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Quantum corrections to transport properties of icosahedral Al-Cu-Fe in extended regimes
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Studies of quantum corrections to the transport properties of icosahedral Al-Cu-Fe~i -AlCuFe! have been
made in extended regimes. The magnetoresistance,Dr(B,T), was measured and analyzed up to 12 T and
ambient temperatures.Dr(B,T) was observed to change sign in the range 90–120 K. Different analyses were
made encompassing different assumptions about the background resistivity to which quantum corrections
~QIE! should be added. In all cases accurate descriptions ofDr(B,T) were found, demonstrating that QIE is
observable ini -AlCuFe at least up to 280 K. Common results for the parameters in these different analyses
include estimates of the temperature dependence of the Coulomb interaction parameterFs in electron-electron
interaction, and a low value of the inelastic scattering timet ie at 280 K of order 100 fs, consistent with an
elastic-scattering time of at most some femtoseconds. Using parameters determined fromDr(B,T) in the
analysis of the temperature dependence,Dr(T), it was found that quantitative agreement between descriptions
of Dr(B,T) andDr(T) in terms of QIE could be obtained up to 150 K. Weak localization thus contributes
also toDr(T) in i -AlCuFe at least up to this temperature.@S0163-1829~97!04622-5#
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I. INTRODUCTION

It is well known that the large magnetoresistanc
Dr(B,T)/r, of icosahedral Al-Cu-Fe can be understood
conventional quantum correction theories~QIE!.1–5 In par-
ticular, it was found4 that QIE can describe observations wi
reasonable parameters and quantitative precision over a
range of temperatures and magnetic fields, with tempera
varied between 80 mK and 80 K and magnetic fields rea
ing 12 T. In earlier observations of QIE in three dimensio
e.g., in amorphous metals,6,7 the temperature range ove
which Dr(B)/r is observable is in general more limite
Nevertheless, deviations are regularly observed between
culated and observedDr/r at the lowest or highest measurin
temperatures or both. The results for the magnetoresist
of i -Al-Cu-Fe therefore reestablishes confidence that Q
theories can correctly describe the dominating contributi
to Dr/r in non-superconductors at least for some thr
dimensional materials.

Hence, icosahedral Al-Cu-Fe presents a unique possib
to attempt to extend applications of QIE to problems wh
have previously been too difficult. In this paper we report
measurements and analyses ofDr(B,T)/r, of i -Al-Cu-Fe to
address three such problems:~i! Up to what temperatures ca
the magnetoresistance from weak localization~WL! be fol-
lowed? ~ii ! Can the expected vanishing of the electro
electron interaction~EEI! in the magnetoresistance with in
creasing temperature be observed?~iii ! Are QIE present in
the temperature dependence of the resistivity,r(T), also
above cryogenic temperatures?

~i! It is interesting to attempt to establish an upper te
perature limit for observableDr(B)/r. With increasing tem-
perature one would expect breakdown of the condition t
the inelastic-scattering timet ie(T)@t, the elastic-scattering
time. Such measurements could then give new upper lim
of t in i -Al-Cu-Fe, which is of interest in understandin
transport properties in these materials. It may also be p
sible to study WL in the regime where the condition above
relaxed tot ie(T).t.
550163-1829/97/55~22!/14847~8!/$10.00
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~ii ! The EEI contribution toDr(B)/r in the diffusion
channel is proportional to the Coulomb interaction parame
Fs . A condition for observing this contribution is that th
momentum transfer in the scattering event remains m
smaller than the inverse mean free path.8 With increasing
temperature this condition will eventually break down, bu
is not known where and how. Due to the small magnitude
Dr(B)/r in, e.g., amorphous metals, and to the mathem
cal complexity, this problem has been too difficult, expe
mentally as well as theoretically. The more stringent desc
tion of Ds(B) by QIE in i -Al-Cu-Fe therefore provides a
new tool for this problem.

~iii ! The question of possible intermediate-temperat
range quantum corrections inr(T) in electronically disor-
dered materials is a long-standing controversy. The difficu
is mainly due to the fact thatr(T) is a smoothly varying
function. Therefore almost any theory can be supported
finding suitable fitting parameters to describe the obser
tions. Since the same parameters of QIE enter both inr(T)
and in r(B), analyses of both these properties provide
more rigorous test.

