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Low-temperature transport, thermal, and optical properties of single-grain quasicrystals
of icosahedral phases in the Y-Mg-Zn and Tb-Mg-Zn alloy systems
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We present a comprehensive series of results of electrical transport~electrical conductivity, magnetocon-
ductivity, Hall effect!, thermal~specific heat!, and optical~reflectivity! measurements in varying temperature
ranges between 1.5 and 300 K on high-quality single-grain quasicrystals of icosahedral Y-Mg-Zn. This data set
is augmented by the specific-heat and optical-reflectivity data obtained from a single-grain quasicrystal of
icosahedral Tb-Mg-Zn. For Y-Mg-Zn, both the electrical conductivitys(T) and magnetoconductivityds(H)
may be described by calculations considering quantum interference effects. A detailed comparison of the
weak-localization contributions tos(T) and ds(H) with our experimental data provides estimates of the
inelastic and spin-orbit relaxation rates. The inelastic relaxation rate is found to be proportional toT3. The
dominant contributions to the optical conductivitys1(v) spectrum, obtained from the reflectivityR(v) data in
the frequency range between 16 and 9.73104 cm21, are a strong Drude feature at low frequencies and a
prominent absorption signal centered at approximately 63103 cm21. A comparison of the spectral weight of
the Drude contribution tos1(v) with the magnitude of the linear-in-T termgT of the low-temperature specific
heatCp(T) yields the itinerant charge-carrier densityni57.6231021 cm23 or 0.13 charge carriers per atom.
The low ni value is corroborated by the results of the Hall effect measurements. For Tb-Mg-Zn, the optical
conductivitys1(v) spectrum reveals features similar to those of Y-Mg-Zn. The low-temperature specific heat
Cp(T) of Tb-Mg-Zn is strongly influenced by a spin-glass-type freezing of Tb moments and by crystal-
electric-field effects.
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I. INTRODUCTION

A thermodynamically stable icosahedral phase in
Y-Mg-Zn alloy system was identified by Luo an
co-workers.1 Its powder x-ray-diffraction pattern turned ou
to be identical with the Y-Mg-Zn Z-phase found more than
decade earlier by Padezhnova and co-workers.2 Subsequent
investigations have shown that thermally stable icosahe
phases also form when Y is fully substituted by Tb, Dy, H
or Er.3,4 These are, so far, the only stable phases that a
the study of the features of localized 4f magnetic moments
arranged on an icosahedrally ordered quasiperiodic lattic

Icosahedral quasicrystals in theR-Mg-Zn (R5Y, Tb,
Dy, Ho or Er! ternary systems crystallize in a face-centere
icosahedral~fci! structure of the Frank-Kasper type. This se
them apart from Al-based thermodynamically stable
phases, which crystallize in a Mackay-icosahedron-ty
structure. IcosahedralR-Mg-Zn phases melt incongruently
i.e., they decompose before melting. Investigations of
thermal and transport properties of these phases have p
ously been carried out on polygrain and often multipha
samples. Recent advances in the growth of single-g
R-Mg-Zn quasicrystals,4 which were based on the terna
phase diagram reported by Langsdorf and co-workers,5 have
eliminated the occurrence of second phases and effec
grain boundaries upon the measured properties. The s
tural quality of these single-grain quasicrystals, as revea
by recent high-resolution transmission electron microsc
PRB 620163-1829/2000/62~1!/262~11!/$15.00
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~HRTEM! and x-ray-diffraction experiments sets the
among the best highly ordered icosahedral phases.6

In view of the high structural perfection and the rath
low electrical resistivities that fall in the range between 1
and 200 mV cm,7 i.e., distinctly lower than the values pre
viously reported for other thermodynamically stable icosa
dral phases, single-grainR-Mg-Zn quasicrystals may be clas
sified as highly ordered icosahedral metals, thus
corroborating the views that structurally perfect icosahed
phases are either poor conductors or insulators. In orde
gain a better understanding of the ground state of the ico
hedralR-Mg-Zn phases, it seemed of interest to investig
the low-temperature electronic and thermal properties. H
we report the results of measurements of thermal~specific
heat!, electrical transport~electrical conductivity, magneto
conductivity, Hall effect! and optical properties~reflectivity!
of single-grain quasicrystals of icosahedral Y-Mg-Zn in d
ferent temperature ranges between 1.5 and 300 K. We
present results for the specific heat and optical reflectivity
icosahedral Tb-Mg-Zn.

II. SAMPLES AND EXPERIMENTS

Single-grain quasicrystals of icosahedral Y-Mg-Zn a
Tb-Mg-Zn with sizes of up to 5 mm were grown by slo
cooling of ternary melts containing excess magnesium
zinc.4 For Y-Mg-Zn the starting composition was chose
based on the primary solidification area of the icosahed
phase, as identified by Langsdorf and co-workers.5 Some ad-
262 ©2000 The American Physical Society
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justment of the starting composition was necessary to g
icosahedral Tb-Mg-Zn.4 Following the growth, the unde
canted flux was removed from the surface by a dilute so
tion of nitric acid in methanol. Using quantitative x-ray m
croanalysis, the composition of the Tb-Mg-Zn single gra
was found to be 9 at.% Tb, 34 at.% Mg, and 57 at.% Z4

i.e., very close to the composition of icosahedral Y-Mg-
reported in Ref. 5. The specimens were cut from the sin
quasicrystals using spark-erosion. Thermal and optical m
surements were performed on the specimens in the form
plates with approximate dimensions 33331 mm. A speci-
men of iocsahedral Y-Mg-Zn in the form of a prism
0.430.433 mm in size was used for electrical transpo
measurements. Both Y-Mg-Zn specimens were cut from
jacent parts of the same single-grain quasicrystal.

The electrical conductivity, the magnetoconductivity, a
the Hall effect were measured by a standard low-freque
ac technique in different temperature ranges between 1.8
250 K and in magnetic fields of up to 70 kOe. The magn
toconductivity was measured in a transverse configurat
i.e., the magnetic fieldH was applied perpendicular to th
electrical currentI . For the Hall effect measurement, a sta
dard setup with the two Hall voltage contacts fixed along
line perpendicular both to the currentI and to the magnetic
field H was used. A capacitance thermometer was use
stabilize the temperature, and at each temperature point
magnetic field was varied stepwise. In order to eliminate
misalignment voltage, at each magnetic field setting, the H
voltage was measured with the sample in two different o
entations, 180° apart.

