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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-GuAf@uFe) have been
made in extended regimes. The magnetoresistatpeB, T), was measured and analyzed up to 12 T and
ambient temperatured p(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 descriptiodsp¢B,T) were found, demonstrating that QIE is
observable iri-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 pafgjriatetectron-electron
interaction, and a low value of the inelastic scattering tieat 280 K of order 100 fs, consistent with an
elastic-scattering time of at most some femtoseconds. Using parameters determineflpffBrit) in the
analysis of the temperature dependerdce(T), it was found that quantitative agreement between descriptions
of Ap(B,T) andAp(T) in terms of QIE could be obtained up to 150 K. Weak localization thus contributes
also toAp(T) in i-AlCuFe at least up to this temperatuf80163-18207)04622-3

I. INTRODUCTION (ii) The EEI contribution toAp(B)/p in the diffusion
channel is proportional to the Coulomb interaction parameter
It is well known that the large magnetoresistance,F,. A condition for observing this contribution is that the
Ap(B,T)/p, of icosahedral Al-Cu-Fe can be understood bymomentum transfer in the scattering event remains much
conventional quantum correction theori@3IE).!= In par-  smaller than the inverse mean free patith increasing
ticular, it was founfithat QIE can describe observations with temperature this condition will eventually break down, but it
reasonable parameters and quantitative precision over a largienot known where and how. Due to the small magnitude of
range of temperatures and magnetic fields, with temperaturdp(B)/p in, e.g., amorphous metals, and to the mathemati-
varied between 80 mK and 80 K and magnetic fields reachcal complexity, this problem has been too difficult, experi-
ing 12 T. In earlier observations of QIE in three dimensions,mentally as well as theoretically. The more stringent descrip-
e.g., in amorphous metdi<, the temperature range over tion of Ac(B) by QIE in i-Al-Cu-Fe therefore provides a
which Ap(B)/p is observable is in general more limited. new tool for this problem.
Nevertheless, deviations are regularly observed between cal- (i) The question of possible intermediate-temperature
culated and observelp/p at the lowest or highest measuring range quantum corrections (T) in electronically disor-
temperatures or both. The results for the magnetoresistanctered materials is a long-standing controversy. The difficulty
of i-Al-Cu-Fe therefore reestablishes confidence that QIHs mainly due to the fact that(T) is a smoothly varying
theories can correctly describe the dominating contributiongunction. Therefore almost any theory can be supported by
to Apl/p in non-superconductors at least for some threefinding suitable fitting parameters to describe the observa-
dimensional materials. tions. Since the same parameters of QIE enter boi(n
Hence, icosahedral Al-Cu-Fe presents a unique possibilitand in p(B), analyses of both these properties provide a
to attempt to extend applications of QIE to problems whichmore rigorous test.
have previously been too difficult. In this paper we report on In Sec. Il the samples and the experiments will be de-
measurements and analysesAgf(B,T)/p, of i-Al-Cu-Fe to  scribed with some emphasis on methods used to extend the
address three such problenis:Up to what temperatures can measurements to ambient temperatures. Our fitting proce-
the magnetoresistance from weak localizatitlL) be fol-  dures are described in Sec. lll, including special consider-
lowed? (i) Can the expected vanishing of the electron-ations required when the magnetoresistance is to be analyzed
electron interactioEEI) in the magnetoresistance with in- over a temperature range with strongly varying resistivity.
creasing temperature be observdii) Are QIE present in  The observations and analyses of the magnetoresistance are
the temperature dependence of the resistivit§T), also  presented in Sec. IV, and of the electrical resistivity in Sec.
above cryogenic temperatures? V. Open problems and conclusions are discussed and sum-
(i) It is interesting to attempt to establish an upper tem-marized in Sec. VI. Some aspects of problens and (iii )
perature limit for observablap(B)/p. With increasing tem- have each recently been described in preliminary conference
perature one would expect breakdown of the condition thasubmissions:*
the inelastic-scattering time.(T)> 7, the elastic-scattering
time. Such measurements could then give new upper limits [l. EXPERIMENTAL DETAILS
of 7 in i-Al-Cu-Fe, which is of interest in understanding
transport properties in these materials. It may also be pos-
sible to study WL in the regime where the condition above is Single-phase icosahedral samples of compositions
relaxed tori(T) > 7. Alg, LCuysFe, 5 (sample ) and Ak, Cuys -6, (sample 1)