In Sec. II the samples and the experiments will be d
scribed with some emphasis on methods used to extend
measurements to ambient temperatures. Our fitting pro
dures are described in Sec. III, including special consid
ations required when the magnetoresistance is to be anal
over a temperature range with strongly varying resistivi
The observations and analyses of the magnetoresistanc
presented in Sec. IV, and of the electrical resistivity in S
V. Open problems and conclusions are discussed and s
marized in Sec. VI. Some aspects of problems~ii ! and ~iii !
have each recently been described in preliminary confere
submissions.9,10

II. EXPERIMENTAL DETAILS

A. Sample characteristics and standard measurements

Single-phase icosahedral samples of compositi
Al 62.5Cu25Fe12.5 ~sample I! and Al62.5Cu25.5Fe12 ~sample II!
14 847 © 1997 The American Physical Society
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were prepared as described earlier.11,12 Samples were typi-
cally 5 mm long, 1 mm wide, and 30mm thick. The quality
of the samples was checked with x-ray diffraction. All pea
were narrow and could be indexed as a pure icosahe
phase.

The electrical resistance measurements were made w
standard four-pole technique. Electrical contacts were m
with silver paint. The resistivity was determined from th
average of several measurements on different samples
the same composition, and are estimated to be accura
615%. The results evaluated at 4.2 K were 10 000 and 4
mV cm for samples I and II, respectively.11

Different cryostats were used with varying conditions
the experiments. For measurements of the temperature
pendence of the resistivity between 1.5 and 300 K, a4He
cryostat was used. The measurements below 1.5 K w
made in a dilution refrigerator and were reported previous4

The magnetoresistance at higher temperatures was mea
in a flowing gas cryostat equipped with a 12 T supercondu
ing magnet. The sample holder is situated inside a shi
which is kept at constant temperature by regulating a flow
4He gas outside the shield. If necessary a heater can als
used. A precise adjustment of the temperature on the sam
holder is obtained with a regulated heater.

B. High-temperature measurements

The magnetoresistance is most conveniently measure
a fixed temperature as a function of the magnetic field
major experimental problem in extending such measu
ments to higher temperatures for the present samples is
perature regulation in magnetic field. As an example, at
K the magnetoresistance,Dr/r, of our high-resistivity sample
increases with magnetic field to1731025 at 12 T, while
the average temperature coefficient of resistance (1R)
dR/dT is about 2.831023 K21. Therefore, if the quite de
manding experimental task can be solved to limit tempe
ture drift to below 10 mK during a sweep time of about
min, the error inDr/r at this temperature can be reduced
30%.

The following procedures were used for the measu
ments. Temperature regulation was facilitated by usin
long sample holder of high-purity copper, extending into
low-field region above the superconducting magn
achieved through a cancellation coil. This gives a possibi
to position a thermometer in this region, which is in therm
contact with the sample. In our measurements the shield
rounding the sample holder was kept at a temperature
mally 5 K below that of the sample holder. The temperatu
of the sample holder was regulated with a Pt thermomete
the low-field region. Measurements were taken in increas
and decreasing magnetic field, up to 12 T and down to z
field. The temperature of the sample was measured be
and immediately after a field sweep by another thermom
in close proximity to the sample, which gave an estimate
the temperature drift during measurements. We assumed
this drift was linear in time, and compensated for it by av
aging data for the two field sweeps. An example is shown
Fig. 1 from a measurement at 280 K.
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III. METHODS OF ANALYZING
THE MAGNETORESISTANCE

The methods of analyses are briefly described with e
phasis on consequences of the presently extended tem
ture range. Weak localization~WL! and electron-electron in
teraction ~EEI! theories give expressions for quantu
corrections to the conductivity and the magnetoconductiv
of the form13–15

DsWL5Ds@tie~T!,tso,D,g* ,B], ~1!

DsEEI5Ds~Fs ,D,g* ,T,B!. ~2!

t ie(T) is the inelastic scattering time,tso the spin-orbit scat-
tering time,D the diffusion constant,g* the electron Lande´
factor,Fs the Coulomb interaction parameter, andB andT
magnetic field and temperature. A contribution in Eq.~1!
from magnetic interactions might also be considered. Ho
ever, such interactions are presumably small in the pre
samples, which display a diamagnetic susceptibility in
temperature range 1.5–300 K,11 and magnetic phase break
ing was neglected. Equation~2! gives the contribution from
EEI in the diffusion channel. EEI in the Cooper channe16

was estimated and found to be small, and was therefore
glected.