A conventional relaxation-type method was used for
specific-heatCp(T) measurements. A sapphire disk on
which a heater and a Ge-Au thermometer had been ev
rated was weakly thermally coupled to a heat sink held a
constant temperature. The samples were mounted on the
using a thin layer of Apiezon grease. The temperatures in
range between 1.5 and 20 K were reached in a pumped4He
cryostat.

The optical reflectivityR(v) has been measured in th
frequency range between 16 and 9.73104 cm21, i.e., over
almost four orders of magnitude in frequency, using fo
spectrometers with overlapping frequency ranges. In the
infrared range~FIR! we used a Bruker IF113v Fourier inte
ferometer with a Hg arc-light source and a He-cooled G
bolometer detector, while from the FIR up to the midinfrar
range a fast-scanning Bruker interferometer IFS48PC
used. A homemade spectrometer based on a Zeiss mono
mator and a McPherson spectrometer were employed in
visible spectral range and in the ultraviolet spectral ran
respectively. From the midinfrared down to the FIR we ha
used the reflectivity of gold as reference. All measureme
have been made at 300 K and in the FIR range also at
lected fixed temperatures between 6 and 300 K. Upon c
pleting the measurements, the surfaces of both samples
polished and the measurements were performed again, w
out any noticeable change in theR(v) data.

III. RESULTS, ANALYSIS, AND DISCUSSION

A. Electrical transport in icosahedral Y-Mg-Zn

1. Electrical conductivity and magnetoconductivity

Our electrical conductivitys(T) data for Y-Mg-Zn taken
in nominally zero magnetic field between 1.8 and 150 K
w
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displayed in Fig. 1. Within this temperature range, the ov
all variation of the conductivitys amounts to 3% of the tota
conductivity. In the whole covered temperature ranges in-
creases monotonically with increasingT. A tendency to a
decreasing slopeds/dT is evident above approximately 5 K
and at 14 K thes(T) curve exhibits an inflection point
Above 14 K, the slopeds/dT of the conductivity curve in-
creases with increasing temperatureT. The shape of the
s(T) curve and the conductivity values are close to tho
previously reported for single-grain quasicrystals of icosa
dral Y-Mg-Zn.7 As we shall discuss below, the observe
behavior ofs(T) above 14 K canquantitativelybe described
by considering weak-localization effects in the presence
spin-orbit scattering. A contribution tos(T) due to another
mechanism is necessary, however, to account for the t
perature variation of the conductivitys(T) between 1.8 and
14 K.

The magnetoconductivityds(H) data taken at selecte
fixed temperatures in the range between 4 and 30 K an
magnetic fields of up to 70 kOe are shown in Fig. 2. Beca
ds(H) is obtained as the small difference between two la
quantitiess(H) ands(0), which are inversely proportiona
to extremely small measured voltages along the sample,
scatter of the data points is considerable. At 4 K and at 7.8 K,
ds(H) first is increasingly negative with increasing ma
netic fieldH, passes through a minimum, and then tends
positive values with further increasingH, changing sign near
4.3 and 3.3 kOe, respectively. ForT520 and 30 K,ds is
positive in the whole covered magnetic-field range and
creases monotonously with increasing magnetic fieldH. This
ds(H) behavior may be interpreted as a manifestation
quantum-interference effects when spin-orbit scattering
present. We recall that in the weak-localization regim
quantum-interference effects give a magnetoconducti
ds(H) that is positive when the spin-orbit scattering
weak, i.e.,tso

21!t i
21 , wheretso

21 and t i
21 denote the spin-

orbit and inelastic scattering rate, respectively. In the int
mediate regimetso

21;t i
21 the magnetoconductivityds(H)

changes sign from negative to positive with increasing m
netic field and it remains negative in the limit of strong sp
orbit scatteringtso

21@t i
21 .8 For Y-Mg-Zn, the magnetocon

FIG. 1. Electrical conductivitys of a single-grain quasicrysta
of icosahedral Y-Mg-Zn as a function of temperatureT between 1.8
and 150 K.
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264 PRB 62M. A. CHERNIKOV et al.
ductivity ds(H) curves taken below 8 K are characteristic
for moderate spin-orbit scatteringtso

21;t i
21 . Above 20 K,

however, theds(H) data indicate that spin-orbit scattering
now weak, i.e.,tso

21!t i
21 . A crossover from the regime o

moderate spin-orbit scattering to the regime of weak sp
orbit scattering, reflected by a change in the type of theds
vs H variation, occurs because the inelastic scattering
t i

21 rapidly increases with increasing temperatureT.
We first analyze the temperature variation of the cond

tivity s(T) measured in zero magnetic field between 1.8 a
150 K, and subsequently discuss the behavior of the l
temperature magnetoconductivityds(H). The weak-
localization correction in the presence of spin-orbit scatter
is given by9

dsWL~T!5
e2

2p2\
S 3A 1

Dtso
1

1

4Dt i

2A 1

4Dt i
23A 1

Dtso
D , ~1!

whereD is the electron diffusion constant. In Eq.~1!, the last
temperature-independent term is commonly added so
dsWL(T) tends to 0 atT50. The electron diffusion constan
D may be estimated using the Einstein relation for the e
trical conductivitysB5e2N(EF)D, wheresB is the classical
Boltzmann conductivity andN(EF) is the density of elec-
tronic states at the Fermi energy. WithN(EF)50.263 states

FIG. 2. Magnetoconductivityds of Y-Mg-Zn as a function of
magnetic fieldH at selected fixed temperatures in the range betw
4 and 30 K. The solid lines are fits of Eq.~4! to theds(H) data, as
explained in the text.
-
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eV21 atom21, calculated from the Sommerfeld coefficie
gel50.623 mJ mol21K22, as obtained from the low-
temperature specific-heat measurements performed o
sample cut from the same single grain of icosahed
Y-Mg-Zn ~see Sec. III B! and assuming thatsB5s(0),
wheres(0)54.913103 V21 cm21 is the residual conduc
tivity, we estimate the electron diffusion constantD to be
2.24 cm2/s. We note that the weak-localization effects ma
in principle, lead to a difference between the Boltzmann c
ductivity sB at zero temperature and the residual conduc
ity s(0). Considering the residual conductivity ratio that
very close to unity and the rather large value of the elect
diffusion constantD, the relative uncertainty in our estimat
of D is expected to be small, however.

