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A. Sahnoune, J. O. Strom-Olsen, and A. Zaluska
Centre for the Physics of Materials and Department of Physics, McGill University, 3600 University Street,
Montreal, Quebec, Canada, H34 2T8
(Received 5 March 1992; revised manuscript received 1 June 1992)

We report measurements of the temperature and magnetic-field dependence of the resistivity in
single-phase icosahedral Al-Cu-Fe alloys between 0.15 and 41 K and fields up to 8.8 T. The data are
consistent with the predictions of weak localization and electron-electron-interaction theories, even
though the disorder parameter (kzl,)”! is larger than one. The spin-orbit scattering and the electron-
wave-function dephasing rates are found from a fit of the magnetoresistance. The dephasing rate is
found to vary as AT? with p ~ 1.5, characteristic of electron-electron scattering in the strong disorder
regime. Independent determination of the dephasing rate from the temperature dependence of the resis-
tivity, however, gives significantly different values of A4 and p. This discrepancy is discussed in terms of
electron-electron and electron-phonon scattering rates. We also observe directly the antilocalization
effect due to spin-orbit scattering on the temperature dependence of the resistivity in one of the samples.

I. INTRODUCTION

The quasicrystalline alloy system Al-Cu-Fe is a stable
peritectic between 700°C and the melting point at
872°C.!73 As a consequence it is one of the most attrac-
tive quasicrystals for study since a high level of structural
and compositional order may be obtained by appropriate
annealing, whereas samples of metastable quasicrystals,
such as Al-Mn, tend to be contaminated with amorphous
or proximant crystal phases. This characteristic is of
particular relevance to transport studies since it has been
found that the intrinsic resistivity of many quasicrystals
is extremely high and contamination by a few percent
even of amorphous phases can lead to the erroneous in-
terpretation of results.

One very interesting feature of quasicrystals is that the
already high resistivity tends to further increase with
annealing®>—i.e., with increasing atomic order—in con-
trast to conventional metals where removing defects al-
ways lowers the resistivity. This has led to the view that
high resistivity is not caused by disorder but is intrinsic
to the phase, and reflects a very low electron density®’ at
the Fermi level due to a close matching of the first Bril-
louin zone with the Fermi sphere. This view is supported
both by specific-heat measurements, which show a low
density of states at the Fermi level,%’ and by recent opti-

cal conductivity measurements which show a linear fre-
quency dependence of the conductivity, a characteristic
of marginally metallic systems.® To set against this, how-
ever, are the recent results of Klein et al.”® where the
temperature dependence of the resistivity was found to be
well described by the theories of quantum corrections to
the conductivity (QCC), known as weak localization
(WL),!° and enhanced electron-electron interactions
(EEI),!! which are only valid in the limit of high disorder.
Furthermore, the measured Hall coefficient is apparently
always negative,® whereas in a nearly filled zone one
could expect at least some samples with a positive value
due to unfilled hole states.

In the present article we present a detailed quantitative
study of the temperature and magnetic-field dependence
of the resistivity of four single-phase quasicrystalline al-
loys over the range 0.15-41 K and 0-8.8 T. The alloys
are all close to the composition Alg;Cu,sFe,, (see Table I)
where the formation of thermodynamically stable single-
phase icosahedral structure has been established. The
data are completely analyzed within the framework of
WL and EEI theories (in contrast to earlier studies where
only the temperature dependence was so analyzed”’) and
estimates given of the spin-orbit and dephasing scattering
rates. We show that it is important to consider the full
fitting to obtain a clear picture of dephasing. When

TABLE I. Physical parameters of icosahedral Al-Cu-Fe alloys. Errors: p, £10%; 1/7,, 1/ T4 £10%.