For a small magnetoresistivity the approximatio
Ds(B,T)52Dr(B,T)/r2(0,T) is adequate. When the
magnetoresistance is large, as is often the case
quasicrystals at low temperatures, we must retain
full expressionDs(B,T)5s(B,T)2s(0,T)52Dr(B,T)/
@r(0,T)r(B,T)#. This form has been used in all the prese
analyses of the magnetoresistance. Furthermore, when
of the contributions in Eqs.~1! and~2! to Dr/r are small, of
order 1023 or below, as in amorphous metals, there may
some empirical justification for considering them to be ind
pendent, and simply add them to obtain the total magne
conductivity. In quasicrystals, where the WL and EEI co
tributions to the magnetoresistance may each reach 10%
more, this is not necessarily true. However, there is no the

FIG. 1. The magnetic field dependence of the resistance
sample I at 280 K. The open circles are data taken during 90 m
on increasing and decreasing field sweeps. Sample resistanceB
50 increased corresponding to a cooling of 20 mK. Assumin
linear temperature drift, the average values, filled circles, were u
in the analyses.
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TABLE I. Summary of assumptions and notations in different analyses.

A: D5D(300 K)
B: D;1/r(T)
a: Fs(T) was fitted independently at eachT
b: Fs decreases linearly from 10 K to a temperatureTl

Fs(0 K) andTl are fitted in the analyses
Three characters, e.g., IIBb, specifies the analysis: sample II with assumptions B and b.
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treating interference between these QIE, and we will ad
the simplification that they are still independent.

In Eqs. ~1! and ~2! above, the corrections should be ca
culated from a background state where there are no quan
corrections. In traditional cases, where the temperature ra
studied is limited, the temperature variations in QIE corr
tions to this background can be neglected, and the cor
temperature dependence of QIE inDr(B)/r is nevertheless
approximately obtained. When the magnetoresistance of
sicrystals is studied in the temperature range above 10
this assumption may not be valid. In particular, the diffusi
constant in Eqs.~1! and ~2! can depend on temperature,D
5D(T). This is difficult to handle since it is not known i
detail in what temperature range QIE affectr(T). This prob-
lem was pointed out previously by us.4,5 In those cases the
measurements were either limited to below4 80 K, or no full
analyses ofDs(B) were performed,5 and an assumption of
constant averageD would then be adequate.

In the present case we want to investigate if the deta
descriptions of the magnetoresistance by QIE can be
tended to higher temperatures. Since the problem mentio
above cannot be readily solved, we use two extreme assu
tions;~A! all of Dr(T) up to a temperatureTm is due to QIE,
and~B! all of Dr(T) is due to other mechanisms. Any tem
perature dependence of the density of states,N(0), is ne-
glected. This assumption could be questioned ifN(0) is
spiky at the level below 50 meV.17 However, recent high-
sensitivity photoemission experiments do not indicate s
spikeness.18 N(0) is then obtained from the electron
specific heat and related tor and D by r(T)
51/@e2N(0)D(T)#. The real situation should be in betwee
these two extreme assumptions, and is then encompass
two different analyses:~A! D(T) is a constantD(Tm), and
Tm is somewhat arbitrarily chosen to be 300 K and~B!
D(T) is proportional to 1/r(T). The low-temperatureD val-
ues used to calculate these variousD ’s were quoted and
discussed previously.4

r(T) is taken from our measurements,g* is assumed to
be 2. t ie(T), tso, and Fs were then determined from th
experiments. As discussed in Ref. 4 it is preferable to us
measured value ofr, rather than fitting it. All data at differ-
ent temperatures and magnetic fields were used sim
neously in the analysis providing for more stable numeri
procedures.tso was thus taken to be a constant to fit data
all temperatures and fields, andt ie(T) was allowed to vary
freely as a function of temperature. ForFs two alternatives
were used:~a! Fs was allowed to vary freely at each tem
perature, and~b! Fs was assumed to decrease linearly to 0
the range 10 K toTl with Tl andFs(0 K) as free parameters
This latter assumption will be discussed below.