A. Sample characteristics and standard measurements
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were prepared as described earlfel? Samples were typi- , :
cally 5 mm long, 1 mm wide, and 3@m thick. The quality

of the samples was checked with x-ray diffraction. All peaks 10.6215
were narrow and could be indexed as a pure icosahedr: . °

phase. i o |
The electrical resistance measurements were made with & 106210 ° * e 0

standard four-pole technique. Electrical contacts were mad © °

with silver paint. The resistivity was determined from the 10.6205 o

average of several measurements on different samples wil ° o

the same composition, and are estimated to be accurate .

+15%. The results evaluated at 4.2 K were 10 000 and 450 10.6200

1Q cm for samples | and Il, respectively. 0 5 10
Different cryostats were used with varying conditions in B (T)

the experiments. For measurements of the temperature d_

pendence of the resistivity between 1.5 and 300 Kie FIG. 1. The magnetic field dependence of the resistance of
cryost{:lt Wa_s gsed. The measurements below 1.5 _K Wer:?ample I at 280 K. The open circles are data taken during 90 min,
made in a dilution refrigerator and were reported previofisly. o, increasing and decreasing field sweeps. Sample resistaiice at

The magnetoresistance at higher temperatures was measureg increased corresponding to a cooling of 20 mK. Assuming a

in a flowing gas cryostat equipped with a 12 T superconducttinear temperature drift, the average values, filled circles, were used
ing magnet. The sample holder is situated inside a shieldn the analyses.

which is kept at constant temperature by regulating a flow of

“He gas outside the shield. If necessary a heater can also be . METHODS OF ANALYZING

used. A precise adjustment of the temperature on the sample THE MAGNETORESISTANCE

holder is obtained with a regulated heater.

T
o
|

T
o
1

The methods of analyses are briefly described with em-
phasis on consequences of the presently extended tempera-
ture range. Weak localizatiaiwL) and electron-electron in-
teraction (EEl) theories give expressions for quantum

The magnetoresistance is most conveniently measured aorrections to the conductivity and the magnetoconductivity
a fixed temperature as a function of the magnetic field. Aof the formt3-1°
major experimental problem in extending such measure-

B. High-temperature measurements

ments to higher temperatures for the present samples is tem- Aoy =Ao{7¢(T),7s0,D,9%,B], (1)
perature regulation in magnetic field. As an example, at 100
K the magnetoresistanc&p/p, of our high-resistivity sample Aogg=Ao(F,,D,g*,T,B). 2

increases with magnetic field t&6 7x 10> at 12 T, while . . . . . . .
the average temperature coefficient of resistanceR)(1/ 7ie( T) IS the inelastic scattering times, the spin-orbit scat-
tering time,D the diffusion constanig* the electron Lande

i -3 -1 ; ; )
dR/d T is about 2.8 10 = K™~. Therefore, if the quite de factor, F,, the Coulomb interaction parameter, aBcand T

manding experimental task can be solved to limit temperafnagnetic field and temperature. A contribution in E)