Pa2 K D I/Tso 1/T¢ 1/T¢
Alloy (wem) 22K prpeny B Fb (102 570 (™1 P
P300 K
Alg; sCu,yy sFey,y 4622 1.66 0.25 0.25 0.56 14 9.9x10° T4 8.4X10% T?
Alg;CuysFey, 5330 1.72 0.25 0.2 0.60 1.4 1.03X 100 T!45 8.6X10® T2
Alg, sCuys sFe), 6700 1.73 0.25 0.1 0.64 1.4 1.7Xx10' T!-38 9.7X10® T?
Alg,Cu,ys sFejs s 9730 2.21 0.25 1.06 1.08 1.4 1.8X 1010 T!43 1.97X10'° T!-3¢
*From the magnetoresistance.
*From the temperature dependence of the resistivity.
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spin-spin scattering is absent, the destruction of the phase
coherence of the electron’s wave function is controlled by
either inelastic electron-phonon scattering or electron-
electron scattering; the only way to distinguish between
these two processes is from their dependence on tempera-
ture. Both follow a power law (7?) with p =2-4 for the
former and p =3 or 2 for the latter. Hence the exponent
p can in principle identify the dominant cause behind the
dephasing.

II. EXPERIMENTAL TECHNIQUES

The Al-Cu-Fe alloys were prepared by arc-melting ap-
propriate amounts of the constituents under an argon at-
mosphere. The purity of the starting elements was: Al
99.999%, Cu 99.999%, Fe 99.9%. In order to ensure
homogeneity the alloys were melted several times. The
samples were made by melt spinning buttons of about 1 g
onto a copper wheel rotating at a tangential velocity of 30
m/s under 15 kPa of He. The resulting ribbons were typ-
ically 1-2 mm wide, 20 um thick and up to 30 mm long.
The as-made ribbons are found to contain both the
icosahedral phase and a crystalline phase of Al-Fe as has
been generally seen.’ To obtain a pure icosahedral phase,
the ribbons were annealed in vacuum at 750°C for 3 h.
The icosahedral structure was confirmed by x-ray
diffraction and transmission electron microscopy (TEM)
and no traces of contaminant phases were observed in the
final samples by either technique. High-resolution TEM
also revealed a high degree of order as shown in Fig. 1 for
one of the alloys.

Resistance changes with temperature and magnetic
field were measured by a four-terminal ac bridge (LR400
from Linear Research, California, USA). Above 1.4 K
the temperature was varied either by pumped helium or
by a servo-controlled heater. Below 1 K the measure-
ments were performed on a dilution refrigerator. During
field sweeps the temperature was kept stable to within
1% or better. A magnetic field of up to 8.8 T was provid-
ed by a superconducting solenoid.

FIG. 1. High-resolution transmission electron micrograph of
Algs sCuy4 sFey;. The inset shows the corresponding electron-
diffraction pattern along the fivefold axis.
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III. RESULTS AND DISCUSSION
Figure 2 shows the magnetoresistance

Ap _ p(B,T)—=p(0,T)]
P p(0,T)

