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We present a comprehensive series of results of electrical trangbectrical conductivity, magnetocon-

ductivity, Hall effecy, 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 Th-Mg-Zn. For Y-Mg-Zn, both the electrical conductiviyT) and magnetoconductivit§o(H)
may be described by calculations considering quantum interference effects. A detailed comparison of the
weak-localization contributions to(T) and do(H) with our experimental data provides estimates of the
inelastic and spin-orbit relaxation rates. The inelastic relaxation rate is found to be proportidiialTthe
dominant contributions to the optical conductivity(w) spectrum, obtained from the reflectivi®( ) data in
the frequency range between 16 and>9I* cm !, are a strong Drude feature at low frequencies and a
prominent absorption signal centered at approximatedy16® cm 1. A comparison of the spectral weight of
the Drude contribution to-; (@) with the magnitude of the linear-ili-term yT of the low-temperature specific
heatC,(T) yields the itinerant charge-carrier density="7.62x 107 cm 2 or 0.13 charge carriers per atom.
The low n; value is corroborated by the results of the Hall effect measurements. For Th-Mg-Zn, the optical
conductivityo;(w) spectrum reveals features similar to those of Y-Mg-Zn. The low-temperature specific heat
Cp(T) of Th-Mg-Zn is strongly influenced by a spin-glass-type freezing of Tb moments and by crystal-
electric-field effects.

[. INTRODUCTION (HRTEM) and x-ray-diffraction experiments sets them
among the best highly ordered icosahedral ph&ses.

A thermodynamically stable icosahedral phase in the In view of the high structural perfection and the rather
Y-Mg-Zn alloy system was identified by Luo and low electrical resistivities that fall in the range between 150
co-workers! Its powder x-ray-diffraction pattern turned out and 200 uQ cm, i.e., distinctly lower than the values pre-
to be identical with the Y-Mg-Zn Z-phase found more than aviously reported for other thermodynamically stable icosahe-
decade earlier by Padezhnova and co-workeabsequent ~dral phases, single-graR-Mg-Zn quasicrystals may be clas-
investigations have shown that thermally stable icosahedr&ified as highly ordered icosahedral metals, thus not
phases also form when Y is fully substituted by Th, Dy Ho Corroborating the views that structurally perfect icosahedral
or Er3* These are, so far, the only stable phases ihat ’a”o\lphases are either poor conductors or insulators. In order to
the study of the features of localized #nagnetic moments gain a better understand?ng of the gro_und state qf the @cosa—
arranged on an icosahedrally ordered quasiperiodic Iattice.hedral R-Mg-Zn phases, it seemed of interest io investigate

lcosahedral quasicrystals in tHe-Mg-zn (R=Y, Tb, the low-temperature electronic and thermal properties. Here

e we report the results of m rements of ther ifi
Dy, Ho or En ternary systems crystallize in a face-centered-, e report the results of measurements of ther(specific

: : ) heaj, electrical transporfelectrical conductivity, magneto-
icosahedralfci) structure of the Frank-Kasper type. This sets conductivity, Hall effect and optical propertie@eflectivity)

them apart from Al-based thermodynamically stable fCiyt gingle-grain quasicrystals of icosahedral Y-Mg-Zn in dif-
phases, which crystallize in a Mackay-icosahedron-typggrent temperature ranges between 1.5 and 300 K. We also

structure. Icosahedra®-Mg-Zn phases melt incongruently, present results for the specific heat and optical reflectivity of
i.e., they decompose before melting. Investigations of thgcosahedral Tb-Mg-Zn.

thermal and transport properties of these phases have previ-
ously been carried out on polygrain and often multiphase
samples. Recent advances in the growth of single-grain
R-Mg-Zn quasicrystal§, which were based on the ternary  Single-grain quasicrystals of icosahedral Y-Mg-Zn and
phase diagram reported by Langsdorf and co-workéxave  Th-Mg-Zn with sizes of up to 5 mm were grown by slow
eliminated the occurrence of second phases and effects aboling of ternary melts containing excess magnesium and
grain boundaries upon the measured properties. The struginc? For Y-Mg-Zn the starting composition was chosen
tural quality of these single-grain quasicrystals, as revealedased on the primary solidification area of the icosahedral
by recent high-resolution transmission electron microscopyhase, as identified by Langsdorf and co-worke8eme ad-

Il. SAMPLES AND EXPERIMENTS
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justment of the starting composition was necessary to grow ' '
icosahedral Th-Mg-Zfi. Following the growth, the unde- 50501  yv.u o
. -Mg-Zn .
canted flux was removed from the surface by a dilute solu- o*
tion of nitric acid in methanol. Using quantitative x-ray mi- .
croanalysis, the composition of the Th-Mg-Zn single grains .
was found to be 9 at.% Tb, 34 at.% Mg, and 57 at.%"Zn, < 5000 - o .
i.e., very close to the composition of icosahedral Y-Mg-Zn § *
reported in Ref. 5. The specimens were cut from the singlet 4
guasicrystals using spark-erosion. Thermal and optical mea<= .
surements were performed on the specimens in the form o =~ 4950 - o* .
plates with approximate dimension3x1 mm. A speci- ot
men of iocsahedral Y-Mg-Zn in the form of a prism ._,..-'"
0.4xX0.4x3 mm in size was used for electrical transport —"
measurements. Both Y-Mg-Zn specimens were cut from ad- 4900 . . . . 7
jacent parts of the same single-grain quasicrystal. 0 50 100 150
The electrical conductivity, the magnetoconductivity, and T (K)
the Hall effect were measured by a standard low-frequency
ac technique in different temperature ranges between 1.8 and FIG. 1. Electrical conductivityr of a single-grain quasicrystal
250 K and in magnetic fields of up to 70 kOe. The magne-of icosahedral Y-Mg-Zn as a function of temperatiirbetween 1.8
toconductivity was measured in a transverse configuratiorgnd 150 K.
i.e., the magnetic fieldd was applied perpendicular to the
electrical current. For the Hall effect measurement, a stan-displayed in Fig. 1. Within this temperature range, the over-
dard setup with the two Hall voltage contacts fixed along aall variation of the conductivityr amounts to 3% of the total
line perpendicular both to the currentand to the magnetic conductivity. In the whole covered temperature raeg@-
field H was used. A capacitance thermometer was used toreases monotonically with increasifig A tendency to a
stabilize the temperature, and at each temperature point, thiecreasing slopdo/dT is evident above approximately 5 K
magnetic field was varied stepwise. In order to eliminate theand at 14 K thes(T) curve exhibits an inflection point.
misalignment voltage, at each magnetic field setting, the Halhbove 14 K, the slopelo/dT of the conductivity curve in-
voltage was measured with the sample in two different oricreases with increasing temperatufe The shape of the
entations, 180° apart. o(T) curve and the conductivity values are close to those
A conventional relaxation-type method was used for theyreviously reported for single-grain quasicrystals of icosahe-
specific-heatC,,(T) measurements. A sapphire disk onto 4r5) y.Mg-zn” As we shall discuss below, the observed

WTith a heaterklant?] a Ge"—Au thelrrgotmetehr h?d.bsehn I3"atp%'ehavior ofo(T) above 14 K camuantitativelybe described
rated was weakly thermally coupled 1o a heat Sink neld a M considering weak-localization effects in the presence of

constant temperature. The samples were mounted on the di . . I
using a thin layer of Apiezon grease. The temperatures in th%pm'orb.It scgtterlng. A contribution ta(T) due to another
mechanism is necessary, however, to account for the tem-

1. 20 K hed i 0y > i~
::arl;gsetatietween 5 and 20 K were reached in a puntpied perature variation of the conductivity(T) between 1.8 and
: 14 K.