ture drift to be!ow 10 mK.durmg a sweep time of about 90 ¢, magnetic interactions might also be considered. How-
min, the error inAp/p at this temperature can be reduced t0gyer, such interactions are presumably small in the present
30%. . samples, which display a diamagnetic susceptibility in the
The following procedures were used for the measuretemperature range 1.5-300'Kand magnetic phase break-
ments. Temperature regulation was facilitated by using gng was neglected. Equatid@) gives the contribution from
long sample holder of high-purity copper, extending into agg| in the diffusion channel. EEI in the Cooper charfiel
low-field region above the superconducting magnetwas estimated and found to be small, and was therefore ne-
achieved through a cancellation coil. This gives a possibilityglected.
to position a thermometer in this region, which is in thermal For a small magnetoresistivity the approximation
contact with the sample. In our measurements the shield suto(B,T)=—Ap(B,T)/p?(0,T) is adequate. When the
rounding the sample holder was kept at a temperature normagnetoresistance is large, as is often the case for
mally 5 K below that of the sample holder. The temperaturequasicrystals at low temperatures, we must retain the
of the sample holder was regulated with a Pt thermometer ifull expressionAa(B,T)=0(B,T)—0c¢(0,T)=—Ap(B,T)/
the low-field region. Measurements were taken in increasingp(0,T) p(B,T)]. This form has been used in all the present
and decreasing magnetic field, up to 12 T and down to zeranalyses of the magnetoresistance. Furthermore, when each
field. The temperature of the sample was measured befoef the contributions in Eqq1) and(2) to Ap/p are small, of
and immediately after a field sweep by another thermometedrder 10 2 or below, as in amorphous metals, there may be
in close proximity to the sample, which gave an estimate osome empirical justification for considering them to be inde-
the temperature drift during measurements. We assumed thpendent, and simply add them to obtain the total magneto-
this drift was linear in time, and compensated for it by aver-conductivity. In quasicrystals, where the WL and EEI con-
aging data for the two field sweeps. An example is shown irtributions to the magnetoresistance may each reach 10% or
Fig. 1 from a measurement at 280 K. more, this is not necessarily true. However, there is no theory
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TABLE I. Summary of assumptions and notations in different analyses.

D=D(300 K)

D~ 1/p(T)

F,(T) was fitted independently at eadh

F. decreases linearly from 10 K to a temperatlife

F,(0 K) andT, are fitted in the analyses

Three characters, e.g., lIBb, specifies the analysis: sample Il with assumptions B and b.

ea w2

treating interference between these QIE, and we will adopassumptions aboud and two abouf . In total, eight dif-
the simplification that they are still independent. ferent analyses were attempted. However, as will be de-
In Egs.(1) and (2) above, the corrections should be cal- scribed below, in a few of these combinations useful results
culated from a background state where there are no quantuoould not be obtained. For easy reference to the different
corrections. In traditional cases, where the temperature rangeethods of analysis, the notations are summarized in Table .
studied is limited, the temperature variations in QIE correc-
tions to this background can be neglected, and the correct
temperature dependence of QIEAm(B)/p is nevertheless IV. ANALYSES AND RESULTS
approximately obtained. When the magnetoresistance of qua- FOR THE MAGNETORESISTANCE
sicrystals is studied in the temperature range above 100 K A. The magnetoresistance up to 280 K
this assumption may not be valid. In particular, the diffusion
constant in Egs(1l) and (2) can depend on temperatuie,
=D(T). This is difficult to handle since it is not known in
detail in what temperature range QIE affe¢tT). This prob-
lem was pointed out previously by @S.In those cases the
measurements were either limited to bef®® K, or no full
analyses ofA o(B) were performed,and an assumption of a
constant averagB would then be adequate.
In the present case we want to investigate if the detaile egion45

o ) T
descriptions of the magnetoresistance by QIE can be ex- Our results are illustrated in Fig. 2 in the form &p/p vs

tended to higher temperatures. Since the problem mentionetd -

: emperature aB=12 T. The error bars were calculated from
above cannot be readily solved, we use two extreme assUMBL estimated uncertainty of the correction for the temperature
tions; (A) all of Ap(T) up to a temperatur€,, is due to QIE, y P

. ; _ drift. A change of sign ofAp/p is unambiguously observed in
and(B) all of Ap(T) is due to other. mechanisms. A_ny tem both samples and occurs at 12 T at temperatiigesf about
perature dependence of the density of stalg€)), is ne-