We first focus on the influence of spin-orbit scattering
the conductivity in the regime of weak localization. Spi
orbit scattering leads to weak antilocalization, which is ma
fest as a region of negative slopeds/dT of thes(T) curve at
the lowest temperatures wheret i

21(T)!tso
21 . A crossover

between the regime of weak antilocalization to the regime
weak localization leads to a shallow minimum in thes(T)
curve. The depth of this minimum atTmin where tso

21

52t i
21 , is

dsWL~0!2dsWL~Tmin!5~322A2!
e2

2p2\

1

ADtso

. ~2!

Above Tmin , the weak-localization correctiondsWL(T) to
the conductivity increases with increasingT. At high tem-
peratures wheret i

21(T)@tso
21 , dsWL(T) no longer depends

on tso
21 and Eq.~1! reduces to

dsWL~T!5
e2

2p2\

1

ADt i

. ~3!

The temperature variation of the electrical conductivitys in
the weak-localization regime is determined by the inelas
scattering ratet i

21(T),10 which is assumed to follow a
simple power lawt i

21}Tp. The value of the exponentp is
determined by the dominant scattering mechanism. Elect
phonon scattering is expected to lead top53 andp52 for
pure and dirty metals, respectively.8,11,12An exponentp52
is predicted for electron-electron scattering in pure meta8

whereas electron-electron scattering in impure metals
been claimed to yieldp53/2.13,14 For Y-Mg-Zn, a stronger
than linear-in-temperature variation of the electrical cond
tivity s(T) indicates thatp.2. As we discussed above, ou
ds(H) curves indicate that a crossover from the regime
moderate spin-orbit scatteringt i

21;tso
21 to the regime of

weak spin-orbit scatteringt i
21@tso

21 occurs at a temperatur
between 7.8 and 20 K. In the regime of weak spin-or
scattering, the weak-localization correctiondsWL(T) is ex-
pected to vary ast i

21/2 @see Eq.~3!#. Assuming that the in-
elastic scattering rate can indeed be described by a sim
power lawt i

21}Tp we obtaindsWL}Tp/2. Our s data plot-
ted versusT3/2 between 20 and 150 K in Fig. 3 reveals th
data points to lie along a straight line, thus indicating that
inelastic scattering ratet i

21 varies asT3. Fitting Eq. ~3! to
our s(T) data between 20 and 150 K and assumingt i

21

5bT3 yieldsb5(9.460.3)3107 s21 K23. The result of the

n
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fit is shown as the straight line in Fig. 3. We note that t
cubic-in-temperature variation oft i

21 is consistent with
electron-phonon scattering in pure metals, a scenario th
quite remarkable considering the quasiperiodic nature
Y-Mg-Zn. As we shall discuss below, also ourds(H) data
are consistent witht i

21}T3.
We now discuss the electrical conductivity data below

K. The monotonouss(T) variation with the positive slope
ds/dT implies that 2t i

21(T).tso
21 above 1.8 K. Ourds(H)

data indicate, however, thatt i
21(T) is of similar magnitude

astso
21 at a temperature in the range between 7.8 and 20

As we shall discuss below, based on the analysis of
magnetoconductivity data 2t i

21 is equal totso
21 at 13 K.

Accordingly, the slopeds/dT of thes(T) curve is expected
to turn negative below that temperature, quite in contr
with our observations. Thus, our low-temperatures(T) data
cannot be described by a contribution from weak-localizat
effects alone. The monotonouss(T) variation and the weak
ening of the slopeds/dT around an inflection point at 14 K
may be related to a crossover, with decreasing tempera
to a regime in whichs(T) is affected by Coulomb interac
tions among itinerant electrons.14 Indeed, in the temperatur
range below several degrees Kelvin, the interaction cor
tion varying asAT often dominatess(T) of quasicrystals
with fci structures. Examples are icosahedral Al-Cu-Fe15

Al-Mn-Pd,16 and also Al-Re-Pd provided its residual condu
tivity s(0) is not too low.17 More recently, a square-roo
temperature dependence of the electrical conductivity
been reported for a multigrain sample of icosahed
Y-Mg-Zn obtained via conventional solidification.18 Consid-
ering ours(T) data between 1.8 and 20 K, the contributio
to the electrical conductivity s(T) from the weak-
localization term and from the Coulomb interaction te
cannot be separated in simple ways. This is mainly beca
the Coulomb interaction term is expected to weaken w
increasing temperature, finally vanishing in the temperat
range between 10 and 50 K.19

We now compare our low-temperature magnetocond
tivity ds(H) data with theoretical calculations considering
contribution to the magnetoconductivity due to quantum
terference effects. For systems with large electron diffus

FIG. 3. Electrical conductivitys of icosahedral Y-Mg-Zn plot-
ted vsT3/2. The straight line is the fit of Eq.~3! to the s(T) data
between 20 and 150 K~see text!.
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constants D.2 cm2/s, the magnetoconductivity in th
weak-localization regime and in the presence of spin-o
scattering is given by8

dsWL~H !52
e2

2p2\
AeH

\ F1

2
f 3S H

Hf
D2

3

2
f 3S H

H2
D G , ~4!

where

f 3~x!5 (
n50

` F2S n111
1

xD 1/2

22S n1
1

xD 1/2

2S n1
1

2
1

1

xD 21/2G , ~5!

Hf5
\

4eDt i
, ~6!

and

H25
\

4eDt i
1

4

3

\

4eDtso
. ~7!

