@y, may differ substantially from

empty squares indicate the lattice contribution to the specific heat P the lattice specific heat at constant pressure.

low temperaturegsee text The inset shows the calculated differ- ph .
ence betwee€C,(T) andC(T), due to thermal-expansion effects, In order to evaluate the difference betwe@@n(T) and

V .
as a function of temperatursee text Cph(T) 'for |cosahe(\1/ral Alg MngPdy 5, we recall that
Con(T) is related toC,,(T) as

gree of structural perfection of the quasicrystal with negli-

gible phason strains and confirmed the absence of precipi- cP

tates of other phasés. P 3,.GT 1)
The polygrain specimen of icosahedral,MngPd,; was v ’

synthesized from 99.997% pure aluminum, 99%9% pure

palladium, and 99.94% pure manganese. To provide homayherea is the linear thermal-expansion coefficient aBds

geneity, the sample was arc melted several times and subsgre Grineisen constant related to the bulk modutusis

guently quenched into water directly from 800°C. The de-

ph

tails of the sample preparation and @g(T) measurements 1 9K
have been reported elsewhéte. G=3 —) —1} 2)
The sample of icosahedral AIRe; s Pd 4, Synthesized P/

from 99.999% pure aluminum, 99.9975% pure palladium, v _
and 99.94% pure rhenium, was arc-melted several times, afve have calculated the ratiof(T)/C,,(T) for icosahedral
nealed and subsequently rapidly cooled to room temperaturé\les.2Mng Pth, g Using (9K/dp)t as deduced from the re-
The details of the sample preparation were presented in Re$ults of measurements of the elastic properties of a single
12. The x-ray powder patterns contained no traces of othegrain of icosahedral Al-Mn-Pd reported in Ref. 15, and the
phases and the SEM investigation using backscattered iniinear thermal-expansion coefficient reported in Ref. 16,
ages did not reveal any mass contrast, thus confirming th@cluding additional unpublished data.The result of this
homogeneity of our sample. The selected-area electrorfalculation is displayed in the inset of Fig. 1 as the plot of
diffraction patterns confirmed a high degree of quasiperiodid C/Cp) — 1. We note that the relative difference between
order and a very low density of phason defects. the measured specific he@gh and the calculated values of
The specific heat€ ,(T) of these samples were measuredcz,’h does not exceed 2% over the whole temperature range
using two different experimental techniques in overlappingcovered in this experiment.
temperature ranges. A standard relaxation technique was em-
ployed in the temperature range between 1.6 and 30 K. Fori. Specific heat and vibrational excitations at low temperatures
temperatures between 15 and 300 K an adiabatic continuous- (T<15 K)

heating calorimeter was used. Special care was taken to We first he | . T
minimize the radiation losses at elevated temperattfrébe e firstfocus on the low-temperature variationG(T)
p

temperatures in the range between 1.6 and 30 K wer@here any difference (G, may safely be neglected. Below,
reached using a pumpédie cryostat, and for those between We useCy for CF,, the lattice specific heat at constant pres-

15 and 300 K, a conventional gas-flofiHe cryostat was surep. The behavior of the specific he&,, of periodic
used. crystals for temperatureb<<0.029, , wheredy, is the Debye

temperature at very low temperatures, is well described by

Ill. RESULTS AND DISCUSSION the Debye model, i.e., assuming no dispersion in the vibra-

tional excitation spectrum. For periodic crystals this assump-
tion is well justified in the long-wavelength limit, i.e., when
In Fig. 1 the measured total specific he’é;g(T) of a  \,>a, wherea is the lattice parameter. Although for qua-
single grain of icosahedral & MngPd» s is shown as a sicrystals no strict definition of a three-dimensional lattice