of Algs sCuyy sFe;, AlgCuysFeyy, Algy sCuysFey, s, and
Alg,Cu,ys sFe, 5 as a function of temperature from 1.5 to
41 K. The dots represent the experimental data and the
solid line the fit to the theoretical expressions, as ex-
plained below. It is at least an order of magnitude larger
than the observed magnetoresistance in amorphous sys-
tems and rises to about 12% in Alg,Cu,s sFe;; 5 at 1.5 K
and 8.8 T. This behavior is consistent with QCC theories
which predict Ap/p <p. The magnetoresistance is posi-
tive over the whole range of temperature and field,
reflecting the presence of spin-orbit scattering. As the
temperature increases its magnitude decreases due to the
destruction of phase coherence by inelastic scattering
events. The data are fitted to the predictions from WL
and EEI, which are given in the Appendix. Before we de-
scribe the fitting procedure we should mention that no
negative magnetoresistance was observed in any of the
samples at any temperature considered here, in contrast
to Ref. 7 where a negative magnetoresistance is reported
in AlgCu,sFe, at 30 K. Details of the numerical
methods used in evaluating the different terms are given
by Baxter et al.!> The diffusion constant in the expres-
sions is calculated from specific-heat data,® using the Ein-
stein relation for Alg; sCu,, sFe;, and was assumed to be
the same for the remaining alloys. In other words, we as-
sume that the change in p is only due to the varying den-
sity of states at the Fermi level. As a first step, the fitting
is restricted to low fields (B /7T <1 TK!) with the resis-
tivity p, the dephasing field B; and the spin-orbit scatter-
ing field B, as free parameters using WL expression
only, the EEI contribution being important only at high
fields. B, is temperature independent and is therefore
the same for all temperatures. A similar fitting procedure
was successfully used for amorphous alloys.!? Using p as
a free parameter in the WL expression allows us to deter-
mine the resistivity in a way that is independent of the
sample geometry and microcracks that might exist in
these very brittle samples. As a second step, the fitting is
extended to the entire field range, including the EEI term
with the screened Coulomb interaction parameter F,,
which is also temperature independent, as the only free
variable. Thus each family of curves in Fig. 2 is fitted
with common values of B,, and F, and one value of B,
at each temperature. Agreement is very good over the
entire range of field and temperature. In all cases, the
EEI contribution is important at high fields and even
exceeds that of WL in Alg,Cu,s sFe, s in contrast to
amorphous alloys and thin films where the magnetoresis-
tance is always dominated by WL. This is consistent
with the increasing role of interaction effects when the
resistivity becomes very large.'* The contribution is posi-
tive and comes from the diffusion channel only; the con-
tribution from the Cooper channel was found to be very
small and therefore was neglected. The values of the
resistivity obtained from the fits at low temperatures are
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consistent with measurements made at room temperature
with conventional four-terminal measurements and are in
excellent agreement with the values reported by Biggs,
Li, and Poon® and Klein et al.” The spin-orbit scattering
field is found to be about 11 T (1/7,~1.4X102s™!) and
is the same in all samples. This is expected since their
chemical compositions are very close and so provides a
consistency check on the fitting procedure. It is worth
noting that because of the large value of By, we are not
able to see a maximum in the magnetoresistance which is
normally seen when B =2 B,,. This maximum is further
delayed by the large positive EEI contribution at high
fields, as mentioned earlier and supported by the results
of Klein et al.”® where they observed only a slight de-
crease in the slope of the magnetoresistance up to 35 T.
In Al,CuyssFej, s the best fit is obtained for
F,=1.0610.03 corresponding to a value of F=1.15,
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where F is the average of the screened Coulomb potential
over the Fermi surface. The large value of F may be an
indication of the breakdown of the Thomas-Fermi theory
when the density of electrons is very low, as is the case in
these alloys. In fact measurements of the Hall constant
revealed that the density of electrons is only 6.3X10%
cm™? in Alg sCu,, sFep,,® and may be even less in
Al,Cu,s sFep, s. In such a situation the screening of the
Coulomb potential is decreased and the screening length
itself tends to diverge.!> Another possibility for the large
value of F may be band-structure effects, as suggested by
Thomas et al.,'® where F is replaced by AF; A being a
constant that takes into account intervalley scattering
and/or mass anisotropy (A > 1).

At this stage a remark about the use of WL and EEI
theories for this system is in order. WL and EEI expres-
sions are first-order terms in the disorder parameter
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b 15K
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FIG. 2 Magnetoresistance of icosahedral Al-Cu-Fe alloys. The points are the experimental data and the solid line a fit as de-
scribed in the text. Temperatures are indicated in the figure. (a) Alg; sCu, sFe;,, (b) Alg;CuysFe,, (¢) Alg, sCuys sFey,, and (d)

Alg,Cu,s sFey, 5.
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(kgl,)! (kg is the Fermi wave vector and /, the electron
mean free path) of a perturbation treatment of the disor-
der and should be used, in principle, only when
(kpl,)"'<<1. In icosahedral Al-Cu-Fe alloys (kzl,)"!is
estimated from the free-electron formula, (kgl,)”!
=#/(3m,D), to be ~1.5. However, theoretical con-
siderations suggest that higher-order terms are small and
these expressions may not be restricted to the weak disor-
der limit.'"!” It has also been found experimentally that
these expressions account accurately for the data in
high-resistivity amorphous metals when (kzl,) ! is of or-
der unity.'>!®