The optical reflectivityR(w) has been measured in the .
frequency range between 16 and 970" cm *, i.e., over The magnetoconductivityo(H) data taken at selected

almost four orders of magnitude in frequency, using fourfixed temperatures in the range between 4 and 30 K and in
spectrometers with overlapping frequency ranges. In the farmagnetic fields of up to 70 kOe are shown in Fig. 2. Because
infrared rangeFIR) we used a Bruker IF113v Fourier inter- d0(H) is obtained as the small difference between two large
ferometer with a Hg arc-light source and a He-cooled Gequantitieso(H) and o (0), which are inversely proportional
bolometer detector, while from the FIR up to the midinfraredto extremely small measured voltages along the sample, the
range a fast-scanning Bruker interferometer IFS48PC wascatter of the data points is considerable4A and at 7.8 K,
used. A homemade spectrometer based on a Zeiss monoch@s(H) first is increasingly negative with increasing mag-
mator and a McPherson spectrometer were employed in theetic fieldH, passes through a minimum, and then tends to
visible spectral range and in the ultraviolet spectral rangepositive values with further increasiridy changing sign near
respectively. From the midinfrared down to the FIR we have4.3 and 3.3 kOe, respectively. For=20 and 30 K,50 is
used the reflectivity of gold as reference. All measurementpositive in the whole covered magnetic-field range and in-
have been made at 300 K and in the FIR range also at sereases monotonously with increasing magnetic tieldhis
lected fixed temperatures between 6 and 300 K. Upon coméa(H) behavior may be interpreted as a manifestation of
pleting the measurements, the surfaces of both samples wegeantum-interference effects when spin-orbit scattering is
polished and the measurements were performed again, witlpresent. We recall that in the weak-localization regime,

out any noticeable change in tiR ») data. guantum-interference effects give a magnetoconductivity
do(H) that is positive when the spin-orbit scattering is
Ill. RESULTS, ANALYSIS, AND DISCUSSION weak, i.e., 7o <7 ', wherer_' and 7, ! denote the spin-
A. Electrical transport in icosahedral Y-Mg-Zn orbit and inelastic scattering rate, respectively. In the inter-

mediate regimer,,'~ 7, ! the magnetoconductivityo(H)
changes sign from negative to positive with increasing mag-

Our electrical conductivityr(T) data for Y-Mg-Zn taken netic field and it remains negative in the limit of strong spin-
in nominally zero magnetic field between 1.8 and 150 K isorbit scatteringrs‘ol> ri‘l 2 For Y-Mg-Zn, the magnetocon-

1. Electrical conductivity and magnetoconductivity
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eV tatom !, calculated from the Sommerfeld coefficient
Ye=0.623 mJmoi'K =2, as obtained from the low-
temperature specific-heat measurements performed on a
sample cut from the same single grain of icosahedral
Y-Mg-Zn (see Sec. llI B and assuming thatg= o (0),
whereo(0)=4.91x10° Q~*cm™ 1 s the residual conduc-
tivity, we estimate the electron diffusion constdntto be
2.24 cnt/s. We note that the weak-localization effects may,
in principle, lead to a difference between the Boltzmann con-
ductivity og at zero temperature and the residual conductiv-
ity o(0). Considering the residual conductivity ratio that is
very close to unity and the rather large value of the electron
diffusion constanD, the relative uncertainty in our estimate

T of D is expected to be small, however.

T We first focus on the influence of spin-orbit scattering on
T the conductivity in the regime of weak localization. Spin-
1 orbit scattering leads to weak antilocalization, which is mani-

AL 78K

-1r 20K - fest as a region of negative sloge/dT of the o(T) curve at
= = = the lowest temperatures where }(T)<7.'. A crossover
Tr 7 between the regime of weak antilocalization to the regime of
I o o T weak localization leads to a shallow minimum in t&€T)
Oc O T curve. The depth of this minimum af,;, where Ts_ol
- 1 =2rtis
Al 30K |
0 2 7 6 8 Soy(0)— & T)e,zﬁ)e21 )
H (104 Oe) ow( owL(Tmin) = ( 5 2h ,—DTSO-

FIG. 2. Magnetoconductivityyo of Y-Mg-Zn as a function of Above Ty, the weak-localization correctioday, (T) to

magnetic fieltH at selected fixed temperatures in the range betweedi1€ conductivity iqcreaseiwnh increasifig At high tem-
4 and 30 K. The solid lines are fits of E@) to the So(H) data, as  Peratures where; *(T)> 74", dow, (T) no longer depends

explained in the text. on 7;01 and Eq.(1) reduces to
ductivity o (H) curves taken bele 8 K are characteristic s V= e? 1 3
for moderate spin-orbit scattering,'~ 7, . Above 20 K, Tw(T)= 2n?h D7,

however, thedo(H) data indicate that spin-orbit scattering is

now weak, i.e.,rs’(,l« ri’l. A crossover from the regime of The temperature v_ariatior_l of t_he electrit_:al conductiv_ﬂyn _
moderate spin-orbit scattering to the regime of weak spinlhe weak—locahzgmon regime is determined by the inelastic
orbit scattering, reflected by a change in the type ofdhe  Scattering rater; %(T),'® which is assumed to follow a
vs H variation, occurs because the inelastic scattering ratgimple power lawr '« TP. The value of the exponent is

7 * rapidly increases with increasing temperatiire determined by the dominant scattering mechanism. Electron-