The series in Eq.~5! converges very slowly and using th
expression directly for analyzing magnetoconductivity d
is not practical. Instead, we used the following expression20

f 3~x!'2SA21
1

x
2A1

xD 2F S 1

2
1

1

xD 21/2

1S 3

2
1

1

xD 21/2G
1

1

48S 2.031
1

xD 23/2

, ~8!

which was claimed to approximate the functionf 3(x) with
an accuracy of better than 0.1% for allx and to yield the
correct asymptotic limitf 3(x→`)50.6049. We fit Eq.~4! to
our magnetoconductivityds(H) data taken at 4, 7.8, 20, an
30 K using the electron diffusion constantD and the inelastic
scattering timet i(T) evaluated as described above. Althou
the scattering of the data points is substantial, theds(H)
variation is well reproduced by the fits both qualitatively a
quantitatively, as may be seen in Fig. 2. This implies that
Coulomb interaction contribution tods(H) is unimportant,
at least, in the temperature range and in the magnetic-fi
range investigated here. The spin-orbit scattering ti
tso—the only parameter of these fits—appears to be ra
insensitive to the details of the fitting procedure and, the
fore, can reliably be determined. The best fits shown in
panels of Fig. 2 as the solid lines are achieved withtso
52.2310212 s. We estimate the uncertainty intso to be of
the order of 20%. The resulting value oftso is distinctly
larger than the values in the range between 1.1310213 and
1.5310213 s, previously reported for icosahedral Al-Mn
Pd, a quasicrystal with relatively strong spin-orb
scattering.16 Our tso value is of the same order of magnitud
as tso54310212 s reported for icosahedral Al-Cu-Fe, i
which the strength of spin-orbit scattering is moderate15

This is not at all surprising, because for icosahed
Y-Mg-Zn the weighted average of the atomic weights
constituent elements is close to that of icosahedral Al-Cu-
Finally, we note that ourds(H) results are in obvious con
flict with a recent claim by Kondo and co-workers18
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that icosahedral Y-Mg-Zn can be regarded as an electr
system with weak spin-orbit scattering, based on an obse
tion of the positive magnetoconductivityds of melt-spun
Y-Mg-Zn in the temperature range between 2.8 and 10 K

Concluding our discussion, we reiterate that for a sin
quasicrystal of icosahedral Y-Mg-Zn, the zero field condu
tivity s(T) between 20 and 150 K and the magnetocond
tivity ds(H) in magnetic fields of up to 70 kOe taken
selected fixed temperatures in the range between 4 and 3
are well described considering quantum-interference eff
alone. The obvious absence of a region in which the sl
ds/dT of the conductivitys(T) curve is negative is mos
likely related to a crossover into a low-temperature regime
which s(T) is affected by a sizable Coulomb-interactio
correction. The regime, in which the interaction correcti
dominates the temperature dependence ofs is, however, ex-
pected to occur well below the lowest reached temperatur
1.8 K. In this connection, an investigation of the electric
transport properties of Y-Mg-Zn in the millikelvin tempera
ture range might confirm our conjecture.

2. Hall effect

The Hall coefficientRH was determined from a linear fi
to the magnetic-field variation of the Hall resistivityrH(H)
at H>40 kOe. In Fig. 4,RH(T) is shown between 1.8 an
250 K. The Hall coefficientRH takes the values betwee
2131029 and2531029 m3/C in the entire covered tem
perature range. In view of the scattering of the data poi
no analysis of the quantum corrections toRH(T) is at-
tempted. Averaging theRH(T) data between 1.8 and 250
yields (22.760.2)31029 m3/C, which corresponds to a
very low effective charge-carrier concentrationneff
5(euRHu)21'2.331021 cm23, or approximately 0.04
charge carriers per atom of the Y-Mg-Zn alloy. A compa
tive analysis of the specific heat and optical reflectivity d
obtained from a sample cut from the same grain of the ico
hedral Y-Mg-Zn material also leads to a low itinera
charge-carrier densityni of about 0.13 charge carriers pe
atom~see Sec. III C!. On the other hand, we note thatneff is
distinctly lower thanni . Given the complexity of the elec
tronic excitation spectrum of icosahedral quasicrystals,
significance of this difference is not quite clear at prese
Within a simple two-band model consistent with the Hum
Rothery-type stabilization, the small rationeff /ni'0.3 may
indicate that icosahedral Y-Mg-Zn is a nearly compensa

FIG. 4. Hall coefficientRH of Y-Mg-Zn between 1.8 and 250 K
The horizontal solid line represents the average value ofRH over
the whole covered temperature range.
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metal. In this connection, we recall that the regime of n
compensation has previously been claimed by Lindqvist
co-workers21 for icosahedral Al-Cu-Fe, based on the resu
of Hall effect measurements. Finally, we note that the sign
RH indicates that the itinerant carriers are predominan
negatively charged, i.e., electronlike.

B. Specific heat

1. Y-Mg-Zn

The specific-heatCp(T) data for icosahedral Y-Mg-Zn
measured in the temperature range between 1.5 and 20
shown in Fig. 5 on a double logarithmic plot. Between 1
and 4 K ourCp(T) data, shown in Fig. 6 asCp /T vs T2, are
very well fitted by a sum of a linear- and a cubic-in
temperature term

FIG. 5. Specific heatCp(T) of icosahedral Y-Mg-Zn and Tb-
Mg-Zn between 1.5 and 20 K plotted on logarithmic scales.

FIG. 6. Cp /T vs T2 for icosahedral Y-Mg-Zn. The solid line
indicates the fit of Eq.~9! to theCp(T) data~see text!.
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Cp~T!5gT1bT3. ~9!