The temperature dependence of the dephasing rate as
deduced from the magnetoresistance analysis is shown in
Fig. 3 and may be described by an expression of the form:
1/74= AT?. In all samples, a best fit is obtained for
p~1.5. It is well known'"!>20 that an exponent 2 is ex-
pected for electron-electron scattering in the so-called
dirty limit when (kgl,)”'> 1. In fact Schmid® has given
a general expression for the electron-electron scattering
rate in disordered metals:
1 (kgT? . V3 kol i (kg T |
T, 8 HEL 5 (krle) WE; M

where E is the Fermi energy. A similar expression has
also been derived by Al’'tshuler and Aronov.!'!

To compare with the experimental results, we use the
value of (kgl,)”! given above and take Ez~1 eV for the
Fermi energy. Equation (1) then yields

1/7,,=4.4X10°T2+2 X 10°T3/%2 571 |

Although the calculated value is smaller than the one we
find from the fits, it is consistent with the fact that the
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FIG. 3. Dephasing rate 1/7, as a function of temperature in
icosahedral Al-Cu-Fe alloys, as extracted from the magne-
toresistance. The solid line is a fit to the data using 1/74= AT”.
(@) Alg; sCu,y sFey, (O) Alg;CuysFeys, (A) Algy sCuys sFeyp (o)
Alg;Cuys sFeyy s.
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T3/ term dominates. The first term in Eq. (1) is expected
to dominate when the disorder is not too strong. The
difference in the magnitude between the estimated 1/7,
and the experimental one is not specific to the present
case. It is consistent with the results of several systems
where the theoretical expression of 1/7,, always underes-
timates the observed dephasing rate (see Ref. 11, for ex-
ample). We therefore conclude that dephasing is due to
electron-electron scattering, in the strong disorder limit
and that Eq. (1) needs to be reevaluated so that quantita-
tive comparison with the experiment can be made.

The temperature dependence of the zero-field resistivi-
ty below 30 K is shown in Fig. 4. In all samples, the
resistivity increases as the temperature is lowered except
in Alg,Cu,s sFe|, s where, after reaching a maximum
around 14 K, it decreases down to the lowest tempera-
tures. As for the magnetoresistance, we fitted the zero-
field resistivity data using the predictions of QCC. In the
present high-resistivity system, WL contribution to the
temperature dependence of the resistivity is important
and must be included in the analysis. Moreover, it in-
creases with increasing resistivity and dominates in
Alg,Cuys sFe;, s. The values of p and B, are the same as
those extracted from the magnetoresistance fit. However,
the dephasing field B, and the Coulomb interaction pa-
rameter F, were allowed to vary in order to fit the data
over a wide range of temperature. Here also good fits are
found from the lowest temperatures to approximately 15
K. However, although the dephasing rate 1/74 is found
to follow a power law AT?, the value of p is equal to
2.0+0.1 and the coefficient 4 ~9X10® K~2s™!, in the
low-resistivity samples. Similar values of 4 and p were
reported in Refs. 7 and 9 using simplified QCC expres-
sions of the resistivity temperature dependence. The
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FIG. 4. Low-temperature resistivity of icosahedral Al-Cu-Fe
alloys. The points are the experimental data and the solid line a
fit taking into account both WL and EEI contributions. (a)
Alg; sCu,g sFep,, (b) Alg;CuysFe,, (¢) Alg, sCu,s sFey,, and (d)
Alg,Cu,ys sFeyy s.
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present results are significantly different from our
findings from the magnetoresistance analysis. They sug-
gest that perhaps only the first term of the dephasing rate
in Eq. (1) is relevant to the temperature dependence of
the resistivity in the relatively low-resistivity samples.
However, as mentioned in the Introduction, an exponent
p =2 can also be attributed to electron-phonon scatter-
ing. In the highest-resistivity alloy, i.e., Als,Cu,s sFe;; s,
both the magnetoresistance and the resistivity tempera-
ture dependence give, within error, the same 1/7; (see
Table I) and suggest that dephasing is due to electron-
electron scattering only. It is not clear why the other
samples give different results and further investigation is
needed in order to explain the observed discrepancy in
the value of the exponent p.