For each of the two samples we thus use two alterna
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assumptions aboutD and two aboutFs . In total, eight dif-
ferent analyses were attempted. However, as will be
scribed below, in a few of these combinations useful res
could not be obtained. For easy reference to the differ
methods of analysis, the notations are summarized in Tab

IV. ANALYSES AND RESULTS
FOR THE MAGNETORESISTANCE

A. The magnetoresistance up to 280 K

The results for the magnetoresistance show the first c
observation of a sign change for quasicrystals. In a previ
publication by one of us,5 indication of such a sign chang
was obtained for a number of quasicrystals and approxim
in the temperature range 100–200 K, but the sensitivity w
reduced and details could not be resolved. A previo
contention19 of a sign change at about 30 K has not be
confirmed by other measurements in that tempera
region.1,4,5

Our results are illustrated in Fig. 2 in the form ofDr/r vs
temperature atB512 T. The error bars were calculated fro
an estimated uncertainty of the correction for the tempera
drift. A change of sign ofDr/r is unambiguously observed i
both samples and occurs at 12 T at temperaturesTs of about
120 K for sample I and 90 K for sample II. In weak loca
ization Ts depends only on the interplay betweenD,

FIG. 2. ObservedDr/r at T.50 K andB512 T; d, sample I;
s, sample II. Error bars shown were estimated from an assu
maximum temperature error of half the observed drift after swe
ing the magnetic field 0→12→0 T. A clear change of sign is ob
served in both samples in the temperature range 90–120 K.
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t ie(T), andtso, as can be seen, e.g., from a low-field expa
sion of the general WL expression.20 However, we found
that EEI still makes an appreciable contribution at this te
perature. This will be illustrated below. The observ
Dr(B,Ts)/r50 therefore does not provide an addition
useful criterion in the analyses.

B. Analysis of the magnetoresistance

Data from previous measurements4 below 10 K were in-
cluded in the analyses for both samples. A larger range
variations of field and temperature provides more string
conditions for the numerical work. Furthermore, since
assumption was made previously of a constant, lo
temperature diffusion coefficient, adequate in icosahedral
CuFe forT<80 K, we wanted to investigate if the prese
generalized analyses also could provide adequate des
tions of the low-temperature data.

The results of the analyses are illustrated in the differ
sections in Fig. 3 for sample I. The inset in the middle pa
will be discussed below. Data over the full temperature ra
are illustrated in the main panels, but several field swe
have been omitted for clarity.Fs and t ie were allowed to
vary freely at each temperature,tso was a temperature
independent constant, andD was taken to beD at 300 K,
~analysis IAa!. It can be seen that the description in terms
WL and EEI is excellent at all temperatures. For sample
similar good results were obtained for the other analy
methods.

Figures 4 and 5 showFs(T) andt ie(T), respectively, for
sample I in the top panels and for sample II, to be discus
below, in the bottom panels. A freely varyingFs gives
somewhat more scattered results at low and high temp
tures. However, in both analysesa ~filled and open circles!,
Fs(T) is roughly constant up to about 10 K and then d
creases strongly towards zero in the next decade of temp
tures. The results fort ie(T) in these two analyses, top pan
of Fig. 5, show an unphysical downward trend forT
,0.5 K. However, the calculations are quite insensitive
variations int ie(T) at these temperatures and a constantt ie is
consistent with the analyses as suggested by the estim
errors indicated by bars. We took this uncertainty as an
dication that our analyses are close to being overflexible
der the present conditions, and therefore attempted to re
this flexibility by imposing an additional condition.

Based on the results withFs as a free parameter an
previous analyses4 restricted toT<80 K, where Fs was
closely constant below 10 K, we therefore adopted met
b, assumingFs to be constant up to 10 K and then to d
crease linearly to a temperatureTl . In this method the prob-
lem to determineFs(T) at all T has thus been reduced
fitting two constants,Fs(0) andTl , to all data. The results
are shown by the filled and open squares in Figs. 4 and
can be seen that this method gives an almost constantt ie at
low temperatures. Furthermore, the quality of fitsb to
Ds(B,T) are the same or only slightly worse than f
methoda, as can be seen by the rms means in Table II.

The main results of the four different analyses for sam
I are similar. There is a clear trend for a saturation
t ie(T) at temperatures below 1 K, at a value which is n
well determined and may be in the range
-
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310211–1029 s. In the range 1–100 K,t ie decreases
strongly with an average temperature exponent of roug
T21.4. This behaviour is similar in all analyses. AtT
.100 K, the calculated results are fairly insensitive to var
tions in t ie and errors int ie are therefore larger.

For Fs we find evidence that it is constant at low tem
peratures at a value 1.1610 % for analysesB and at about
1.7 for analysesA. At higher temperaturesFs decreases
strongly towards zero. However, an estimate where this h
pens is quite uncertain. Relying on methodb, it can be con-
jectured thatFs falls to zero in the interval 80–150 K.