A. Icosahedral Al-Mn-Pd
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the low-frequency density of stat€BOY) is proportional to
w?. For icosahedral quasicrystals with face-centered icosahe-
dral structures, such as Al-Mn-Pd or Al-Re-Pd, it was
argued! that the phonon-phason coupling may lead, in the
presence of large phason strain, to a softening of shear
acoustic waves and consequently to an increase of the cubic-
in-T term to C,(T). TEM investigations of our
Algg MngPdy, g quasicrystal, however, revealed negligible
i - Al-Mn-Pd phason strain, and therefore the phason-phonon hypothesis is
not an obvious choice for explaining our observation.
As an alternative explanation we consider that the excess
cubic-in-T term toC(T) of icosahedral quasicrystals might
‘ be of electronic origin. Icosahedral quasicrystalline phases
10 100 are thought to be stabilized through a Hume-Rothery-type
T(K mechanism, related with a pseudogap in the electronic DOS
at the Fermi energ¥r .?2 Electronic structure calculations
for rational approximants of various icosahedral quasicrys-
tals and various types of experiments reveal a depression of
the electronic DOS &g .%>~?® The calculations predict that
the structure of the electronic DOS, even inside the
pseudogap, is modulated by a set of narrow spiky peaks with

parameter is possible, we expect, that also for them th@ Width of less than 10 meV. _ o .
Debye-type approximation holds when,>b, whereb is Th_e C(_)ntnbunon of electronic excitations to the specific
the characteristic size of the structural motif. A naturaln€atis given by
choice forb in icosahedral quasicrystals is the diameter of an 9 (=
icosahedral cluster which is of the order of 20A. Ce,:—_l_f dEf(E,T)D(E)E, (5)

In Fig. 2 we show the measured specific heat of dTJo

3 .

Algg MngPd;; g plotted asC,, /T vs T as full circles. The  \yheref(E,T) is the Fermi-Dirac function an®(E) is the

open squares represe@t/T%. From the plot of the ratio glectronic DOS. Using the Sommerfeld expansion, &).
C")/T3 versus temperature it is possible to identify the deviateduces to

tions from the low-temperature Debye-type behavior

C,/T? (Jg-atom™K)
2

=
<
&

-

FIG. 2. Specific heat of icosahedral AiMngPd,, g plotted as
Cp(T)/T3 versusT (full circles). The empty squares represent the
lattice contribution at low temperaturésee text The horizontal
solid line indicates the Debye specific h€x$ /T2, calculated from
measured sound velocities using E8§).

Ce=yT+BaT>+0(T°), (6)
Cp(T)= 277_2kg 3 3) where the Sommerfeld constaptand B¢ are given by
54°%3 5
Hereus is the weighted average Y= %kZBD(EF) (73
3 1 2 and
R @ -

D'(Ep)\?> _ D"(E
Pa= = %"QD(EF){“( e F>)) o ﬂ'

of the sound velocities, and v, for the longitudinal and F F (7b)
shear waves, respectively. Using the low-temperature values
of v, and v, reported in Ref. 15 we obtain,=4.09 Here,D' andD" are the first and the second derivatives of
x10° cm s ! for the average sound velocity of icosahedralthe electronic DOS with respect to the energy, respectively.
Algg MNPy, 5. This valuev, is compatible withCp /T3 This approximation holds as long &g T<E, where E,
=1.63x10°° J g-atom* K4 which is indicated as a short describes the characteristic energy scale over whi¢g)
horizontal solid line at the left margin of Fig. 2. We conclude changes significantly.
that for icosahedral Al-Mn-Pd, the cubic-ih-term to the In conventional metald) (E) is a slowly varying function
specific heat, represented by the empty squares in Fig. 2, isf E nearEg, therefore bottD’ andD” are small and th&3
in the limit of low temperatures, distinctly larger than the correction to the usual electronic specific hedt can be
Debye valueCp /T2 calculated from results of acoustic mea- neglected. For icosahedral quasicrystals, however, a strong
surements, suggesting a large excEsserm to the specific variation of the electronic DOS close to the Fermi
heat. energy>~?"may lead to large values &' (E¢) andD"(Eg),

Large excess specific heat, of the lattice are very and consequently to large values@y. Although no experi-
common in amorphous solids. It has been suggested that fonent has, so far, given a clear indication of the spiky features
these materials stationary anharmonic resonant modes may the electronic DOS, we present below a crude estimate of
contribute a distinct excess cubic-Thterm to the specific the possible influence of narrow structures in the electronic
heat!® The eigenvalue equation for the anharmonic resonanPOS onCy(T).
mode is similar to that obtained for a harmonic resonant Consider a parabolicly shaped minimum in the electronic
mode produced by a force-constant defcand therefore DOS at the Fermi energy of the form



D(B) / D(Ep)

Ep
E(auw)

Ep-02 Ep+A/2

FIG. 3. Electronic model DO® (E) nearEg .