We first analyze the temperature variation of the conducPhonon scattering is expected to leagpte 3 andp=2 for
tivity o(T) measured in zero magnetic field between 1.8 andPure and dirty metals, respectivéty!*?An exponentp=2
150 K, and subsequently discuss the behavior of the lowis predicted for electron-electron scattering in pure métals,
temperature magnetoconductivitydo(H). The weak- Whereas electron-electron scattering in impure metals has
. . . . . . . H H _ 13,14
localization correction in the presence of spin-orbit scatterind?een claimed to yielgh=3/2">"" For Y-Mg-Zn, a stronger

is given by than linear-in-temperature variation of the electrical conduc-
tivity o(T) indicates thap>2. As we discussed above, our
g2 1 1 oo (H) curves indicate that a crossover from the regime of
Sow (T)=— (3\/DT + D7 moderate spin-orbit scattering '~ 7., to the regime of
2mh 50 ' weak spin-orbit scattering, *> r_' occurs at a temperature
\F \F between 7.8 and 20 K. In the regime of weak spin-orbit
- -3 ) (1) scattering, the weak-localization correctiéary, (T) is ex-
4D T; DTSO

pected to vary as; ? [see Eq.3)]. Assuming that the in-
whereD is the electron diffusion constant. In Eq), the last ~ €lastic scattering rate can indeed be described by a simple
temperature-independent term is commonly added so th&ower lawr, ‘= TP we obtaindey, = TP2 Our o data plot-
Sow.(T) tends to 0 aff =0. The electron diffusion constant ted versusT*? between 20 and 150 K in Fig. 3 reveals the
D may be estimated using the Einstein relation for the elecdata points to lie along a straight line, thus indicating that the
trical conductivityog=e?N(Eg)D, whereoy is the classical inelastic scattering rate;” ! varies asT®. Fitting Eq. (3) to
Boltzmann conductivity andN(Eg) is the density of elec- our o(T) data between 20 and 150 K and assuming
tronic states at the Fermi energy. WK{Eg) =0.263 states =bT? yieldsb=(9.4+0.3)x 10’ s K3, The result of the
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' ' ' constants D>2 cnt/s, the magnetoconductivity in the
5050+  Y-Mg-Zn . weak-localization regime and in the presence of spin-orbit
scattering is given By
T 5000 ) H)= ¢ \/eHlf A 3f A 4
I;_E) UWL( )_ szﬁ hl2 3 H¢ 2 3 H2 ’ ()
T
a where
S
4950 % 1 @ 12 1\ 12
fa(x)= > 2(n+1+—) -2 n+—)
n=0 X X
4900 | 1 1\-2
, . . \ . \ . —|n+=+— , (5)
0 500 1000 1500 2000 2 X
T3/2 (K3/2)
i
FIG. 3. Electrical conductivityr of icosahedral Y-Mg-Zn plot- Ho=ZeDr" (6)
ted vsT¥2 The straight line is the fit of Eq3) to the o(T) data !
between 20 and 150 Ksee text and
fit is shown as the straight line in Fig. 3. We note that the H h 4 h .
. - 1. . . = +— .
cubic-in-temperature variation of; - is consistent with 2" 4eDr; 3 4eDrg, @

electron-phonon scattering in pure metals, a scenario that is o ) )
quite remarkable considering the quasiperiodic nature of he series in Eq(5) converges very slowly and using this
Y-Mg-Zn. As we shall discuss below, also osie(H) data  €xpression directly for analyzing magnetoconductivity data
are consistent withr; Toc TS, is not practical. Instead, we used the following expreséfon:

We now discuss the electrical conductivity data below 20

e : - 1 1 1 1 -1/2 3 1 —1/2
K. The monotonousr(T) variation with the positive slope  f,(x)~2| + [o4 2 \ﬁ) - <_+_ T
do/dT implies that 2 }(T)> r_,! above 1.8 K. Ouda(H) X X 2 x 2 x
data indicate, however, thaf *(T) is of similar magnitude 1 1) 32
as ., at a temperature in the range between 7.8 and 20 K. + 18 2.03+;) , (8)

As we shall discuss below, based on the analysis of our
magnetoconductivity data 72 1is equal to rs_ol at 13 K.  which was claimed to approximate the functibg(x) with
Accordingly, the slopela/dT of the o(T) curve is expected an accuracy of better than 0.1% for alland to yield the
to turn negative below that temperature, quite in contrascorrect asymptotic limif;(x— o) =0.6049. We fit Eq(4) to
with our observations. Thus, our low-temperatut@) data  our magnetoconductivitgo(H) data taken at 4, 7.8, 20, and
cannot be described by a contribution from weak-localizatiorB0 K using the electron diffusion constadtand the inelastic
effects alone. The monotonougT) variation and the weak- scattering timeri(T) evaluated as described above. Although
ening of the slop&o/dT around an inflection point at 14 K the scattering of the data points is substantial, flogH)
may be related to a crossover, with decreasing temperaturgariation is well reproduced by the fits both qualitatively and
to a regime in whicho(T) is affected by Coulomb interac- quantitatively, as may be seen in Fig. 2. This implies that the
tions among itinerant electronIndeed, in the temperature Coulomb interaction contribution téo(H) is unimportant,
range below several degrees Kelvin, the interaction correcat least, in the temperature range and in the magnetic-field
tion varying as\T often dominatess(T) of quasicrystals range investigated here. The spin-orbit scattering time
with fci structures. Examples are icosahedral Al-CutFe, 7ss—the only parameter of these fits—appears to be rather
Al-Mn-Pd % and also Al-Re-Pd provided its residual conduc-insensitive to the details of the fitting procedure and, there-
tivity o(0) is not too low!’ More recently, a square-root fore, can reliably be determined. The best fits shown in the
temperature dependence of the electrical conductivity haganels of Fig. 2 as the solid lines are achieved with
been reported for a multigrain sample of icosahedral=2.2<x10 '? s. We estimate the uncertainty 3, to be of
Y-Mg-Zn obtained via conventional solidificatidfi Consid- ~ the order of 20%. The resulting value of, is distinctly
ering oura(T) data between 1.8 and 20 K, the contributionslarger than the values in the range betweenx<@ ** and
to the electrical conductivityo(T) from the weak- 1.5x10 '3 s, previously reported for icosahedral Al-Mn-
localization term and from the Coulomb interaction termPd, a quasicrystal with relatively strong spin-orbit
cannot be separated in simple ways. This is mainly becausgcatteringt® Our ., value is of the same order of magnitude
the Coulomb interaction term is expected to weaken withas 7,=4x 10 % s reported for icosahedral Al-Cu-Fe, in
increasing temperature, finally vanishing in the temperaturavhich the strength of spin-orbit scattering is moderate.
range between 10 and 50°R. This is not at all surprising, because for icosahedral
We now compare our low-temperature magnetoconducY-Mg-Zn the weighted average of the atomic weights of
tivity sa(H) data with theoretical calculations considering aconstituent elements is close to that of icosahedral Al-Cu-Fe.
contribution to the magnetoconductivity due to quantum in-Finally, we note that oubo(H) results are in obvious con-
terference effects. For systems with large electron diffusiorflict with a recent claim by Kondo and co-workéts
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FIG. 4. Hall coefficienRy of Y-Mg-Zn between 1.8 and 250 K. 102L * i
the whole covered temperature range. /

Y-Mg-Zn o°

that icosahedral Y-Mg-Zn can be regarded as an electronic I o
system with weak spin-orbit scattering, based on an observa 1¢g3| o* __
tion of the positive magnetoconductivityo of melt-spun 1‘ . — '1'0 : 3'0
Y-Mg-Zn in the temperature range between 2.8 and 10 K.