For sample II it was found that methoda was too flexible
to obtain any reasonable results. Methodb was therefore
used. In order to avoid unphysical oscillations int ie(T) at
the lowest temperatures we further had to impose the co
tion thatt ie(T) must either be constant or decrease with
creasing temperature. The quality of these fits then detoria
somewhat when compared to those for sample I, as see
the mean rms values in Table II. To illustrate this point w
show in the inset of Fig. 3~b! the analysis IIBb at 30 K which
is one of the worst fits for this sample at any temperature
nevertheless is still acceptable by usual standards.

FIG. 3. Data and analysis of the magnetoconductivity of sam
I plotted asDr/r vsB. Analyses IAa~see text!. The temperatures in
~a! and ~c! are given~in K! in the order from top to bottom of the
curves in that panel. In~b! the temperatures are, from top to bottom
14.8, 20.1, 25.4, 30.0, 35.6, 40.4, and 60.5 K. The inset in~b! shows
data for sample II at 30 K analysis IIBb, illustrating one of th
worst fits at any temperature.
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Fs vsT for sample II is shown in the bottom panel of Fi
4. Fs(0 K) is 0.9610 % and vanishes at 135615 K. t ie(T)
for this sample is shown in the bottom panel of Fig. 5. W
the restriction imposed ont ie(T) it stays constant up to 4 K
and varies approximately asT21.5 from about 4 to 100 K.
Above 100 K, data fort ie(T) are more scattered, with
tendency towards a weakerT dependence.

FIG. 4. Results forFs vs log10 T from four different analyses
Top panel, sample I; bottom panel, sample II. Filled circles, ana
sis IAa; open circles, analysis IBa; filled squares, analyses Ab; o
squares, analyses Bb.

FIG. 5. t ie(T) vs T for sample I ~top panel! and sample II
~bottom panel! for the same analyses and with the same symbol
in Fig. 4. Estimated error bars are indicated at low and high te
peratures.
A noteworthy feature of these analyses is the importa
of EEI at rather high temperatures. This implies that the W
contribution toDr/r is negative at temperatures well belo
the temperature of the sign change in Fig. 2. The importa
of EEI at a rather elevated temperature is illustrated in Fig
by the observedDr(B)/r at 120 K and a calculation decom
posed into WL and EEI contributions. It can be seen that
magnitudes and field dependences of these contributions
similar and of opposite signs, with a sum close to the o
servedDr(B)/r'0.

V. TEMPERATURE DEPENDENCE OF THE RESISTIVITY

As mentioned in the Introduction an analysis of the te
perature dependence of the resistivity in terms of QIE
quires information from other measurements in order to
tain a reliable result. This is readily appreciated from Eqs.~1!
and ~2! above, which forB50 require four free parameter
@with two for t ie(T) and excludingg* # to describe a smooth

-
en

s
-

FIG. 6. Magnetoresistance at 120 K for sample I. Observati
are shown by the symbols and analysis IAa by the curves. Das
curve, WL contribution; dash-dotted curve, EEI contribution; a
full curve, the sum of these contributions.

TABLE II. Results from analyses of the magnetoconductivi
‘‘rms mean’’ is a quality factor indicating the average of the re
tive root-mean-square deviations for each of about 20 field swe
A bar indicates that a meaningful fit could not be obtained.

Analysis tso ~ps! rms mean~%!

IAa 1.8 0.3
IAb 1.6 0.5
IBa 5.0 0.4
IBb 2.8 0.4
IIAa – –
IIAb 0.85 1.4
IIBa – –
IIBb 1.5 1.1
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function ofT. A further complication is the treatment of th
diffusion channel EEI contribution, which contains tw
terms, both of which are proportional toAT; the exchange
term, which does not enter in the magnetoresistance, and
Hartree term which is proportional toFs .

8 We simplified
this problem by assuming that both these terms have a s
lar temperature dependence. Based on the analyses o
magnetoconductivity, the EEI term was therefore taken to
constant below 10 K and then to decrease linearly and va
at a temperatureTl .

Taking D'1/r(T) ~analysesB!, implies that no part of
Dr(T) is due to quantum corrections, and would thus not
compatible with an analysis ofDr(T) in terms of QIE.
AnalysesB were thus discarded when studyingDr(T).