Figure 5 shows the resistivity AlgCuyssFej,s in
different magnetic fields. As mentioned above, the zero-
field resistivity reaches a maximum then decreases below
14 K. Similar positive slope of the resistivity as a func-
tion of temperature is only seen in highly doped semicon-
ductor of comparable resistivities (e.g., Si:P and
Ge:Sb).!621:22 In their most recent work Klein et al.” at-
tributed this peculiar behavior of the resistivity to a
band-structure effect in this very high-resistivity sample.
Here we show that it is consistent with antilocalization
effects caused by spin-orbit scattering.?® In fact, in the
presence of spin-orbit scattering weak localization correc-
tion to the resistivity increases with temperature and as a
function of B, its slope changes sign for B, = { B, as in-
elastic scattering becomes more important at high tem-
peratures. We should mention that for the other three
samples, it is not possible to see such an effect because, as
deduced from the fitting, B4 <<B,,. Another way to des-
troy antilocalization effects on the resistivity is by apply-
ing a magnetic field. One can see from the figure that as
the field increases the negative slope of the resistivity
with temperature is progressively recovered. We also

AlgaCupg sFeya 5

103 80/0%[ (2 m)~1]

I | | | | 1
4 8 12 16 20 24
T(K)

FIG. 5. Low-temperature resistivity of icosahedral
AlgCuys sFeypy s in a magnetic field. The points are the experi-
mental data and the solid line a fit as described in the text.
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note that even a field as high as 8.4 T is not sufficient to
suppress the temperature dependence of the localization
contribution to the resistivity. The solid lines in Fig. 5
are a result of a combination of WL and EEI contribu-
tions using the full theoretical expressions with the same
parameters as those extracted from the magnetoresis-
tance and are therefore zero-parameter fits to the data.
Since F,=1.08 the EEI contribution to the zero-field
resistivity in this sample is positive whereas it is negative
for the other samples of lower resistivity. A similar sign
change of the EEI contribution has also been observed by
Klein et al.® in this alloy system and by Thomas et al.'®
and Rosenbaum et al.?? in doped Ge:Sb and Si:P as a
function of concentration, just above the metal-insulator
transition. This observation together with the large effect
of EEI mentioned earlier suggest that Alg,Cu,s sFe,s s is
also very close to the transition and/or band-structure

effects are very important in this alloy as proposed in Ref.
9.

IV. SUMMARY AND CONCLUSIONS

We have studied in detail the low-temperature resistivi-
ty and magnetoresistance of single-phase icosahedral Al-
Cu-Fe alloys. The overall behavior is in general agree-
ment with QCC theories even though (kzl,)"'>1. In
this high-resistivity system WL and EEI are necessary for
a full account of the magnetoresistance and the resistivity
temperature-dependence data. The EEI contribution is
very large and is dominated by the contribution from the
diffusion channel. In spite of the good agreement,
discrepancies are found in the magnitude and tempera-
ture dependence of the dephasing rate. As deduced from
the magnetoresistance 1/7,< AT? with p =3, a charac-
teristic of electron-electron scattering in the strong disor-
der limit. The zero-field resistivity data, on the other
hand, suggest that dephasing is due to electron-phonon
scattering or electron-electron scattering in the weak dis-
order limit (p =2). This difference is unexpected, but it
opens the question of whether the magnetoresistance is
more sensitive to disorder than the resistivity tempera-
ture dependence.

In Alg,Cu,ys sFej, 5 antilocalization was directly ob-
served and was nicely accounted for by the theory. A
sign change in the EEI contribution to the zero-field
resistivity in this sample was found and is attributed to
the proximity of the metal-insulator transition in similari-
ty with doped Si:P and Ge:Sb systems.