Concluding our discussion, we reiterate that for a single
quasicrystal of icosahedral Y-Mg-Zn, the zero field conduc- g5 s Specific heaC,(T) of icosahedral Y-Mg-zn and Tb-
tivity o(T) between 20 and 150 K and the magnetoconducyg.zn between 1.5 and 20 K plotted on logarithmic scales.
tivity do(H) in magnetic fields of up to 70 kOe taken at
selected fixed temperatures in the range between 4 and 30 Ketal. In this connection, we recall that the regime of near
are well described considering quantum-interference effectsompensation has previously been claimed by Lindqvist and
alone. The obvious absence of a region in which the slopgo-workeré* for icosahedral Al-Cu-Fe, based on the results
do/dT of the conductivityo(T) curve is negative is most of Hall effect measurements. Finally, we note that the sign of

likely related to a crossover into a low-temperature regime irR,, indicates that the itinerant carriers are predominantly
which o(T) is affected by a sizable Coulomb-interaction negatively charged, i.e., electronlike.

correction. The regime, in which the interaction correction
dominates the temperature dependence of, however, ex-
pected to occur well below the lowest reached temperature of

B. Specific heat

1.8 K. In this connection, an investigation of the electrical 1.Y-Mg-Zn
transport properties of Y-Mg-Zn in the millikelvin tempera- ¢ specific-heaC,(T) data for icosahedral Y-Mg-Zn
ture range might confirm our conjecture. measured in the temperature range between 1.5 and 20 K is
shown in Fig. 5 on a double logarithmic plot. Between 1.5
2. Hall effect and 4 K ourC,,(T) data, shown in Fig. 6 a8,/T vs T2, are

The Hall coefficientR,,; was determined from a linear fit very well fited by a sum of a linear- and a cubic-in-
to the magnetic-field variation of the Hall resistivipy,(H)  temperature term
atH=40 kOe. In Fig. 4Ry(T) is shown between 1.8 and
250 K. The Hall coefficienR,, takes the values between 2.0 ' ' ' '
—1x10"° and—5x10"° m®C in the entire covered tem- I
perature range. In view of the scattering of the data points,
no analysis of the quantum corrections Ry(T) is at-
tempted. Averaging th&,(T) data between 1.8 and 250 K &~
yields (—2.7+0.2)x10 ° m®C, which corresponds to a
very low effective charge-carrier concentratiomyg
=(e|Ry|) "1~2.3x10** cm 3, or approximately 0.04
charge carriers per atom of the Y-Mg-Zn alloy. A compara- £
tive analysis of the specific heat and optical reflectivity data ~
obtained from a sample cut from the same grain of the icosa: ¢ : ]
hedral Y-Mg-Zn material also leads to a low itinerant 0.5+ .
charge-carrier densitp; of about 0.13 charge carriers per [ ]

—_
[,
— T

mdJ mol- 1K~

10l

Co

atom(see Sec. lll ¢ On the other hand, we note thai; is L Y-Mg-Zn
distinctly lower thann;. Given the complexity of the elec- -

tronic excitation spectrum of icosahedral quasicrystals, the 9 5 10 15 20 25
significance of this difference is not quite clear at present. T2 (K2)

Within a simple two-band model consistent with the Hume-

Rothery-type stabilization, the small ratigg/n;=0.3 may FIG. 6. C,/T vs T2 for icosahedral Y-Mg-Zn. The solid line

indicate that icosahedral Y-Mg-Zn is a nearly compensateghdicates the fit of Eq(9) to theC,(T) data(see text
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Cp(T)=yT+ BT, 9 2724 T3
The fit is shown as the solid line through the data points of Sh® vg
Y-Mg-Zn in Fig. 6. The fitting parameters arg=(0.623
+0.004) mJmoltK=2 and pB=(46.1-0.5) uJmol !
K~4. Our value of the parametey is close to analogous
value reported previously for a polygrain sample of Y-Mg-

Zn, prepared via conventional solidificatioh. term of the low-temperature specific heat of icosahedral
A linear-in-temperature termyT in the low-temperature Y-Mg-Zn leads to a thermodynamic average of the sound

specific heat of metals is commonly associated with excita-

e th_ .
tions of electronic degrees of freedom. For icosahedral qua\feloc't'esvS =3.04x10° cmis. The low-temperature lattice

sicrystals, however, a reliable evaluation of the electronicPecific heat of periodic crystals is often characterized by the
contribution y T to the specific heaC,(T) is hampered by Debye temperatur®, . We note, however, that a common
the presence of tunneling states, as indicated by the results §ffinition of ®p involves the number of atoms per unit cell
experiments probing sound velocities, acoustic attenuatiofnd thus cannot be applied to a quasiperiodic crystal. Defin-
and thermal conductivity at low temperatuf@s?in the for- "9 the Debye temperatui@, of a quasicrystal as

malism of the tunneling-states motfed’ the spectral density

of tunneling states is assumed to be energy independent and ®D=£(6772na)1/30 (11)
limited to a certain energy range. In this case thermal exci- kg *

tations of tunneling states are also expected to contribute aheren is the number of atoms per unit volume. we deduce
linear-in-temperature ternCs= yrsT to the total specific w al u perunitvolume, w u

. th .
heatC,(T) 2627 pccordingly, in an analysis of the specific the thermodynamiddy Debye temperature of icosahedral

heatC,(T) data of an icosahedral phase, contributions from" -Mg-Zn to be 348 K.