The fit is shown as the solid line through the data points
Y-Mg-Zn in Fig. 6. The fitting parameters areg5(0.623
60.004) mJ mol21 K22 and b5(46.160.5) mJ mol21

K24. Our value of the parameterg is close to analogous
value reported previously for a polygrain sample of Y-M
Zn, prepared via conventional solidification.22

A linear-in-temperature termgT in the low-temperature
specific heat of metals is commonly associated with exc
tions of electronic degrees of freedom. For icosahedral q
sicrystals, however, a reliable evaluation of the electro
contributiongelT to the specific heatCp(T) is hampered by
the presence of tunneling states, as indicated by the resu
experiments probing sound velocities, acoustic attenuat
and thermal conductivity at low temperatures.23–25In the for-
malism of the tunneling-states model26,27 the spectral density
of tunneling states is assumed to be energy independen
limited to a certain energy range. In this case thermal e
tations of tunneling states are also expected to contribu
linear-in-temperature termCTS5gTST to the total specific
heatCp(T).26,27 Accordingly, in an analysis of the specifi
heatCp(T) data of an icosahedral phase, contributions fr
both electronic and tunneling-state excitations must be c
sidered. Tunneling states are commonly present in met
glasses and their contributionCTS(T) to the total specific
heatCp(T) is typically of the order 0.05T mJ mol21 K21.28

This gTST value corresponds to approximately 8% of t
linear contributiongT to the specific heatCp(T) of icosahe-
dral Y-Mg-Zn. Recent low-temperature investigations of t
thermal conductivity and of the sound velocities perform
on single quasicrystals of icosahedral Y-Mg-Zn did not
veal, however, any distinct features in the temperature va
tion of these quantities that were characteristic of interacti
of acoustic excitations with tunneling states.29,30Therefore, it
is reasonable to assume that the linear termgT in the low-
temperature specific heatCp(T) of icosahedral Y-Mg-Zn is
almost entirely due to the electronic excitations, i.e.,gT
5gelT.

For icosahedral Y-Mg-Zn, the value of the electron
specific-heat parametergel is somewhat higher than thegel
values previously reported for fci quasicrystals in the A
Mn-Pd and Al-Re-Pd systems, which fall into the range b
tween 0.11 and 0.41 mJ mol21 K22.17,24,31For these materi-
als, the small electronic specific heat has tentatively b
attributed to the presence of a pseudogap in the densit
electronic states~DOS! at the Fermi energyEF .17,24,31The
pseudogap in the electronic DOS atEF of the icosahedra
Al-Mn-Pd and Al-Re-Pd quasicrystals was also inferred fro
the analysis of the optical conductivity spectra obtained fr
the same samples.17,32 Based on our low-temperatur
specific-heat results, we cannot claim a low DOS at
Fermi energyEF because the value of the electronic specifi
heat parametergel of icosahedral Y-Mg-Zn is close to that o
zinc. The optical conductivity spectrum of Y-Mg-Zn to b
discussed in detail in Sec. III C exhibits a distinct feature t
is characteristic of excitations across a pseudogap, howe

We now focus on the low-temperature specific-h
Cph(T) due to lattice excitations. At low temperatures on
excitations of the long-wavelength acoustic modes contrib
to Cph(T), which is given by
f
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Cph~T!5
2p2kB

4

5\3

T3

vs
3

, ~10!

where 1/vs
3 is the average, over the directions of propagati

of the inverse third power of the phase velocitiesv i(q) of the
three acoustic modes. The coefficient b
546.1 mJ mol21 K24, matching the cubic-in-temperatur
term of the low-temperature specific heat of icosahed
Y-Mg-Zn leads to a thermodynamic average of the sou
velocitiesvs

th53.043105 cm/s. The low-temperature lattic
specific heat of periodic crystals is often characterized by
Debye temperatureQD . We note, however, that a commo
definition of QD involves the number of atoms per unit ce
and thus cannot be applied to a quasiperiodic crystal. De
ing the Debye temperatureQD of a quasicrystal as

QD5
\

kB
~6p2na!

1/3vs, ~11!

wherena is the number of atoms per unit volume, we dedu
the thermodynamicQD

th Debye temperature of icosahedr
Y-Mg-Zn to be 348 K.

2. Tb-Mg-Zn

Also our specific heatCp(T) data for Tb-Mg-Zn in the
temperature range between 2 and 19 K is displayed in Fig
indicating a large excess specific heatCex(T) if compared to
Cp(T) of Y-Mg-Zn. It is obvious thatCex(T) is the dominant
contribution toCp(T) of the Tb-based quasicrystal withi
the whole covered temperature range, thus complicatin
direct analysis of the specific-heat data of this material. T
excess specific heatCex may be obtained by subtracting th
electronic termCel and the lattice termCph, evaluated from
the specific-heat data of the Y-Mg-Zn phase, from the to
measured specific heatCp . The structure, as determined b
the x-ray diffraction and HRTEM investigations, is the sam
for both icosahedral phases. Assuming only a small con
bution of thef electrons to the density of electronic states
the Fermi energyEF , one may expect that the electron
term Cel is only slightly affected by the substitution of Y b
Tb. Considering in addition that the six-dimensional latti
parameters and, consequently, real-space interatomic
tances differ very little, one may further expect that the l
tice stiffness is nearly the same for both phases. In this c
the main difference between the lattice contributionsCph to
the specific heat is due to differences in atomic masses,
Cph}M3/2, where M is the mean atomic mass. Wit
MTb-Mg-Zn/MY-Mg-Zn51.113 we obtain Cph, Tb-Mg-Zn
51.175Cph, Y-Mg-Zn. Over the entire covered temperatu
range,Cp of the Tb alloy exceeds the sum ofCel andCph by
at least a factor of 2, and therefore our evaluation ofCex is
expected to be quite reliable. The resulting excess spe
heatCex(T) is shown in Fig. 7.

Based on the results of our dc magnetic susceptibi
measurements reported in Ref. 7, single-grain quasicrys
of icosahedral Tb-Mg-Zn exhibit a spin-glass-type freezi
of Tb moments atTf55.8 K. Therefore, at least part of th
excess specific heatCex(T) must be attributed to spin-glass
type magnetic excitations. For spin-glass systems, the m
netic specific heatCm(T) at T50 starts off with a tempera
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ture variation of the formCm}Ta, where the exponenta
usually takes values between 1.2 and 1.7,33,34 reaches a
maximum at a temperatureTmax that is somewhat higher tha
the freezing temperatureTf and decreases with further in
creasingT, approaching aT22 variation well aboveTmax.