Er\?
D(E)=D(Eg)| 1+ T)

8

with a width A of 5 meV (see Fig. 3. The second derivative
of the electronic DOS given by E¢B) leads, using Eq(7b),
to a T3 term to the electronic specific he@t,, that is of the
same order of magnitude as the cubictirexcess specific
heatC,, of icosahedral Alg MngPdy5 5.

Various experiments probind”(Eg) (Refs. 28—31have
indicated, however, that thB”(Eg)/D(Eg) ratios are sub-
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FIG. 4. Lattice contribution to the specific heat of icosahedral
Algg MngPd,, ¢ plotted asC,(T)/T® versusT? at low tempera-
tures. The broken line is a fit of EG11), as explained in text.

with the parameterg=2.63x10° Jg-atom*K * and §
=9.21x10 8 J g-atom® K ®as may be seen by the broken
line in Fig. 4.

The contribution of lattice vibrational excitations to the
specific heat is given by

~ ,9( fhw
Cph(T)—f dw g(w)ﬁ exp (hwlkgT)—1)"

whereg(w) is the density of vibrational staté®OVS). The
temperature dependence of the low-temperature lattice spe-

(12

stantially smaller than those which are compatible with thegjfic heatC,(T) given by Eq.(11) is compatible with the
assumption that the observed excess specific heat is of elegyy-frequency part of a DOVS of the form

tronic origin. Among those aré’Al NMR experiments2—3°

probing the temperature dependence of the spin-lattice
relaxation-rate in various icosahedral quasicrystals, which
have indicated strong deviations from the usual Korringa-

type relaxation behaviorT;T) “1=const. observed in met-

aw?+bo?
0
The substitution of Eq(13) into Eq.(12) leads to a specific

for w=<wg

9(w)= (13

for w>wy.

als. The temperature dependence of the spin-lattice relapeatCp(T) of the same form as given in E(L1) with

ation rateT,, including terms to ordef?, is of the forni?

.

2
T (1+€T79),

9
wheree is given by

_ w?kg D"(Eg)
73 DEH

(10

The D"(Eg)/D(Eg) ratios that are compatible with the re-
sults of the mentioned experimeffts*® account for only a
few percent of the observed cubic-Thexcess specific heat,
indicating that most likelyC,, for the most part is of non-
electronic origin.

In what follows we therefore consider th@t,, the dif-
ference between:;,(T) and Cp, is caused by an enhanced

kg \* 3b ,(kg)|%|4kgm*
= 9NA(% ‘?“’o(? 15 (149
and
s=enb| 8| 8T 14b
=6ibl %) &3 (14b)
wherewy is given by
a 3 b 5
3NA=§wO+§w0. (140

Thus, the lattice specific heat as given by E¢kl) and
(149—-(14¢ assuming a DOVS as given in E¢L3) de-
scribes the measureiiph/T3 vs T curve at low temperatures
very well (see Fig. 4. Both the upturn of the rati@ph/T3
and the subsequent maximum @“bh/T?’ are common for
amorphous solid® but have also been observed in highly

lattice contribution, exceeding the expected acoustic specifigrqered crystals with low-lying optical phono#s®*This de-

heat. In Fig. 4 we shovC/T3=C,/T* vs T? in the tem-

viation of the specific heat ratifiph/T3 at low temperatures

perature range between 1.6 and 14 K. The data are very walom a constant value that is expected in the Debye-type

represented by an expression of the form

Cpn=BT3+6T°, (12)

approximation, is most likely caused by a deviation of the
dispersion relationv(k) of the lowest transverse-acoustical
branches from the linear variatian<k. In a first approxi-
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25101 ' ‘ ' group symmetry depends only on the absolute valug,of
leading to a DOVS of the acoustic modes of the form de-
2.0x1013} 1 scribed by Eq(13), where thew* term is given by
i - Al-Mn-Pd
1: 1.5x108] _ - _ Sa _5a| 4
3 % 9s(@)=0ar(®) +gu(w)= (ﬂ_zv?+2ﬂ_20|6)w :
S 1oa0) } 1 (16)
’I According to neutron-scattering experiments on other quasi-
0.5x1013] 4 ] q
> ¥ crystals, the parametera; and «; are of comparable
x magnitude*? Therefore, the longitudinal term in Ed16)

does not exceed a few percent of the transversal contribution.
Inserting the parameters; and v, obtained as described
above, yields the parametes=1.8x10"1" s*g-atom !

