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Strong electron-electron interaction effects in highly resistive Al-Cu-Fe icosahedral phases
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We have analyzed the temperature and magnetic-field (up to 35 T in pulsed fields) dependences of the

conductivity of pure Al-Cu-Fe quasicrystalline samples. The results of this analysis are consistent with

predictions of weak-localization and electron-electron interaction theories. A maximum is observed in

the high-temperature magnetoconductivity, which could be due to competing effects between these two

contributions. The more resistive sample shows a peculiar low-temperature behavior, which could be at-

tributed to band-structure effects.

The thermodynamically stable' Al-Cu-M
(M =Fe,Ru, Os) icosahedral phases show remarkable
structural quality (very low density of defects, absence of
phason strain) and may be obtained as single grains.
They are thus of great interest for the study of the
specific properties of the quasicrystalline structure. The
most salient feature is that they show very high resistivity
values at 4 K: up to 10000 pQ cm for A162,Cu2, Fe,2,,
and even 30000 pQ cm for A16sCu2ORu». These values
are associated with a reduced density of states at the Fer-
mi level which could be due to peculiar Bragg-like
diffractions by analogy to Hume-Rothery rules. We re-
port here on the first high-magnetic-field measurements
(up to 35 T in pulsed magnetic fields) performed on pure
Al-Cu-Fe quasicrystalline samples of high structural
quality. A striking point is that, despite these very high
resistivity values, the temperature and magnetic field
dependences of the conductivity (o ) can be well de-
scribed by quantum interference effects (weak localiza-
tion and electron-electron interactions) originally
developed for disordered systems. However, our more
resistive quasicrystalline sample presents a peculiar low-
temperature behavior, which could be attributed to
band-structure effects.

Master ingots of composition A163CuzsFe, 2 and

A16zCu2s sFe&2 s were prepared by melting high-purity
elements in an are furnace under argon atmosphere.
Thin ribbons ( lmm X 1 cm X 30 pm) of pure icosahedral
phase were then prepared by melt spinning. However.
the as-quenched samples present structural defects and
an additional cubic Al-Fe-type crystalline phase ( —5').
The ribbons are thus subsequently annealed under vacu-
um for a few hours at 800 C in order to obtain pure
icosahedral phases of high structural quality. The purity
and quality of the materials were confirmed by x-ray
diffraction using the Cu Ka radiation as shown in Fig. 1.

The resistivity was measured using a classical four-
probe method down to 300 mK in static magnetic fields

up to 8 T between 1.8 and 110K in pulsed magnetic fields

up to 35 T. Both measurements give the same results in
the low-field limit ( ( 8 T). The resistivity at 4 K depends
strongly on the composition, ranging from 4300 pQ cm
in A163Cu2sFe&2 to 7800 pQ cm in A162Cu2s. sFe&2. s. The
variation of the conductivity (o =1/p) with temperature
is shown in Fig. 2. This dependence can be well de-
scribed by quantum interference effects using a classical
fitting procedure of the form Acr(T)=3[a+(bT) j'~

bT+c&T—(1) between 0.3 and 100 K. The two first
terms refer to weak localization effects and a and b are re-
lated to spin-orbit (r, , ) and inelastic scattering (r;)
times, respectively,

a=(e /2m h) Dr. .. bT=(e l4nh)+Dr; . .

In the case of A163CuzsFe, 2 we could estimate the
diffusivity D by using the measured value of the density
of states at the Fermi level (specific-heat measurements )
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FIG. 1. X-ray diffraction pattern of i-A162Cu», Fe»5 an-

nealed at 800 C for 3 h. (Indexing scheme of Ref. 16.)
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200 300 FIG. 3. Low-temperature conductivity as a function of &T
at different magnetic fields for i-A16&Cu» 5Fe» 5.

FIG. 2. Temperature dependence of the conductivity of i-
A16&Cu» &Fe» 5 and i-A163Cu»Fe». In the inset, the line is the
fit from quantum interference effects (see text) for i-A163Cu»Fe»
between 0.3 and 100 K.

to D =o le N(E~)-0. 3 cm /s, and we then get
v.;-2X10 T s and ~, , -4X10 ' s. The value of
~, , is typical of amorphous systems, whereas ~; is one
order of magnitude higher than usually observed in these
systems.

The v T term in the conductivity is attributed to
electron-electron interactions:

c =2. 1(—', ——', AF )v D

where F is a screening factor (0 & F & 0.93 ) and A, a
parameter introduced to take into account band-structure
effects (mass anisotropy and intervalley scattering
effects). c is then usually positive in amorphous systems
(I,= 1 ) and negative is heavily doped semiconductors on
the metallic side of the metal insulator transition '

(A, & 1). A negative value of the c coefficient is observed
in the highly resistive A162Cuz»Fe, z 5 sample. Moreover,
in that case, c is magnetic-field-dependent, as observed in
heavily doped semiconductors and predicted by
electron-electron interactions theories': Ao ( T)
=c(H)v'T, with c(H) being negative at zero magnetic
field and a positive constant at sufficientiy high field such
as g*p&H &kr and g*p&H &h/v;, where g* is the
effective Lande factor (g ' -2 in the free-electron limit
but could be much higher in our system ). This peculiar
low-temperature dependence of o. in the A162Cu25 5Fe,2 5

samples is shown in Fig. 3 (c & 0 and constant for H & 3
T) and can be attributed to band-structure effects in this
high-resistivity sample. On the other hand, the c
coefficient is positive in A163Cu25Felz. This change of
sign from a negative to a positive value may be due to a
decrease of the screening factor I' with decreasing resis-
tivity and/or to a lower value of the band-structure pa-
rameter A, in this less resistive sample.