However, this fact offers a consistency check for the m
netoresistance; when using the parameters from analysB
of Ds(B,T) together with a constantD5D(300 K), no ap-
preciable temperature dependence in the calculatedDr(T)
should result. We found this to be well obeyed for sam
B, where the calculatedDr(T) was almost constant, an
approximately obeyed for sampleA, with a much reduced
temperature dependence@a factor of 3 ins~300 K!–s~50 K!#
as compared to the observations.

Furthermore method a, with a freely varyingFs , was not
possible to test, since strongly overdetermined fitting pro
dures would result. The only realistic method is thus Ab
both samples. Finally, to further stabilize the fitting proc
dures, we assumed thatt ie(T) followed a simple temperatur
dependence above the extreme low temperature beha
t ie(T)5t ieoT

2p, and either fittedt ieo andp, or derived them
from the magnetoresistance to be used as input paramete
the analyses. Although this expression is useful for limi
temperature ranges, it is clearly an oversimplification to e
ploy it over more than a decade in temperatures. Within
scheme a few different analyses were investigated.

For sample II we tooktso50.85 ps,Fs(0 K)51.01 and
Tl5140 K from analysis IIAb of the magnetoresistanc
t ie(T) in the WL part ofr(T) was then fitted by adjusting
t ieo andp. The result for the conductivity is shown in Fig. 7
and t ie(T) from this analysis is compared in the inset wi
the results from analysis IIAb of the magnetoresistan
There is good agreement between results fort ie(T) from
Ds(B) andDs(T) from the saturation region at about 4
up to at least 150 K. Above this temperature, the results
t ie(T) from Ds(B) become rather uncertain, as mention
above. ForT.200 K, t ie(T) from resistivity falls below the
results fromDs(B). However, as is illustrated in Fig. 7,
good description ofDs(T) is obtained from 4 to 280 K.

For sample I we first fittedt ie(T) to the results of analysis
IAb of Ds(B) from 0.3 to 200 K. A simple power law
t ie(T)57.96310211T21.33s, is seen in the inset of Fig. 7 t
well describet ie(T), and was used in analyzingDs(T). We
further tookTl5150 K from analysis IAb and fitted two con
stants toDs(T), i.e., tso and Fs(0). The results were
tso50.4 ps andFs(0)51.09, to be compared with 1.6 p
and 1.73, respectively, from analysis IAb. The correct te
perature dependence ofDs(T) is obtained by this method u
to 150 K as can be seen in Fig. 7, although there is con
erable disagreement betweentso and Fs(0) from Ds(B)
andDs(T).
he
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As an alternative we analyzed sample I with the sa
t ie(T), tooktso51.6 ps from analysis IAb, and fitted the tw
remaining constants, i.e.,Fs(0) and Tl . The result was
Fs(0)51.60 andTl5275 K. The calculatedDs(T) is also
shown in Fig. 7. Below 150 K it is indistinguishable from th
previous analysis for this sample, and it is seen to continu
describe data excellently up to 280 K.Fs(0) is satisfactorily
close to 1.73 from the corresponding analysis ofDs(B), but
the largeTl indicates that the temperature dependence
t ie(T) from Ds(B) is not sufficient to account for the stron
temperature dependence ofDr(T) at the highest measurin
temperatures. Restricting the conclusions of these analys
temperatures up to 150–200 K, there is a quantitative ag
ment for both samples between results fromDs(T) and
Ds(B,T). For sample II,tso, Fs(0) andTl were taken from
Ds(B,T), and t ie(T) obtained fromDs(T) was found to
satisfactorily reproduce the corresponding result fro
Ds(B,T). For sample I, takingt ie(T) and tso from
Ds(B,T) results in a good description ofDs(T), with a
value of Fs(0) in acceptable agreement with that fro
Ds(B,T), albeit with a largerTl . Below about 150 K these
differences in different temperature dependences ofFs are
small, however, and both fitted constants inDs(T) are in
fair agreement with those obtained fromDs(B,T).

Attempting to extend this analysis to room temperatu
does not give unique parameters. Although a description
Ds(T) in terms of QIE appears to be possible with reaso
able results for the parameters, the lack of agreement w

FIG. 7. s(T) for both samples. Symbols are observation
squares, sample I, left-hand scale; circles, sample II, right-hand
scale. The curves are calculations from QIE described in the t
For sample I there are two calculations. The full curve descri
data up to 150 K, takest ie(T) andTl from the magnetoresistanc
and fits the constantstso andFs . The dotted curve, almost indis
tinguishable from the full curve below 150 K, extends up to roo
temperature, takest ie(T) and tso from the magnetoresistance an
fits the constantsTl andFs . Inset: squares, results from analys
IAb with a power law fitted fort ie(T) to be used in the analysis o
Ds(T); circles, results from analysis IIAb. The straight line w
obtained from fittingt ie(T) to Ds(T).
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results from the magnetoresistance does not allow for a d
nite conclusion.