35

We note, however, that after passing through a shoulder-
feature at 7 K,Cex continues to rise with increasing temper
ture, indicating that in addition toCm, the excess specific
heatCex contains another contribution, which gains in weig
towards higher temperatures. We attribute this contribut
to excitations to higher levels of the crystal-electric-fie
~CEF! split multiplet of the 4f -electron Hund’s rule ground
state. We have previously reported that CEF effects lead
significant local magnetic anisotropy of Tb31 ions, which
manifests itself by higher freezing temperaturesTf of the
(Y12xTbx)-Mg-Zn solid solutions than for the
(Y12xGdx)-Mg-Zn alloys with the same heavy rare-ear
concentrationsx.7

A rigorous analysis of the CEF contributionCCEF(T) to
the specific heatCp(T) of Tb-Mg-Zn meets difficulties. This
is mainly because the fci quasilattices allow multiple
equivalent sites for the same atomic species and, altho
simulations of the HRTEM images have indicated that
rare-earth atoms preferentially occupy the center of an ico
hedron decorated by Mg and Zn,6 the point symmetries o
the rare-earth sites are not really known at present. M
likely, icosahedral shells are not decorated completely
either Mg or Zn, thus leading to rather low point symmetr
of the rare-earth sites and, consequently, to a singlet o
most doubly degenerate ground state of Tb31 ions.

At the lowest temperatures between 2 and 3.5 K, the sl
d ln Cex/d ln T of the lnCex vs lnT curve shown in the inse
of Fig. 7 increases from 1.6 to 1.8. We attribute this stron
than power-law variation ofCex(T) to an onset of the CEF

FIG. 7. The excess specific heatCex(T) of icosahedral Tb-Mg-
Zn. The solid line is the fit of Eq.~12! to the data between 14 an
19 K. The broken line indicates the CEF contributionCCEF(T) to
the specific heat. Inset: lnCex vs lnT between 2 and 3.5 K; the solid
line and the broken line are the linear fits to the data between 2
2.4 K, and between 3 and 3.5 K, respectively.
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term CCEF(T). The magnitude of theCex(T) deviation from
the approximateT1.6 variation of the low-temperature spin
glass magnetic contributionCm is compatible with a mini-
mum splittingD/kB in the range between 25 and 35 K b
tween the lowest and first excited levels of the CEF-spliJ
56 multiplet of Tb31 ions. On the other hand, the monot
nousCex(T) variation with a positive slopedCex/dT up to
the highest measured temperature of 19 K reveals excitat
to levels separated from the lowest level by more than 50

For our more detailed analysis of theCex(T) data we have
assumed that the main contributions to the excess spe
heat Cex(T) are from spin-glass-type magnetic excitatio
and from excitations to higher levels of the CEF-sp
ground-state multiplet of Tb31 ions. Assuming further that in
the temperature range covered in our experiment,CCEF(T)
may be approximated by a Schottky-type anomaly result
from excitations out of a ground-state doublet to levels
unknown degeneracy around two higher energies, the ex
specific heat well aboveTmax may be written as

Cex~T!5
A

T2
1RS D

ZkBTD 2H ZF(
i 51

3

giD i
2 expS 2

D i

kBTD G
2F(

i 51

3

giD i expS 2
D i

kBTD G2J , ~12!

wheregi andD i are the degeneracy and the energy of thei th
level, respectively, and

Z5(
i 51

3

gi expS 2
D i

kBTD ~13!

is the partition function. The best fit of Eq.~12! to our
Cex(T) data in the temperature range between 14 and 19
obtained withg152, as assumed,g252 andg357, yielding
A5(3.760.4)3102 J K/mol Tb, D2 /kB5(2961) K and
D3 /kB5(7662) K. The result of this fit is displayed as th
solid line in Fig. 7. The broken line indicates the CEF co
tribution CCEF(T) separately.

The magnetic specific heatCm of icosahedral Tb-Mg-Zn
may now be obtained by subtracting the CEF termCCEF
from the excess specific heatCex. Its temperature depen
dence is shown in Fig. 8. Between 2 and 3.5 K,Cm varies as
Ta with a51.5760.01. This variation, consistent with spin
glass behavior, is illustrated in the inset of Fig. 8, where
plot Cm as a function ofT on logarithmic scales. The mag
netic specific heatCm(T) exhibits a maximum atTmax
57.2 K. This temperature is about 25% higher than
freezing temperatureTf55.8 K, determined from the dc
magnetic susceptibility data,7 again a typical feature of spin
glasses. OurCm(T) data, in the form ofCm/T vs T, is plot-
ted in Fig. 9. The temperature derivative of the magne
entropydSm/dT5Cm/T reaches a maximum very close
the freezing temperatureTf , indicating that the freezing o
the magnetic moments atTf manifests itself with a maximum
change in the magnetic entropy. Although this behavior
the magnetic specific heatCm(T) is not universal for spin
glasses, we note that a coincidence of the maximum in
Cm/T vs T curve andTf has previously been reported fo

nd
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icosahedral Al-Mn-Pd.31 The magnetic entropyDSm(T), ob-
tained from the magnetic contributionCm(T) to the specific
heat via

DSm~T!5E
0

TCm

T8
dT8, ~14!

is displayed in Fig. 10. For this calculation,Cm was extrapo-
lated to zero temperature assuming the power-law varia
Cm(T)}T1.57 below 2 K. TheDSm(T) curve reveals tha
more than 55% ofDSm is released above the freezing tem
peratureTf . Thus, the freezing of magnetic moments atTf
removes only a fraction of the magnetic entropy, implying
considerable short-range order of magnetic moments ab
Tf , again typical of spin glasses. At 19 K,DSm reaches
6.1 J mol Tb21 K21. This value is close toR ln 2, thus indi-
cating that the spin-glass-type freezing of Tb moments
Tf55.8 K indeed involves a doubly degenerate grou
state.