The magnetic-field dependence of the conductivity is
presented in Fig. 4 for both samples. The order of rnagni-
tude of b,cr(H) is comparable to that observed in amor-
phous systems7 and b,cr(H) can be analyzed by nonmag-
netic weak localization (including Zeeman spin split-

ting)" and electron-electron interaction' theories.
Indeed, we have shown in a previous paper that the
A163Cu25Felz sample shows a diamagnetic contribution at
high field (1—2 T, 4—300 K) in agreement with values
published on other compositions' and our preliminary
susceptibility measurements on A162Cuz»Fe&25. Thus
we do not expect to find magnetic contributions to
bo(H). Figure 5 presents schematically the contribu-
tions to the magnetoconductivity due to weak-
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FIG. 4. High-magnetic-field dependence of the conductivity
as a function of &H for i-A162Cu», Fe» 5 and i-A163CU»Fe».
In the inset: temperature dependence of the slope
n( T) =d(ho. (H) )Id(&H ) for i-A163Cu»Fe» (the line is a guide
for the eyes).
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FIG. 6. High-temperature magnetoconductivity in i-
A162Cu» &Fe» & showing a maximum as a function of the ap-
plied field.

FIG. 5. Schematical contributions to the rnagnetoconductivi-
ty from weak-localization (a) and electron-electron (b) interac-
tions.

localization and electron-electron-interaction effects:
there is a magnetic-Geld range where both theories pre-
dict a t/H dependence of the conductivity. This behav-
ior can be clearly seen in Fig. 4 with a slight saturation at
low temperature and high field. Moreover, the slope
d(b, o )/d(&H ) is temperature dependent.

For the weak-localization part of the rnagnetoconduc-
tivity (MC) this temperature dependence of the slope can
be attributed to Zeeman-spin-splitting effects as already
observed by Lindqvist and Rapp in amorphous Cu-Ti. '

Indeed, these authors have shown by numerical calcula-
tions that for low-diffusivity alloys (D & 1 cm /s)
Zeeman-splitting effects dominate the weak-localization
part of the MC at low temperature. There is then a
magnetic-field range where ho (H) = —A ( T)&H with a
theoretical value of A ( T =Olt. ) = 1.4/v'D where D is the
diffusivity.

For the electron-electron interactions part, Lee and
Ramakrishnan' have shown that for H && k T/g p~,
her(H) = Bv'H with B =—1.8F /v'D [F is the screen-
ing factor, see o(T)j. From the values of D-0.3 cm /s
and I' -0.65 deduced from cr ( T) (with A, = 1 ) in
A163Cu2sFe, z we get A (T=0 K) -2.5 (Qcm) ' T'~
and B -2.2 (0 cm) ' T' . Assuming that these two
contributions are additive we have Ao(H)= —[A (T)
+Bjt/H with a theoretical value of A ( T =OX)+B
=4.7 (Qcm) 'T' . This value is in good agreement
with the measured value of 5 (0 cm) ' Tt~ at 0.3 K.

Figure 6 presents the magnetoconductivity at high
temperature for A162Cu25 5Fe&2 ~. We can observe a rath-
er unexpected feature with the MC being positive at low
field and negative at higher field (the same behavior is ob-
served in A163CuzsFetz). Such a behavior can be attribut-

ed to competing effects between weak-localization and
electron-electron interactions. Indeed, at high tempera-
ture (r, /r, , & 0. 1) inelastic scattering destroys the
Zeeman-splitting effects and the weak-localization part of
the rnagnetoconductivity becomes positive (Fig. 5, tem-
perature T3). On the other hand, the electron-electron
interactions part remains negative but is shifted to higher
fields (Fig. 5, H )kT/g @It ). Thus, competing effects be-
tween these two contributions could lead to the magneto-
conductivity being positive at low field (weak-localization
efFects) and negative at higher fields (electron-electron in-
teraction effects). This efFect is usually not observed in
disordered systems for which electron-electron interac-
tions are negligible at these temperatures. The MC be-
havior of our Al-Cu-Fe icosahedral phases is thus a re-
markable feature that can be understood by strong
electron-electron interaction effects if one assumes no

magnetic contributions. Strong electron-electron interac-
tion contributions at high temperature have also been ob-
served in other high resistivity samples such as Si based
amorphous alloys' or heavily doped semiconductors.
At higher temperature the electron-electron contribution
is shifted to very high fields and we get a positive magne-
toconductivity characteristic of weak-localization effects
(Fig. 4). For a more detailed analysis of the MC curves
we must take care of the fact that these theories are per-
turbation developments theoretically valid only in the
kFl»1 limit, whereas for our high-resistivity samples
kF 1 —l.

In conclusion, the A1-Cu-Fe alloys a11owed us for the
first time to obtain very high structural quality
icosahedral phases. These samples show very high resis-
tivity values at 4 K for 4600 pQ cm and 7800 pQ cm for
A163Cu25Fe&2 and A162Cu25 5Fe&2 &, respectively. Despite
these high resistivities the temperature and magnetic-field
dependence of the conductivity can be analyzed through
quantum interference theories. The magnetic-fieM depen-
dence of the conductivity at 50 K can be attributed to
strong electron-electron interactions, and the more resis-
tive sample presents a peculiar low-temperature behavior,
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which could be due to band-structure effects, as those ob-
served in heavily doped semiconductors close to the
metal-insulator transition.
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