both electronic and tunneling-state excitations must be con-
sidered. Tunneling states are commonly present in metallic 2. Tb-Mg-Zn
glasses and their contributioBs(T) to the total specific Also our specific heaCy(T) data for Tb-Mg-Zn in the
heatC,(T) is typically of the order 0.03 mJ mol*K~128  temperature range between 2 and 19 K is displayed in Fig. 5,
This y+sT value corresponds to approximately 8% of theindicating a large excess specific h€(T) if compared to
linear contributionyT to the specific hea€(T) of icosahe-  C,(T) of Y-Mg-Zn. Itis obvious thaC,,(T) is the dominant
dral Y-Mg-Zn. Recent low-temperature investigations of thecontribution toC,(T) of the Th-based quasicrystal within
thermal conductivity and of the sound velocities performedthe whole covered temperature range, thus complicating a
on single quasicrystals of icosahedral Y-Mg-Zn did not re-direct analysis of the specific-heat data of this material. The
veal, however, any distinct features in the temperature variaexcess specific he&@,, may be obtained by subtracting the
tion of these quantities that were characteristic of interactionglectronic termC, and the lattice ternC,,, evaluated from
of acoustic excitations with tunneling staf@s° Therefore, it  the specific-heat data of the Y-Mg-Zn phase, from the total
is reasonable to assume that the linear teffmin the low-  measured specific he@,. The structure, as determined by
temperature specific he@l,(T) of icosahedral Y-Mg-Zn is the x-ray diffraction and HRTEM investigations, is the same
almost entirely due to the electronic excitations, i.¢T,  for both icosahedral phases. Assuming only a small contri-
= yqT. bution of thef electrons to the density of electronic states at
For icosahedral Y-Mg-Zn, the value of the electronicthe Fermi energyEg, one may expect that the electronic
specific-heat parametey, is somewhat higher than thg,  termCg is only slightly affected by the substitution of Y by
values previously reported for fci quasicrystals in the Al-Th. Considering in addition that the six-dimensional lattice
Mn-Pd and Al-Re-Pd systems, which fall into the range beparameters and, consequently, real-space interatomic dis-
tween 0.11 and 0.41 mJmdiK ~2.17?43For these materi- tances differ very little, one may further expect that the lat-
als, the small electronic specific heat has tentatively beetice stiffness is nearly the same for both phases. In this case,
attributed to the presence of a pseudogap in the density dhe main difference between the lattice contributi@)g to
electronic state$DOS) at the Fermi energfg.*"?*31The  the specific heat is due to differences in atomic masses, i.e.,
pseudogap in the electronic DOS Bt of the icosahedral CphocM3’2, where M is the mean atomic mass. With
Al-Mn-Pd and Al-Re-Pd quasicrystals was also inferred fromM 1y pg.zn/My.mg-zn=1.113  we  obtain  Cyp 1h-mg-zn
the analysis of the optical conductivity spectra obtained from=1.178, v.yg.zn- Over the entire covered temperature
the same samplé$? Based on our low-temperature range,C, of the Th alloy exceeds the sum Gf, andC, by
specific-heat results, we cannot claim a low DOS at theat least a factor of 2, and therefore our evaluatiorCgf is
Fermi energyEr because the value of the electronic specific-expected to be quite reliable. The resulting excess specific
heat parametey,, of icosahedral Y-Mg-Zn is close to that of heatC.(T) is shown in Fig. 7.
zinc. The optical conductivity spectrum of Y-Mg-Zn to be  Based on the results of our dc magnetic susceptibility
discussed in detail in Sec. 11l C exhibits a distinct feature thaimneasurements reported in Ref. 7, single-grain quasicrystals
is characteristic of excitations across a pseudogap, howevesf icosahedral Th-Mg-Zn exhibit a spin-glass-type freezing
We now focus on the low-temperature specific-heatof Tb moments aff;=5.8 K. Therefore, at least part of the
Cpr(T) due to lattice excitations. At low temperatures only excess specific he&l.( T) must be attributed to spin-glass-
excitations of the long-wavelength acoustic modes contributéype magnetic excitations. For spin-glass systems, the mag-
to Cp(T), which is given by netic specific hea€,,(T) at T=0 starts off with a tempera-

(10

where 1{)§ is the average, over the directions of propagation,
of the inverse third power of the phase velocitig&) of the
three acoustic modes. The coefficient B
=46.1 pJmol 1K~4 matching the cubic-in-temperature
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L e e e term Cce(T). The magnitude of th€.(T) deviation from
Tb-Mg-Zn the approximatél®-® variation of the low-temperature spin-
glass magnetic contributio@,, is compatible with a mini-

- mum splitting A/kg in the range between 25 and 35 K be-

tween the lowest and first excited levels of the CEF-split

=6 multiplet of TB" ions. On the other hand, the monoto-

nousCy(T) variation with a positive slopeC,,/dT up to

the highest measured temperature of 19 K reveals excitations

to levels separated from the lowest level by more than 50 K.
For our more detailed analysis of thig,(T) data we have

assumed that the main contributions to the excess specific

heat C.(T) are from spin-glass-type magnetic excitations

and from excitations to higher levels of the CEF-split

T ground-state multiplet of T% ions. Assuming further that in

the temperature range covered in our experimepi(T)

may be approximated by a Schottky-type anomaly resulting

ob— e from excitations out of a ground-state doublet to levels of

0 5 10 15 20 unknown degeneracy around two higher energies, the excess

T(K) specific heat well abové,,,, may be written as
N A
s 123 0 ext| - =
ZkBT i=1 kBT
the specific heat. Inset: B, vs InT between 2 and 3.5 K; the solid
line and the broken line are the linear fits to the data between 2 and

3
A,

2.4 K, and between 3 and 3.5 K, respectively. - [ 2 giA, eXF{ - ﬁ)
i=1 B

FIG. 7. The excess specific he@t(T) of icosahedral Th-Mg-
Zn. The solid line is the fit of Eg(12) to the data between 14 and
19 K. The broken line indicates the CEF contributi®pe(T) to Cex(T)= E*’ R

2
} , (12)

ture variation of the formC=T# where the exponemd  whereg; andA; are the degeneracy and the energy ofithe
usually takes values between 1.2 and %% reaches a level, respectively, and

maximum at a temperatuii,,, that is somewhat higher that
the freezing temperaturg; and decreases with further in- 3
creasingT, approaching & ~2 variation well aboveT 5. z=S g, ex;{ _ i) (13
We note, however, that after passing through a shoulder-type = ksT
feature at 7 KCg, continues to rise with increasing tempera-
ture, indicating that in addition t&€,,, the excess specific is the partition function. The best fit of Eq12) to our
heatC,, contains another contribution, which gains in weight Cc(T) data in the temperature range between 14 and 19 K is
towards higher temperatures. We attribute this contributiorpbtained withg, =2, as assumed,=2 andg;=7, yielding
to excitations to higher levels of the crystal-electric-field A=(3.7+0.4)X 10 JK/molTb, A,/kg=(29+1) K and
(CEPB split multiplet of the 4-electron Hund’s rule ground Az/kg=(76*2) K. The result of this fit is displayed as the
state. We have previously reported that CEF effects lead to olid line in Fig. 7. The broken line indicates the CEF con-
significant local magnetic anisotropy of Ib ions, which tribution Cce(T) separately.
manifests itself by higher freezing temperatuigsof the The magnetic specific hedt,,, of icosahedral Th-Mg-Zn
(Y1_4Th)-Mg-Zn solid solutions than for the may now be obtained by subtracting the CEF teQger
(Y,_4Gd)-Mg-Zn alloys with the same heavy rare-earth from the excess specific he@l,. Its temperature depen-
concentrations.’ dence is shown in Fig. 8. Between 2 and 3.5, varies as
A rigorous analysis of the CEF contributid®ee(T) to  T® with a=1.57+0.01. This variation, consistent with spin-
the specific hea€,(T) of Tb-Mg-Zn meets difficulties. This glass behavior, is illustrated in the inset of Fig. 8, where we
is mainly because the fci quasilattices allow multiple in-plot C, as a function ofT on logarithmic scales. The mag-
equivalent sites for the same atomic species and, althougtetic specific heatC,(T) exhibits a maximum afT 5
simulations of the HRTEM images have indicated that the=7.2 K. This temperature is about 25% higher than the
rare-earth atoms preferentially occupy the center of an icosdreezing temperaturd;=5.8 K, determined from the dc
hedron decorated by Mg and Zrthe point symmetries of magnetic susceptibility dataagain a typical feature of spin
the rare-earth sites are not really known at present. Mogglasses. Ou€C,(T) data, in the form ofC,,,/T vs T, is plot-
likely, icosahedral shells are not decorated completely byed in Fig. 9. The temperature derivative of the magnetic
either Mg or Zn, thus leading to rather low point symmetriesentropydS,,/dT=C,,/T reaches a maximum very close to
of the rare-earth sites and, consequently, to a singlet or, d@he freezing temperatur€;, indicating that the freezing of
most doubly degenerate ground state of Tlons. the magnetic moments &t manifests itself with a maximum
At the lowest temperatures between 2 and 3.5 K, the slopehange in the magnetic entropy. Although this behavior of
dInC,/dInT of the InC,, vs InT curve shown in the inset the magnetic specific he&,(T) is not universal for spin
of Fig. 7 increases from 1.6 to 1.8. We attribute this strongeglasses, we note that a coincidence of the maximum in the
than power-law variation o€.,(T) to an onset of the CEF C,,/T vs T curve andT; has previously been reported for
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FIG. 8. The calculated magnetic contributiGp,(T) to the spe- FIG. 9. C/T vs T of icosahedral Tb-Mg-Zn.