VI. DISCUSSION, PROBLEMS, CONCLUSIONS

A. Discussion of main results

The results of our extended measurements of the ma
toresistance of icosahedral AlCuFe clearly show that qu
tum corrections account for the magnetoresistance from t
peratures well below 1 K up to atleast 280 K. The precision
which can be obtained in this description is illustrated in F
3, and covers a range exceeding 3 orders of magnitud
temperature and 5 orders of magnitude inuDr/ru. This result
is a striking illustration of the precision of 3D quantum co
rection theories, in strong contrast, e.g., to previous work
3D amorphous metals. At the same time our result is dis
pointing in the sense that this large range of variation
Dr(B,T)/r is nevertheless insufficient to determine a uniq
consistent set of parameters of QIE theories from exp
ments.

On the other hand, lack of knowledge of the backgrou
r(T) has forced us to the rather extreme assumptionsA and
B. Identifying results and trends common to both these
sumptions therefore provides additional support for the c
clusions and more reliable estimates of the range of varia
of parameters consistent with a description from QIE. W
discuss such common features:~i!–~vi!.

~i! A clear trend of a saturatingt ie at temperatures below
1 K is obtained in all analysis of sample I. Imposing f
sample II the physically reasonable condition thatt ie(T)
must decrease or stay constant with increasing temperat
gives an acceptable analysis and a constantt ie up to 1.5 K.
Previous values for the saturatedt ie , obtained from a more
limited temperature range,4 are comprised within the presen
results.

~ii ! At 280 K, t ie is of order 10
213 s625% for sample I

and 1–2310213 s for sample II. Since quantum correction
can clearly be identified at this temperature, it would se
that the conditiont ie@t requires values oft smaller than
several fs. This estimate is consistent with the result
Burkov et al.21 of t'5310216 s for an i -AlCuFe sample
with the same composition as our sample I. Scattering is t
quite strong in these quasicrystals, and it is appropriate
characterize them as atomically well-ordered materials w
strong electronic disorder.

~iii ! The temperature dependence oft ie at intermediate
temperatures is remarkably similar in all samples and an
ses, and a description with an average temperature expo
T2p with p of about 1.33 and 1.5 for samples I and II d
scribes data well in a temperature region from a few K up
280 and 150 K, respectively. Similar results have been
tained in a number of quite different analyses in part of t
temperature region1–5 and thus appear to be particularly we
established.

~iv! In both analyses a for sample I it was found th
Fs is roughly constant at low temperatures, starts to decre
above about 10 K in an approximately linear way, a
reaches very low values at high temperatures. On this b
model b was investigated, confirming in all four analys
that Fs indeed goes to zero at some high temperature
stays zero above this temperature. The temperatureTl where
fi-
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this occurs is analysis dependent. Our results indicate
Tl is in the range 80–150 K for sample I and 120–150 K
sample II. However, the difference between these results
the smaller values ofTl obtained from our preliminary
analysis,10 shows that estimates ofTl are uncertain. Never-
theless, our extended measurements provide a possibili
study the temperature dependence ofFs , and give qualita-
tive results for how and when it vanishes.

~v! Some further common trends can also be pointed
supporting the consistency of all analyses. The results
Fs(0) in Fig. 4 are larger for the high-resistivity sample~I!
than for the low-resistivity one. From Fig. 2 it can be se
that the sign change ofDr/r at 12 T occurs at a highe
temperature for sample I than for sample II consistent w
such a stronger EEI interaction in the high-resistivity samp
This trend is in agreement with previous observations
i -AlCuFe from more limited temperature ranges
investigations,1,4 and is expected in a range where QIE i
creases with increasing resistivity. At largerr values, e.g., in
i -AlPdRe, the opposite trend takes over.22

tso is usually a parameter with largely scattered results
fits to QIE theories. In Table II this variation is within
factor of 3 for each sample, which for this parameter is
rather limited variation. All estimates are seen to give
larger value oftso for sample I than for sample II. This resu
and the one quoted above forFs are consistent with the
predicted decrease of EEI in the presence of a strong s
orbit interaction23 and the observation of such a relation, e.
in noble-metal-doped amorphous CaAl.24

~vi! Finally, the analyses of the resistivity suggest th
QIE dominate in the temperature dependence ofr(T) up to
temperatures of 150 K or above, considerably higher val
than usually considered. Support from the analyses
Dr(B), particularly up to about 150 K, strengthens this co
clusion. However, a unique set of parameters describ
Dr(T) as well asDr(B) up to room temperature has no
been found.