C. Optical properties

The optical properties of quasicrystals were frequen
studied in recent years and have proven to be very usefu
the determination of the charge excitation spectrum.17,32,36–38

Generally speaking, the electrodynamic response of a qu
crystal is quite different from that of either a metal or
semiconductor. A common feature in the excitation spec
of both icosahedral and decagonal quasicrystals is an abs
tion feature at about 104 cm21, overlapping with an effec-
tive metallic contribution at low frequencies. The metal
contribution is more pronounced in decagonal than in ico
hedral quasicrystals, mainly because of generally hig
charge-carrier densities in decagonal phases.17,32,36–38 The
absorption at about 104 cm21 is commonly ascribed to ex
citations across a pseudogap, the lowest-energy electr
interband transition, possibly a consequence of the Hu
Rothery-type electronic stabilization mechanism.17,32,36,39

FIG. 8. The calculated magnetic contributionCm(T) to the spe-
cific heat of the Tb-Mg-Zn alloy. Inset:Cm vs T between 2 and 5 K
plotted on logarithmic scales; the solid line is the power-law
proximation of the data between 2 and 3.5 K, as explained in
text.
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Figure 11 displays the complete reflectivityR(v) spectra
for the Y-Mg-Zn and Tb-Mg-Zn quasicrystals at room tem
perature. The inset highlights theR(v) variation in the far
infrared ~FIR! spectral range. We did not observe any te
perature dependence of theR(v) spectra, in agreement with
the very weak temperature variation of the electrical cond
tivity s(T).7 The complex optical conductivitys(v)
5s1(v)1 is2(v) was obtained by a standard Kramer
Kronig transformation of the optical reflectivityR(v), ex-
trapolated both to lower and to higher frequencies. The
trapolation ofR(v) to lower frequencies was based on t
Hagen-Rubens relation 12R(v)}(v/sdc)

1/2, i.e., assuming
metallic behavior ~see inset of Fig. 11!. The following
scheme for the extrapolation of the optical reflectivityR(v)
to high frequencies was adopted. Between the high
achieved frequency of 9.73104 cm21, accessible by our ul-
traviolet range spectrometer and 33105 cm21, we assumed
R(v)}v22, simulating interband transitions. Abov
33105 cm21, we assumed the behavior of free electro
i.e., R(v)}v24. The resulting optical conductivitys1(v)
spectra are shown in Fig. 12. For both materials, the F
limits of s1(v) are in fair agreement with the measure

FIG. 9. Cm/T vs T of icosahedral Tb-Mg-Zn.

FIG. 10. The magnetic entropyDSm of icosahedral Tb-Mg-Zn
as a function of temperatureT.
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electrical conductivitiess.7 This is illustrated in the inset o
Fig. 12, which displayss1(v) in the FIR spectral range.

Both the R(v) and s1(v) spectra reveal a number o
features that have previously been identified for vario
other quasicrystalline systems. First, we clearly recognize
metallic behavior, indicated by a sharp plasma edge inR(v)
with an onset at approximately 6.53104 cm21 and the re-
flectivity R(v) tending towards 100% forv→0. In the op-
tical conductivitys1(v) spectra, the metallic behavior man
fests itself by the~Drude! spectral weight, i.e.,

E
0

v0
s1~v!dv ~15!

at frequencies belowv0;103 cm21 ~see also inset of Fig
12!. Second, the reflectivityR(v) spectra contain the above
mentioned typical broad shoulder between 83103 and
23104 cm21 leading to an absorption peak at appro
mately 63103 cm21 in s1(v), which overlaps with the
Drude spectral weight and is ascribed to electronic excita
across a pseudogap. Due to the high dc electrical condu
ity of the icosahedral Y-Mg-Zn and Tb-Mg-Zn quasicrysta
this absorption is less pronounced and appears at some
lower frequencies than for the icosahedral Al-Mn-Pd and
Re-Pd phases with lower conductivities~see, e.g., Fig. 13 in
Ref. 38!.17,32

For Tb-Mg-Zn, two additional broad contributions may b
identified at approximately 350 and 1000 cm21 in the opti-
cal conductivitys1(v) below the pseudogap absorption. T
feature at 1000 cm21 has previously been found in th
s1(v) spectra of icosahedral Al-Re-Pd.17 Contrary to an ear-
lier interpretation in terms of a mobility gap feature,36,37 we
suggested a distribution of bound states as an origin of
broad contribution ins1(v) in Ref. 17. The FIR absorption
at approximately 350 cm21 in the s1(v) spectra of Tb-
Mg-Zn can be ascribed to optically active phonon modes
fact, a peak near 240 cm21 has been observed in the optic
conductivity spectra of icosahedral quasicrystals and was

FIG. 11. Room-temperature optical reflectivityR(v) of
Y-Mg-Zn and Tb-Mg-Zn between 16 and 9.73104 cm21. Inset:R
vs v1/2 in the FIR spectral range for both materials.
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sociated with a phonon mode.17,32 Similar features in the
spectral range extending from the midinfrared to the FIR c
be also recognized in the Y-Mg-Zn compound. Despite t
in comparison with Tb-Mg-Zn, larger Drude spectral weig
an absorption and a broad shoulder at about 1000
200 cm21, respectively, may still be identified ins1(v) of
Y-Mg-Zn.

A phenomenological approach, based on the classical
persion theory of Drude and Lorentz,40 allows for a separa-
tion of the various components contributing to the dynam
of the charge excitation spectrum. For both quasicrystal
alloys, we assumed thats1(v) can be described by a Drud
term for the free charge carriers and several noninterac
Lorentz harmonic oscillators describing a phononlike exc
tion and a bound-state absorption below the pseudogap in
frequency rangev,1.63103 cm21, a pseudogap-like ab
sorption at 63103 cm21 and a high-frequency interband ab
sorption. We model the dielectric function«(v) with

«~v!5«`2
ṽp

2

v~v1 iGD!
1(

i 51

4 v i
2

~v i
0!22v22 ig iv

,

~16!

where«` is the high-frequency dielectric constant;ṽp is the
effective plasma frequency associated with the free cha
carriers andGD is the relaxation rate of the Drude term;v i

0

are the resonance frequencies,g i are the dampings, andv i
are the mode strengths of the phonon, the bound state
pseudogap and the interband harmonic oscillators, res
tively. Fitting our s1(v) data using Eq.~16! adequately re-
produces the major features of the charge excitation sp
trum ~see Fig. 12!. The values of the fitting parameters a
given in Table I. We note that the values of the effecti
plasma frequenciesṽp are the largest, and the values of th
pseudogap resonance frequenciesv3

0 are the smallest eve

FIG. 12. Real parts1(v) of the complex optical conductivity
s(v) of Y-Mg-Zn and Tb-Mg-Zn at 300 K. The dotted lines ind
cate the fits of Eq.~16! to thes1 data. The inset showss1(v) in the
FIR spectral range.



ec
e
lin

b

n

.