cific heat of the Th-Mg-Zn alloy. Inse€,,, vs T between 2 and 5 K
plotted on logarithmic scales; the solid line is the power-law ap-  Figure 11 displays the complete reflectivRfw) spectra
proximation of the data between 2 and 3.5 K, as explained in thggr the Y-Mg-Zn and Th-Mg-Zn quasicrystals at room tem-
text. perature. The inset highlights ti(w) variation in the far
infrared (FIR) spectral range. We did not observe any tem-
icosahedral Al-Mn-Pd! The magnetic entropgS,(T), ob-  perature dependence of tRéw) spectra, in agreement with
tained from the magnetic contributid®.,(T) to the specific  the very weak temperature variation of the electrical conduc-
heat via tivity o(T).” The complex optical conductivityo(w)
=o0(w)+io,(w) was obtained by a standard Kramers-
(Cnm Kronig transformation of the optical reflectivitR(w), ex-
ASy(T)= 0 FdT ' (14) trapolated both to lower and to higher frequencies. The ex-
trapolation ofR(w) to lower frequencies was based on the
is displayed in Fig. 10. For this calculatioB,, was extrapo- Hagen-Rubens relation-1R(w)(w/ o4 *? i.e., assuming
lated to zero temperature assuming the power-law variatiometallic behavior(see inset of Fig. 11 The following
Cr(T)=TY5 below 2 K. TheAS,(T) curve reveals that scheme for the extrapolation of the optical reflectiikgw)
more than 55% oAS,, is released above the freezing tem-to high frequencies was adopted. Between the highest
peratureT;. Thus, the freezing of magnetic momentsTat  achieved frequency of 9:710* cm™ !, accessible by our ul-
removes only a fraction of the magnetic entropy, implying atraviolet range spectrometer ank30° cm !, we assumed
considerable short-range order of magnetic moments abovR(w)* w2, simulating interband transitions. Above
T;, again typical of spin glasses. At 19 K\S,, reaches 3x10° cm !, we assumed the behavior of free electrons,
6.1 Jmol Tb 1 K™, This value is close t®In 2, thus indi- i.e., R(w)*w . The resulting optical conductivity-; (o)
cating that the spin-glass-type freezing of Tb moments aspectra are shown in Fig. 12. For both materials, the FIR
T:=5.8 K indeed involves a doubly degenerate groundimits of o;(w) are in fair agreement with the measured
state.

C. Optical properties [ Tb-Mg-Zn

The optical properties of quasicrystals were frequently 6_ — Rin2
studied in recent years and have proven to be very useful fo __
the determination of the charge excitation specttrif:>6-38 I |
Generally speaking, the electrodynamic response of a quasi, 4| T i
crystal is quite different from that of either a metal or a
semiconductor. A common feature in the excitation spectra
of both icosahedral and decagonal quasicrystals is an absory
tion feature at about f0cm™ !, overlapping with an effec-
tive metallic contribution at low frequencies. The metallic
contribution is more pronounced in decagonal than in icosa-
hedral quasicrystals, mainly because of generally highet
charge-carrier densities in decagonal phd$és3-38The 05 B RS T —
absorption at about f0cm™! is commonly ascribed to ex- TK)
citations across a pseudogap, the lowest-energy electronic
interband transition, possibly a consequence of the Hume- FIG. 10. The magnetic entropyS,, of icosahedral Tb-Mg-Zn
Rothery-type electronic stabilization mechanisii?-36-30 as a function of temperatufe

K-1

AS (Jmol T
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FIG. 11. Room-temperature optical reflectivitR(w) of
Y-Mg-Zn and Th-Mg-Zn between 16 and X20* cm™ 1. Inset:R

vs w2 in the FIR spectral range for both materials.

FIG. 12. Real partr;(w) of the complex optical conductivity
o(w) of Y-Mg-Zn and Th-Mg-Zn at 300 K. The dotted lines indi-
cate the fits of Eq(16) to theo; data. The inset shows, (w) in the

electrical conductivitiesr.” This is illustrated in the inset of FIR spectral range.

Fig. 12, which displaysr;(w) in the FIR spectral range.

Both the R(w) and o4(w) spectra reveal a number o
features that have previously been identified for variou
other quasicrystalline systems. First, we clearly recognize th
metallic behavior, indicated by a sharp plasma edde(ia)
with an onset at approximately 68.0* cm ! and the re-
flectivity R(w) tending towards 100% fo®—0. In the op-
tical conductivityo;(w) spectra, the metallic behavior mani-
fests itself by thgDrude spectral weight, i.e.,

¢ sociated with a phonon modé&* Similar features in the
pectral range extending from the midinfrared to the FIR can
e also recognized in the Y-Mg-Zn compound. Despite the,
In comparison with Th-Mg-Zn, larger Drude spectral weight,
an absorption and a broad shoulder at about 1000 and
200 cm'!, respectively, may still be identified i;(w) of
Y-Mg-Zn.

A phenomenological approach, based on the classical dis-
persion theory of Drude and Lorerftzallows for a separa-

v tion of the various components contributing to the dynamics
f oi(w)dw (15  of the charge excitation spectrum. For both quasicrystalline

alloys, we assumed that;(w) can be described by a Drude

at frequencies below,~10° cm ! (see also inset of Fig. term for the free charge carriers and several noninteracting
12). Second, the reflectivitiR(w) spectra contain the above- Lorentz harmonic oscillators describing a phononlike excita-
mentioned typical broad shoulder betweerk B and tion and a bound-state absorption below the pseudogap in the
2x10* cm ! leading to an absorption peak at approxi- frequency rangen<1.6x10° cm !, a pseudogap-like ab-
mately 6x10° cm ! in o4(w), which overlaps with the sorption at6<10° cm ! and a high-frequency interband ab-
Drude spectral weight and is ascribed to electronic excitatiogorption. We model the dielectric functiar{w) with
across a pseudogap. Due to the high dc electrical conductiv-
ity of the icosahedral Y-Mg-Zn and Th-Mg-Zn quasicrystals, w2 4 w?
this absorption is less pronounced and appears at somewhat &(w)=g,— p'F + 0 '2 -
lower frequencies than for the icosahedral Al-Mn-Pd and Al- w(otilp) =1 (0))?~0’~iye
Re-Pd phases with lower conductivitiesee, e.g., Fig. 13 in (16)
Ref. 38.17:32 _ _ _ _ -