FIG. 5. Dispersion relation of the transverse acoustic excitationsind b=6.5x10"%* s> g-atom * of Eq. (13). Inserting a
of icosahedral Al-Mn-Pd measured at 300(Ref. 41). The broken and b into Egs. (149—(140 leads to §=2.5x1078
line is a fit of Eq.(15) to the data. Jg-atom!K™® that is distinctly smaller than the corre-

sponding values=9.2x 10" 8 J g-atom* K~® obtained from

mation the dispersion relation(k) of the transverse acous- the fit of Eq.(11) to the low-temperature specific heat, sug-
tical excitations can be expanded in a power series of thgesting the presence of a larfé excess specific heat that is
form of nonacoustic origin.

0 2x107 4x107 6x107
k (cm™)

_ 3
w(k)=vk+ak®. (15 2. Density of vibrational states

For most solids the coefficient is negative®® This simply In principle, the DOVS can directly be evaluated from
reflects the fact that the group velocity of the lattice excita-results of inelastic neutron-scattering experiments. For non-
tions decreases with increasikgFor some periodic crystals, monoatomic materials, however, these measurements pro-
however, the coefficient is positive. Examples are the A15 vide a generalized density of vibrational stat&DOVS),
compound NBSn (Ref. 3% and Nb metaf® For these mate- which is a normalized sum of the partial DOVS, weighted
rials with strong electron-phonon interaction, the unusualwvith the Debye-Waller factor, the concentration, the scatter-
w(k) variation is thought to arise from the complex interplay ing cross section, and the atomic mass of each element in the
of interatomic elastic force®. sample. For Al-Mn-Pd materials, the corresponding weights

The increase of thé:ph/T3 vs T curve could also be are fairly close to each otH&rand in this particular case in
caused by contributions from low-energy optical phononsthe limit of low frequencies, the GDOVS is expected to be
For example, numerical calculations by de Wette ancclose to the DOVS. The resolution of these experiments de-
Kulkarni*® revealed a contribution to the specific heat of pends on the energy and it decreases substantially for vibra-
YBa,Cu;O; from dispersionless excitations with energies tional excitation energies below=20 meV. In the low-
=2x 10" Hz already at 6 K, Wherépth3 starts to increase energy range, which cannot be accessed by neutron-
considerably with increasing temperature. scattering experiments, the DOVS can, however, be

In Fig. 5, we show the dispersion relation of the lowestcalculated from the low-temperature specific-heat data. In
phonon branch of Ak MngPd,, smeasured af=300 Kby Fig. 6 we show the GDOVS as a function of energy as de-
de Boissiefl' using inelastic neutron scattering. Measure-rived from inelastic neutron-scattering défarhis GDOVS
ments of the sound velocities at temperatures between 308as extrapolated to the energy range between 0 and 8 meV,
and 4 K byAmazit et al® revealed only small variations of i.e., 0<w<1.215<10"s %, by using the proportionality
v ando, upon cooling, of the order of a few percent. There-g(w)~ w?. Using Eq.(12), we have calculated the specific
fore, we assume that in the temperature range between 1 ahéat C(T) inserting forg(w) the GDOVS as it follows
300 K the coefficients of the dispersion relation do notfrom Ref. 44. The result of this calculation is represented by
change significantly. In icosahedral quasicrystals, the lowedhe solid line in the inset of Fig. 6. Below 20 K, the lattice
phonon branch is transversal and doubly degenerate for argpecific heaC(T) obtained from theneasured G(T) data
direction of the wave vectdk. According to the previously in the way described above, is distinctly smaller than the
established ratio, /v,= 1.8 ° the transverse modes of acous- result of this calculation. This implies that the low-frequency
tical excitations contribute more than 90% to the cubidin- part of the GDOVS of Ref. 44 is not compatible with the
term of the specific heat due to acoustic degrees of freedonmeasuredC(T) at low temperatures and we briefly discuss
Therefore, we can estimate the specific heat due to acoustibis discrepancy below. Similarly, the average sound-
excitations bele 5 K using the dispersion relation shown in velocity deduced from the measured GDOVS, using the
Fig. 5 within a few percent. Debye-type low-frequency proportionalityg(w)~v;3w2