n

an
ica

f-
t
at
th

e

e of
d
vity
-

ibed
s-
m-

ty
t
ing
a-
ra-

in-
eit

d a

he

tal-

l
a-

.
y
e

d

the
ent
e-
6

a
the
n
n
l-
g-

2

a

PRB 62 271LOW-TEMPERATURE TRANSPORT, THERMAL, AND . . .
reported for a quasiperiodically structured material.17,32,36–38

This observation is quite consistent with the previously r
ognized trends of theṽp andv3

0 variations, which seem to b
governed by the conducting character of a quasicrystal
phase.38

An estimate of the spectral weight may be obtained
applying the conductivity sum rule to thes1(v) spectrum

E
0

`

s1~v!dv5
vp

2

8
, ~17!

with

vp
25

4pnee
2

m*
, ~18!

wherene is the density of the charge carriers andm* is their
effective mass. Integrating the optical conductivitys1(v)
after having subtracted the contributions tos1(v) from the
high-frequency electronic interband transitions, the bou
state and the phonon mode leads tovp56.593104 and
6.733104 cm21 for Y-Mg-Zn and Tb-Mg-Zn, respectively
Assuming that the effective massm* is equal to the free-
electron massm, these plasma frequency values correspo
to charge-carrier densitiesne of 4.8531022 cm23 for
Y-Mg-Zn and 5.1031022 cm23 for Tb-Mg-Zn. We reiterate
that these values reflect the density ofall the charge carriers
contributing to the complete charge excitation spectrum
are associated with the total spectral weight of the opt
conductivity.

The concentrationni and effective massm* of the itiner-
ant charge carriers may be estimated from a comparison
the coefficientgel of the electronic specific heat and the e
fective plasma frequencyṽp . For Y-Mg-Zn, assuming tha
the linear termgT in the low-temperature specific he
Cp(T) is entirely due to the density of electronic states at

TABLE I. Parameters of the fits of Eq.~16! to the optical con-
ductivity s1(v) data of Y-Mg-Zn and Tb-Mg-Zn~see text!.

Mode Y-Mg-Zn Tb-Mg-Zn

High-frequency e` 1 1
dielectric response

Drude ṽp , cm21 1.953104 1.693104

GD , cm21 1.053103 1.063103

Phonon v1
0, cm21 2.263102 3.473102

g1, cm21 1.863103 2.823102

v1, cm21 2.103103 2.343103

Bound state v2
0, cm21 1.403103 1.133103

g2, cm21 1.293103 1.773103

v2, cm21 9.113103 1.333104

Pseudogap v3
0, cm21 5.083103 5.733103

g3, cm21 1.583104 1.443104

v3, cm21 6.303104 6.533104

Interband v4
0, cm21 8.553104 8.553104

g4, cm21 2.003104 2.003104

v4, cm21 2.823104 2.823104
-

e

y

d

d

d
l

of

e

Fermi energyEF ~see Sec. III B!, leads to an itinerant charg
carrier densityni57.6231021 cm23, or 0.13 charge carriers
per atom, and an effective massm* '1.8m.

IV. SUMMARY

For icosahedral Y-Mg-Zn, the temperature dependenc
the electrical conductivitys(T) between 14 and 150 K an
the magnetic field dependence of the magnetoconducti
ds(H) in magnetic fields of up to 70 kOe and in the tem
perature range between 4 and 30 K can be well descr
quantitatively by considering weak localization in the pre
ence of spin-orbit scattering of moderate strength. The te
perature variation of the inelastic scattering ratet i

21(T)
}T3 that can be inferred from our electrical conductivi
s(T) and magnetoconductivityds(H) data is consisten
with theoretical expectations for electron-phonon scatter
in pure metals, which is quite surprising in view of the qu
siperiodic structure of icosahedral Y-Mg-Zn. The tempe
ture variation of the conductivitys(T) between 1.8 and 14 K
indicates that another mechanism, most likely Coulomb
teractions among itinerant electrons, contributes alb
weakly tos(T) in this temperature range.

Below 4 K, the specific heatCp(T) of icosahedral
Y-Mg-Zn can be well described as the sum of a linear- an
cubic-in-temperature terms, i.e., assuming thatCp(T) is due
to electronic and lattice excitations. The coefficientg of the
linear termgT in the specific heatCp(T) is close to theg
value of zinc, thus indicating no significant reduction in t
density of electronic states atEF . For Tb-Mg-Zn, the tem-
perature variation of the specific heatCp(T) is indicative of
a spin-glass-type freezing of Tb moments and of a crys
field splitting of the TbJ56 Hund’s rule ground state.

The optical conductivitys1(v) spectra of icosahedra
Y-Mg-Zn and Tb-Mg-Zn reveal a number of common fe
tures. At low frequencies,s1(v) is dominated by a Drude
contribution with the effective plasma frequenciesṽp asso-
ciated with the free charge carriers of 1.953104 and
1.693104 cm21 for Y-Mg-Zn and Tb-Mg-Zn, respectively
The relaxation rateGD of the free charge carriers is onl
about 13103 cm21 for both icosahedral phases. This valu
is distinctly smaller than theGD values previously deduce
from the optical conductivitys1(v) spectra of Al-based
quasicrystals with FCI structures17,32,36,37and is even smaller
than typical relaxation rates in amorphous metals.41 This is a
further manifestation of the enhancedmetallicity of the Y-
and Tb-based single-grain icosahedral quasicrystals. In
near infrared and visible spectral range, the most promin
feature in thes1(v) spectra of these quasicrystalline mat
rials is an absorption centered at approximately
3103 cm21, which is attributed to excitations across
pseudogap in the electronic excitation spectrum. Due to
rather high electrical conductivity of icosahedral Y-Mg-Z
and Tb-Mg-Zn in the low-frequency limit, this absorptio
occurs at distinctly lower frequency than for the FCI A
Mn-Pd and Al-Re-Pd quasicrystals. For icosahedral Y-M
Zn, a density ni of the free charge carriers of 7.6
31021 cm23 and a mass enhancementm* /m'1.8 may be
inferred from a direct comparison of the effective plasm
frequencyṽp and the coefficientg of the linear termgT in
the low-temperature specific heatCp(T).
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