For Th-Mg-Zn, two additional broad contributions may be Wheres.. is the high-frequency dielectric constan; is the
identified at approximately 350 and 1000 chin the opti- effegtlve plasm'a frequency .assomated with the free coharge
cal conductivityo; () below the pseudogap absorption. The carriers and’p, is the relaxation rate of the Drude terw;
feature at 1000 cm* has previously been found in the are the resonance frequencigs,are the dampings, and
o1(w) spectra of icosahedral Al-Re-PlContrary to an ear- are the mode strengths of the phonon, the bound state, the
lier interpretation in terms of a mobility gap featufe’’ we pseudogap and the interband harmonic oscillators, respec-
suggested a distribution of bound states as an origin of thi§vely. Fitting ouro;(w) data using Eq(16) adequately re-
broad contribution inr;(w) in Ref. 17. The FIR absorption Produces the major features of the charge excitation spec-
at approximately 350 cit in the o;(w) spectra of Th- trum (s_ee Fig. 12 The values of the fitting parameters are
Mg-Zn can be ascribed to optically active phonon modes. Irf@iven in Table |I. We note that the values of the effective
fact, a peak near 240 cm has been observed in the optical plasma frequencies, are the largest, and the values of the
conductivity spectra of icosahedral quasicrystals and was apseudogap resonance frequendcigsare the smallest ever

0
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TABLE |. Parameters of the fits of E¢16) to the optical con-  Fermi energyE (see Sec. Il B, leads to an itinerant charge
ductivity o4 (w) data of Y-Mg-Zn and Th-Mg-Zr(see text carrier densityn;=7.62< 10°* c¢cm 3, or 0.13 charge carriers
per atom, and an effective masg ~ 1.8m.

Mode Y-Mg-Zn Tbh-Mg-Zn
High-frequency €, 1 1 IV. SUMMARY
dielectric response For icosahedral Y-Mg-Zn, the temperature dependence of
Drude @ cmt 1.95x 104 1.69x 10¢ the electrical conductivityr(T) between 14 and 150 K and
Fs, em-! 1.05¢10° 1.06x 10° the magnetic field dependence of the magnetoconductivity
o . 60 (H) in magnetic fields of up to 70 kOe and in the tem-
Phonon @ em o 22610 3.47x10° perature range between 4 and 30 K can be well described
Y1, CM 1.86<10°  2.82<10° quantitatively by considering weak localization in the pres-
wj,emt 210100 2.34x10° ence of spin-orbit scattering of moderate strength. The tem-
Bound state w3, cm™? 1.40x 106° 1.13x1C6° perature variation of the inelastic scattering ra-;él(T)
¥a, cm~1 1.29x10°  1.77x10° «T? that can be inferred from our electrical conductivity
wy cm Y 911x10°  1.33x10* o(T) and magnetoconductivityyo(H) data is consistent
Pseudogap 3, cm™t 5.08x 10° 5.73x 108 with theoretical expectations for electron-phonon scattering

¥4, cm? 158 10° 1 44% 10 iq pure metals, which i; quite surprising in view of the qua-
@, e 6.30¢ 10* 6.53¢ 10* S|per|od_|c_structure of |cosa_1h_edral Y-Mg-Zn. The tempera-
ture variation of the conductivity(T) between 1.8 and 14 K
Interband wg cm™t  855¢10°  8.55¢10° indicates that another mechanism, most likely Coulomb in-
ye €M™t 2.00x10'  2.00x10° teractions among itinerant electrons, contributes albeit
wgom b 2.82x10°  2.82x10° weakly too(T) in this temperature range.
Below 4 K, the specific healC,(T) of icosahedral

reported for a quasiperiodically structured matetfgf-36-38 Y"Mg-Zn can be well described as the sum of a linear- and a
P quasip y : cubic-in-temperature terms, i.e., assuming @a(T) is due

This observation is Suite consistent with the previously recyy alectronic and lattice excitations. The coefficienof the
ognized trends of the, andwg variations, which seem to be |inear termyT in the specific heaC,(T) is close to they
governed by the conducting character of a quasicrystallingalue of zinc, thus indicating no significant reduction in the
phase’® density of electronic states & . For Th-Mg-Zn, the tem-
An estimate of the spectral weight may be obtained byperature variation of the specific he@g(T) is indicative of
applying the conductivity sum rule to the,(w) spectrum g spin-glass-type freezing of Tb moments and of a crystal-
5 field splitting of the ThJ=6 Hund'’s rule ground state.
* do= @p 1 The optical conductivityo;(w) spectra of icosahedral
fo oy(w)do=-g, 17 Y-Mg-Zn and Th-Mg-Zn reveal a number of common fea-
tures. At low frequenciesy;(w) is dominated by a Drude

with contribution with the effective plasma frequenc'iég asso-
5 ciated with the free charge carriers of 1:950* and
_4mnee (18 1.69<10* cm™ ! for Y-Mg-Zn and Th-Mg-Zn, respectively.
m* The relaxation ratd™, of the free charge carriers is only
about 1X 10° cm ! for both icosahedral phases. This value
wheren, is the density of the charge carriers and is their  is distinctly smaller than th&, values previously deduced
effective mass. Integrating the optical conductivity(w) from the optical conductivityo,(w) spectra of Al-based
after having subtracted the contributionsdg(w) from the  quasicrystals with FCI structurés?°¢37and is even smaller
high-frequency electronic interband transitions, the boundhan typical relaxation rates in amorphous metalghis is a
state and the phonon mode leads dg=6.59% 10* and  further manifestation of the enhancetktallicity of the Y-
6.73x10* cm™ ! for Y-Mg-Zn and Tb-Mg-Zn, respectively. and Th-based single-grain icosahedral quasicrystals. In the
Assuming that the effective mass* is equal to the free- near infrared and visible spectral range, the most prominent
electron massn, these plasma frequency values correspondeature in theo;(w) spectra of these gquasicrystalline mate-
to charge-carrier densities, of 4.85<10°2 cm 2 for rials is an absorption centered at approximately 6
Y-Mg-Zn and 5.10< 10?2 cm™ 2 for Th-Mg-Zn. We reiterate X 10° cm™!, which is attributed to excitations across a
that these values reflect the densityafifthe charge carriers pseudogap in the electronic excitation spectrum. Due to the
contributing to the complete charge excitation spectrum andather high electrical conductivity of icosahedral Y-Mg-Zn
are associated with the total spectral weight of the opticahnd Th-Mg-Zn in the low-frequency limit, this absorption
conductivity. occurs at distinctly lower frequency than for the FCI Al-
The concentratiom; and effective mass* of theitiner- ~ Mn-Pd and Al-Re-Pd quasicrystals. For icosahedral Y-Mg-
ant charge carriers may be estimated from a comparison ofn, a density n; of the free charge carriers of 7.62
the coefficienty, of the electronic specific heat and the ef- x 10?* cm™2 and a mass enhancement/m~1.8 may be
fective plasma frequencgop_ For Y-Mg-Zn, assuming that inferred from a direct comparison of the effective plasma
the linear termyT in the low-temperature specific heat frequency}I)p and the coefficienty of the linear termyT in
Cp(T) is entirely due to the density of electronic states at thethe low-temperature specific he@p(T).