A fit of Eq. (15) to the w(k) data, indicated as a broken differs substantially from the average sound-velocity mea-
line in Fig. 5, yields the coefficienta=(—3.9+0.1) sured at low temperaturés.
x10" 1 cm®s! for the cubic-ink term and v,=(3.75 Although Eq.(12) relatesC , with g(w), the DOVS can-
+0.1)X 10 cms L In the acoustical limit, the dispersion not be evaluated from the measured specific heat in an un-
relation w(k) for quasicrystals with an icosahedral point- ambiguous way. Nevertheless, because at low temperatures
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FIG. 6. Generalized density of vibrational stat&DOVS) of FIG. 7. Lattice contribution to the specific heat of icosahedral

icosahedral A};Mn,Pd; per unit of frequency and per g-atom Algg MngPdh, g divided by T2 versusT (empty squares The ratio
(from Ref. 49. The solid line indicates the low-frequency DOVS, Cph(T)/T3, calculated using the GDOVS from Ref. 44, modified at
as calculated from the low-temperature lattice specific lisae  low temperaturegsee text and Fig.)6is shown by full diamonds.
text). The inset shows the lattice specific heat of icosahedrallThe full circles indicate the calculate@,(T)/T? ratio using the
Algg MngPdy, g plotted asth(T)/T3 versusT (empty squaresThe  modified GDOVS and taking into account an additional, dispersion-
solid line indicates the specific heat calculated from the GDOVSess optical modésee text
derived from neutron scattering experimefiRef. 49 using Eq.
12). Brillouin-zone boundarie® Inelastic neutron-scattering
measurements on a single grain of icosahedral
only the low-frequency part of the DOVS contributes signifi- Ales MNP, g revealed, besides acoustic modes, the exis-
cantly to the specific hea(T), the deviation of the spe- tence _of a senes.of broad, 4 meV wuje, d|sper5|onless modes
cific heatC,, from the simpleT® dependence of Eq3) can at various energies up to 23 mé&V Dispersionless phqnqn
be used to evaluate the deviation of the frequency deperffodes in icosahedral & MnoPd, ¢ have also been indi-
dence of the DOVS from the? Debye-type spectrum at low cated by optical experlmen‘ig. . . _ .
frequencies. The speuflc—heat ratiGq/ T° Of a nond|spers_|ve station-
Fitting the measured specific he@p(T) with Eq. (1) @Y mode with frequencyw shows, as a function of, a

provides the two parametegsand . Inserting these param- Maximum atTpq~0.2k w/kg . With this in mind we have
eters  into Egs. (14a—(140 yields a=3.27 calculated the specific he@,(T) using the same procedure
x10°Y Sg-atom! and b=2.37x10"% & g-atom *. as described above, but by taking into account an additional

With these parameters, E(L3) leads to the low-frequency 0W-energy optical mode in the DOVS. The result is shown

DOVS that is drawn as a solid line in Fig. 6. The result of S full circles in Fig. 7. It may be seen that at intermediate

this calculation is substantially different from the GDOV<S temperaturesT~25 K) the agreement between calculation

derived from inelastic neutron-scattering d&tawhich is ~ @nd experiment may substantially be improved. This, in turn,

most likely caused by the limited accuracy of the neutronSUggests the presence of optical modes at low energies. The

time-of-flight technique at low frequencies. present calculation oE,(T) is based on assuming an addi-
tional broad optical mode at an energy of 10 meV with a