B. Problems and outlook

Some additional considerations are pointed out which
pear to merit further investigations.t ie@t, is a necessary
condition to apply the conventional WL theory of Ref. 1
~FH!, and is expected to break down with increasing te
perature. Since consistent fits could be obtained from 80
to the highest measuring temperatures, for a range of dif
ent assumptions and samples, this condition would not s
to be violated in our case.

However, a better estimate oft should result if the con-
dition t ie@t were relaxed, and the sums of Ref. 14 int
grated exactly. This has been made by Matsuo and
workers ~MNSMI!,2 who obtained an expression forDs as
the sum of 18 terms witht as an additional free paramete
We employed this expression, and calculatedDs as a func-
tion of t for sample I at 12 T and 280 K, with paramete
from fit IAa. Corresponding to the estimated error of 25%
Dr/r at that point, we then required that the deviations b
tween values ofDr/r calculated with MNSMI and FH should
be smaller than 25%. This condition gavet&0.4 fs. Al-
though this result is in fair agreement witht'0.5 fs,21 we
nevertheless want to exercise considerable caution in the
terpretation. The reason is that our calculated values
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2Dr/r with MNSMI are larger than those obtained with FH
while instead one would expect the opposite: whent ie ap-
proachest, QIE should break down and vanish. We have n
been able to resolve this paradox, neither from Ref. 2
from our own attempts to perform exact integrations of
expressions of Ref. 14. Clearly further work is needed
determine how QIE are destroyed whent ie(T) approachest.

Another point where the analyses may have been o
simplified is the following: Roughly, WL affects the diffu
sion constant and EEI affects the density of states. Howe
the EEI contribution depends onD, Eq. ~2!. Therefore one
can argue that an EEI contribution at temperatureT should
be calculated on the background atT including the WL con-
tribution, and that our methodA should takeD(T) as an
input in the calculation of the EEI contribution. Howeve
such a correction is likely small since methodsA andB gave
similar main results.

A third point is the remarkable transport properties
icosahedral AlCuFe also at more elevated temperatures
presently studied. An accelerated increase of the condu
ity with increasing temperature up to 1000 K has be
observed.25 This property is expected to be unrelated
quantum interference effects. However, the nature of
new conductivity mechanism is not known, nor the tempe
ture range where it sets in. We have observed thatDs(B)
can be qualitatively described by QIE up to~at least! 280 K,
while a similar precision forDr(T) is lost for both samples
above about 150 K. In particular, for sample I it was fou
that the temperature dependence ofDs(T) above 150 K was
stronger than could be accounted for byt ie(T) from
Ds(B,T). It is tempting to ascribe this difference to th
onset of such alternative conductivity mechanisms. This
speculative at present however.
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C. Brief conclusion

It has been found that measurements of the magnetor
tance of i -AlCuFe to ambient temperatures can give info
mation on quantum corrections in quasicrystals. Several
ferent analyses were used, compensating for lack
knowledge of input parameters in the analyses. Within so
variations of the relevant parameters, reasonable, and in m
cases excellent descriptions ofDs(B,T) could be obtained
from below 0.1 to 280 K. These results give compelli
evidence that QIE account for the magnetoresistance
i -AlCuFe up to 280 K, strongly suggest thatDr(T) is domi-
nated by QIE at least up to 150–200 K, and also give so
interesting detailed results such as a new and slightly lo
upper bound for the inelastic scattering time ini -AlCuFe,
and a qualitative study of the temperature dependence
Fs .

However, measurements ofDs(B,T) do not suffice to
determine microscopic parameters in a unique way in s
of the large range of variation ofuDs(B)u and the sign
change ofDs(B), both of which contribute significantly to
numerical stability. The special properties of quasicrysta
including the strong temperature dependence ofr(T) aggra-
vate this problem. Some directions for attacking this probl
have been briefly outlined.
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