2
p

(O]



272 M. A. CHERNIKOV et al. PRB 62

ACKNOWLEDGMENTS for his generous support in providing infrastructure related

M.A.C. would like to thank the Texas Center for Super- with these experiments. This work was in part financially

conductivity at the University of Houston for its hospitality supported by the Schweizerische Nationalfonds zur
during part of this work. L.D. would like to thank P. Wachter Forderung der wissenschaftlichen Forschung.

*Present address: Texas Center for Superconductivity, UniversitﬁlP. Lindqvist, C. Berger, T. Klein, P. Lanco, F. Cyrot-Lackmann,

of Houston, Houston, TX 77204. and Y. Calvayrac, Phys. Rev. £8, 630(1993.
TPresent address: Max-Planck-Institiit hemische Physik fester 22y Hattori, A. Niikura, A. P. Tsai, A. Inoue, T. Masumoto, K.
Stoffe, Ndhnitzerstrasse 48, 01187 Dresden, Germany. Fukamichi, H. Aruga-Katori, and T. Goto, J. Phys.: Condens.
1Z. Luo, S. Zhang, Y. Tang, and D. Zhao, Scr. Meta, 1513 Matter 7, 2313(1995.

(1993. 23N. Vernier, G. Bellessa, B. Perrin, A. Zarembowitch, and M. de
2E. M. Padezhnova, E. V. Mel'nik, R. A. Miliyevskiy, T. V. Boissieu, Europhys. LetR22, 187 (1993.

Dobatkina, and V. V. Kinzhibalo, Russ. Metal, 1985(1982. 24\M. A. Chernikov, A. Bianchi, and H. R. Ott, Phys. Rev5R, 153
3A. P. Tsai, A. Niikura, A. Inoue, T. Masumoto, Y. Nishida, K. (1995.

Tsuda, and M. Tanaka, Philos. Mag. Lét0, 169 (1994). 25M. A. Chernikov, A. D. Bianchi, E. Felder, U. Gubler, and H. R.
4|, R. Fisher, Z. Islam, A. F. Panchula, K. O. Cheon, M. J. Kramer,  Ott, Europhys. Lett35, 431 (1996.

P. C. Canfield, and A. I. Goldman, Philos. Mag. 8, 1601 26p_W. Anderson, B. I. Halperin, and C. M. Varma, Philos. Mag.

(1998. 25, 1 (1972.
SA. Langsdorf, F. Ritter, and W. Assmus, Philos. Mag. L&6,  2’W. A. Phillips, J. Low Temp. PhysZ, 351(1972.

381(1997). 28R. O. Pohl, inAmorphous Solids: Low-Temperature Properties
6M. J. Kramer, P. C. Canfield, I. R. Fisher, S. Kycia, and A. I. edited by W. A. Phillips, Topics in Current Physics Vol 24

Goldman, inProceedings of the 7th International Conference on  (Springer-Verlag, Berlin, 1981 Chap. 3, p. 27.
Quasicrystals, Stuttgart, Germany, 19%@lited by F. Ghler, P. 29K, Gianng A. Sologubenko, M. A. Chernikov, H. R. Ott, I. R.

Kramer, H.-R. Trebin, and K. UrbaMater. Sci. Eng. Ato be Fisher, and P. C. Canfield, iRroceedings of the 7th Interna-
published]. tional Conference on QuasicrystalRef. 6).

’1. R. Fisher, K. O. Cheon, A. F. Panchula, P. C. Canfield, M. A.3°B. Lithi (unpublishedl
Chernikov, H. R. Ott, and K. Dennis, Phys. Rev.53, 308 31M. A. Chernikov, A. Bernasconi, C. Beeli, A. Schilling, and H. R.

(1999. Ott, Phys. Rev. B8, 3058(1993.
8A. Kawabata, J. Phys. Soc. Jpt®, 628(1980. 32| Degiorgi, M. A. Chernikov, C. Beeli, and H. R. Ott, Solid State
9H. Fukuyama and K. Hoshino, J. Phys. Soc. Ji)2131(1981). Commun.87, 721 (1993.
0L, P. Gorkov, A. I. Larkin, and D. E. Khmel'nitskii, Pima Zh. 33J. 0. Thomson and J. R. Thomson, J. Phys. F: Met. Phiy247
Eksp. Teor. Fiz30, 248 (1979 [JETP Lett.30, 228(1979]. (1981).
1S, Koshino, Prog. Theor. Phy24, 1049(1960. 34R. Caudron, P. Costa, J. C. Lasjaunias, and B. Levesque, J. Phys.
12y, Kagan and A. P. Zhernov, Zh.kBp. Teor. Fiz.50, 1107 F: Met. Phys.11, 451(1982.
(1966 [Sov. Phys. JETR3, 737 (1966)]. 35R. J. Trainor, Jr. and D. C. McCollum, Phys. Rev.9B 2145
BBA. Schmid, Z. Phys271, 251 (1973. ) (1974).
14B. L. Altshuler and A. G. Aronov, Pis’'ma Zh. I&p. Teor. Fiz.  3®C. C. Homes, T. Timusk, X. Wu, Z. Altounian, A. Sahnoune, and
30, 514 (1979 [JETP Lett.30, 482 (1979]. J. O. Stian-Olsen, Phys. Rev. Let67, 2694 (1991).
15T Klein, H. Rakoto, C. Berger, G. Fourcaudot, and F. Cyrot- 37D. N. Basov, F. S. Pierce, P. Volkov, S. J. Poon, and T. Timusk,
Lackmann, Phys. Rev. B5, 2046(1992. Phys. Rev. Lett73, 1865(1994.
M. A. Chernikov, A. Bernasconi, C. Beeli, and H. R. Ott, Euro- 3A. D. Bianchi, F. Bommeli, E. Felder, M. Kenzelmann, M. A.
phys. Lett.21, 767 (1993. Chernikov, L. Degiorgi, H. R. Ott, and K. Edagawa, Phys. Rev.
A, D. Bianchi, F. Bommeli, M. A. Chernikov, U. Gubler, L. B 58, 3046(1998.
Degiorgi, and H. R. Ott, Phys. Rev. 85, 5730(1997. 393, E. Burkov, T. Timusk, and N. W. Ashcroft, J. Phys.: Condens.
18R. Kondo, T. Hashimoto, K. Edagawa, S. Takeuchi, T. Takeuchi, Matter4, 9447(1992.
and U. Mizutani, J. Phys. Soc. JpB6, 1097 (1997). 40F. Wooten,Optical Properties of Solid§Academic, New York,
19p, Lindqvist and ORapp, J. Phys. F: Met. Phyk8, 1979(1988. 1972.

20D, V. Baxter, R. Richter, M. L. Trudeau, R. W. Cochrane, and J.*'S. W. McKnight and A. K. Ibrahim, J. Non-Cryst. Soli64&62,
0. Stran-Olsen, J. PhygFrance 50, 1673(1989. 1301(1984).