3. Intermediate temperature€l5 K<T<50 K) width of 1 meV.
We now turn to the behavior oE,n(T) at i'nte.rmediaFe B. Icosahedral Al-Re-Pd
temperatures, Whel@ph/T3 increases slowly with increasing . _
temperature and passes over a broad maximum centered at | '€ complete set of our specific-heat dat(T) of icosa-

approximately 25 K. In Fig. 7 we show the specific-heat ratiol€dral AoRes P 4 as a function of temperature is shown

Cph(T)/T3 vs temperature between 10 and 200 K as obtaineéﬁ Fig. 8 on double logarithmic scales for the whole tempera-

from experimentempty squares The full diamonds display ture range c_overed in this work. The low-temperature part of_
the same ratio that results from calculating the lattice specifid’€S€ data in the range between 0.065 and 18 K has previ-
heat using Eq(12) by inserting the low-frequency DOVS as ously beg_n reported in Ref. 12. At the lowest temperatures,
obtained from the low-temperature part ©f(T) comple- the specific hean('I:)2|s dominated by a nuclear hyperfine
mented by the GDOVS of Ref. 44 for frequencies exceedingOntributionCy=AT"*. The lattice contributiorC,, to the
1.21x108 s™1. The agreement at high temperatureB ( speC|f|9 heaC, beION5 K has-bee-n evaluated in Rgf. 12 by
>50 K) is quite good. It may be seen, however, that the?SSUMINg that the main cqntnbunon_s to the specific Iﬁgﬁt
augmented DOVS still cannot explain the height of the broad"® from nuclear, electronic, tunneling states and lattice ex-
maximum ofC /T3, Citations

Theoretical investigations of the lattice dynamics of ratio- _ 3 5 -2
nal approximants to i?:osahedral quasicrystgls predict the ex- Co(M=(yrst ye) T+BT + ST +AT % (17)
istence of a hierarchy of nondispersive stationary modedhe solid line in Fig. 8 indicates a fit of EqL7) to the data
around high-symmetry points corresponding to quasiin the temperature range between 0.065 and 8 K, yielding the
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FIG. 8. Specific hea€y(T) of icosahedral AljRe; Phy 4 as a FIG. 9. Lattice contribution to the specific he2g,(T) of icosa-

function of temperature between 0.07 and 28@&Kpty diamonds hedral AhgRe; Pdh; 4 plotted asC,/T? versus temperature. The

The full diamonds indicate the lattice contribution to the specifichorizontal solid line indicates the Debye specific hegt/ T3, cal-

heat at low temperatures. For temperatures at®W the linear  culated from estimates of the sound velocities using B§.(see

contribution to the specific heat resulting from the tunneling stateg¢ext). The inset shows the normalized specific-heat ratio

and electronic excitationsy(+ yrg) T is negligible in comparison Cph(T)/(,8T3) versus the normalized temperatufeee text of

to the quasilattice contributioRef. 12. icosahedral AlRePd; 4 (full diamondg and icosahedral
Al gg MngPd,, g (EMPpLY squargs

— —4 Flp-2 —

parametersyrst yg=1.25¢10" Jg-atom K ', A=823 Al e pd, , is similar to the structure of icosahedral
X107 Jg-atom 'K, f=3.6<10°" Jg-atom=K™, and A .. MngPd,, . Although the atomic weight of Re is larger
6=1.52x<10 J g-e_ltom K . o ) by a factor of 3 than the atomic weight of Mn, the ratio of the

The Cy, contribution vanishes with increasing temperature ;4o densityR of Al-gRe; fPdy; 4to the mass density™ of
asT~2 and contributes less than 1% to the total specific hea/[“%ZMngPd228 pR/p'\(A)=1..625 is close to unity. Assuming
Cp at temperatures above 1 K. The contributions to the spegat™ the elastic constants  in AMnPd, s  and
cific heatC, from the electronic and tunneling states excita- R P, 4 quasicrystals are of similar magnitude we
tions cannot be determined separately. Both terms contribut,%;y éstirﬁgte the sound velocity of icosahedral

a linear-inT term to the specific heat and therefore, the 'at'AImReB P4 A simple renormalization of the average
tice contribution to the specific he&, abowe 1 K can be Iow-terhperature sound  velocity of icosahedral

obtained by subtracting off a linear term. The result of thisy) MngPd,, s (Ref. 15 using the mass density ratio men-
evaluation of the quasilattice contribution to the specific hea{io??éd ;bovzés yieldso =3.7x1 m s! for icosahedral
= 3.