The question of whether Al-Cu-Fe is ordered or disor-
dered remains. The success of QCC in describing the
magnetotransport properties at low temperatures implies
immediately very intense scattering of the electrons at
Ep. If we assume the electron mass ~m,, then the pa-
rameters obtained from the fitting give an elastic mean
free path ~3 A and an elastic scattering rate ~10'5 s ™!,
These figures correspond to extremely high disorder and
compare with the most resistive amorphous metals. Even
if the bands are non-free-electron-like,?* and the effective
mass anomalously high (or the Fermi velocity anomalous-
ly low), the quantitative fitting of WL and EEI expres-
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sions require 7, !/ Ty LV /r51>>1. If we assume a fac-
tor of 10 as the lower limit for these ratios, ’ghen the mean
free path has an upper limit of only 30 A, which still
represent a very high degree of disorder; it remains to
reconcile this with the high level of atomic order
displayed in Fig. 1.
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APPENDIX
1. Weak localization

According to Fukuyama and Hoshino, the magne-
toresistance due to localization of the conduction elec-
trons, in the presence of spin-orbit and inelastic scatter-
ingzsand including splitting of the spin subbands, is given
by

172
2
S| ppymp (B |1 [ (B |_, B ||_,[E
p w0 Pora | 2V1—y Filg_ |7 B, /3 B,
172
4B,, g
— — t,—Vt_)+Ve—Vvi+1 , 1
3B l {\/1—y(‘/+ Vit_) t (A1)
where 2. Electron-electron interaction
= 3(B;+2B,) ’ The magnetoresistance due to enhanced electron-
4B, electron interaction is a combination of two terms: one

to=t+H1xV1—y),
2(B,,—B,) S
Bt=Bi+2BS+—°3—(li\/1—y),

B,=B;,+%iB +4B

SO ?
with

3g*upB

Y= 18eD(B_—B,)

g* is the effective g factor and D the diffusion constant.

The characteristic fields are related to the electron-
scattering times by the relaxation B, =#/4eDr,, where
T, is the inelastic scattering time 7;, spin-orbit scattering
time 7., and the magnetic impurity scattering time 7.
The dephasing field B, is defined as B,=B; +2B,, how-
ever, since spin-spin scattering is absent in Al-Cu-Fe,’
B,=B,.

The function f;(x) in Eq. (Al) has been derived by
Kawabata®® and is given by

2Vn+1+1/x —2vVn+1/x

f0=3
0

1
vn+l+1/x

In zero magnetic field the correction to the resistivity
from weak localization reduces to the following expres-
‘25
sion:

62

Lo (B=0,T)=—p=5-(3 iB,+B,—VB,) .
P

WL #

(A2)

known as the diffusion-channel term and the other as the
Cooper-channel term. For very low-diffusivity systems,
the latter term is negligible as mentioned above and its
expression is not given here.

The diffusion-channel magnetoresistance has been cal-
culated by Lee and Ramakrishnan and is given by'°

172 172

Aﬂ (B T):p 62 £B; fi kBT g
P lpc 2t | H 2 |2eDB }
gupB
, A3
kyT (Aa3)
where
32 3F Fl”
j? _ _F.___ — -
v T R +5 l
© 2
g:(x)= [ “do N ()]

X(Vot+tx +Vo—x —2V) .

F is the screening factor whose value according to
Thomas-Fermi theory?’ lies between zero, for no screen-
ing, and unity for complete screening of the Coulomb in-
teraction and N(w)=1/(e“—1).

The temperature dependence of the correction to the
resistivity from the diffusion channel in the absence of a
magnetic field is given by'®

2
Ap (BZQ,T):_p% i_}_io
P DC 41 ’5 3 2
172
A4
#D (A4)

In fitting the data in a magnetic field we simply com-
bined the magnetoresistance and the zero-field expres-
sions for the various terms.
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FIG. 1. High-resolution transmission electron micrograph of
Alg; sCuyy sFej;. The inset shows the corresponding electron-
diffraction pattern along the fivefold axis.