Cpn is indicated by full diamonds in Fig. 8. We I’.IOte. that for AloRes Ph; 4. This value of the sound velocity is compat-
temperatures between 5 and 300 K, the contribution to thg, " \ith Co IT3=2.2%x10°5 J g atom* K4 which is dis-

specific heat varying linearly witfi does not exceed 1% of 3veq as a horizontal solid line on the left margin of Fig. 9.
the total specific heat. . The comparison with experiment again suggests a consider-
For icosahedral AbRe; Pty 4, the measured specific 40 excess specific he@t, at low temperatures in icosahe-
heatCP(T) a'g the highest temperatures'reached in our experigy 4| AloRes; Pdby 4, as noticed before for Ak MngPdhs 5.
ment, is again close to the Dulong-Petit expectation. For this | grder to compare the quasilattice contributions to the
quasicrystalline material the difference betwezfy andChy  specific healC,,(T) of the two icosahedral quasicrystalline
cannot be evaluated in simple ways, because neither therm@émpounds AlRE; Phy 4 and Alg MngPdh, 5 in the tem-
expansion nor compressibility data are available at prese”berature range where the maximum mgh/-r's occurs, we
Since the structure of icosahedrak,fRe; (Pd,; 4iS Similar to plot the normalized specific he@t,/(8T?) versus the nor-
that of icosahedral A MngPdy, g, there are no reasons 10 yajized temperaturd/ g, in the inset of Fig. 9. The maxima
expect the dilatation and compressibility effects of icosaheys the /(BT3) ratios for both icosahedral quasicrystals
dral Al;oRes Pdhy 4 t0 be substantially different from those o¢cyy at the same reduced temperature, but the height of the
of icosahedral VAgg_zlvlngPdZZB. Thus, we assume the differ- 5vimum is distinctly larger in the case of AMngPd,, s,
ence betweelC, and C;, to be of the same order of mag- gyggesting a stronger influence of a low-energy optical mode
nitude as in icosahedral &l MngPdy, g, Not exceeding a jn Mn alloys than in the AljRe; P, 4 quasicrystal.
fraction of 2% in the whole temperature range covered in this ' '
work. . . IV. CONCLUSIONS

In Fig. 9, we show the quasilattice contribution to the
specific heat of AJgRe; Pdy; 4 divided by T3, versus tem- The specific heat of both icosahedrakddMngPd,, g and
perature on double logarithmic scales. Analogous toAl;jRe ¢Pd; 4 has been measured in the temperature range
Algg MngPd» g, the specific-heat ratio Cph/T3 of  between 1.6 K and room temperature. For both materials, the
Al;oRe Pty 4 shows a maximum aT~25 K. As men- quasilattice contributiol€,(T) to the specific heal(T) is
tioned above, the quasicrystal structure of icosahedratharacterized by a broad maximum of mgq/T3 vsT curve
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atT~25 K. Below 15 K,Cp(T) of both materials can ad- electronic DOS at the Fermi energy, but we estimate a pos-
equately be described by an expression of the f@pm sible contribution of that type to be quite small. The domi-
=BT3+ 6T°. The absolute value of the maximum of the nating part of the excess cubic-interm to the specific heat
Cph/T3 vs T curve of Akg MngPdy, g can well be described is most likely due to nonpropagating lattice excitations that
by the presence of an optica| mode at an energy of 10 me\[jo not manifest themselves in acoustical experiments.

At the lowest temperatures, the experimental cubig-in-
term toC(T) for both icosahedral Al-Mn-Pd and Al-Re-Pd
guasicrystals is distinctly higher than the expected acoustic-
phonon contribution, indicating a large excess specific heat
Cex. Part of this excess specific heat might be due to an This work was in part supported by the Schweizerische
unusually large cubic-ii- contribution of the electronic spe- Nationalfonds zur Falerung der wissenschaftlichen Fors-
cific heat caused by a distinct and narrow minimum in thechung.
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