glected. This assumption could be questioned{) is '120' K for sample | and 90 K for sample II. In weak local-
spiky at the level below 50 meV. However, recent high- ization T, depends only on the interplay betwedn,
sensitivity photoemission experiments do not indicate such
spikenes$® N(0) is then obtained from the electronic
specific heat and related top and D by p(T) *
=1/[€e>N(0)D(T)]. The real situation should be in between
these two extreme assumptions, and is then encompassed by
two different analysestA) D(T) is a constanD(T,,), and
T is somewhat arbitrarily chosen to be 300 K a(i)
D(T) is proportional to 14(T). The low-temperatur® val-
ues used to calculate these varidd&s were quoted and
discussed previousH.
p(T) is taken from our measurements; is assumed to
be 2. 74(T), 75, andF, were then determined from the 0.00 —Ei
experiments. As discussed in Ref. 4 it is preferable to use a ) }
measured value g, rather than fitting it. All data at differ- ¢ ? s 3 §
ent temperatures and magnetic fields were used simulta- :
neously in the analysis providing for more stable numerical
procedureszs, was thus taken to be a constant to fit data at 50 100 150 200 250
all temperatures and fields, ang(T) was allowed to vary T (K)
freely as a function of temperature. Hey, two alternatives
were used{a) F, was allowed to vary freely at each tem- £, 2. Observed\plp at T>50 K andB=12T; @, sample I;
perature, andb) F, was assumed to decrease linearly to 0ino, sample I1. Error bars shown were estimated from an assumed
the range 10 K td@, with T, andF ,(0 K) as free parameters. maximum temperature error of half the observed drift after sweep-
This latter assumption will be discussed below. ing the magnetic field ©:12—0 T. A clear change of sign is ob-
For each of the two samples we thus use two alternativeerved in both samples in the temperature range 90-120 K.

The results for the magnetoresistance show the first clear
observation of a sign change for quasicrystals. In a previous
publication by one of us,indication of such a sign change
was obtained for a number of quasicrystals and approximants
in the temperature range 100—200 K, but the sensitivity was
reduced and details could not be resolved. A previous
contentiod® of a sign change at about 30 K has not been
8onfirmed by other measurements in that temperature

0.05

12T)/p (%)

Ap(B=
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7ie(T), andrg,, as can be seen, e.g., from a low-field expan-

[ T
sion of the general WL expressiéh.However, we found L
that EEI still makes an appreciable contribution at this tem- 15 T-0303K
perature. This will be illustrated below. The observed T=123K
Ap(B,Ty)/p=0 therefore does not provide an additional ol T=42K
useful criterion in the analyses. 0
5 - -
B. Analysis of the magnetoresistance
Data from previous measureméehtselow 10 K were in- 00 5 zll é

cluded in the analyses for both samples. A larger range of
variations of field and temperature provides more stringent
conditions for the numerical work. Furthermore, since the
assumption was made previously of a constant, low-
temperature diffusion coefficient, adequate in icosahedral Al-
CuFe forT=80 K, we wanted to investigate if the present
generalized analyses also could provide adequate descrip-
tions of the low-temperature data.

The results of the analyses are illustrated in the different
sections in Fig. 3 for sample I. The inset in the middle panel
will be discussed below. Data over the full temperature range
are illustrated in the main panels, but several field sweeps
have been omitted for clarity=, and ;. were allowed to
vary freely at each temperaturey, was a temperature-
independent constant, a2l was taken to bé at 300 K,
(analysis 1Aa. It can be seen that the description in terms of
WL and EEI is excellent at all temperatures. For sample 1,
similar good results were obtained for the other analyses
methods.

Figures 4 and 5 shoW ,(T) and ri¢(T), respectively, for
sample | in the top panels and for sample I, to be discussed
below, in the bottom panels. A freely varying, gives
somewhat more scattered results at low and high tempera- FIG. 3. Data and analysis of the magnetoconductivity of sample
tures. However, in both analysas(filled and open circles ! plotted asAp/p vs B._Analyses IAa(see text The temperatures in
F,(T) is roughly constant up to about 10 K and then de-@ and_(c) are given(in K) in the order from top to bottom of the
creases strongly towards zero in the next decade of temper§Urves in that panel. Itb) the temperatures are, from top to bottom,
tures. The results for(T) in these two analyses, top panel +*-8: 20.1,25.4,30.0, 35.6, 40.4, and 60.5 K. The ins@ishows
of Fig. 5, show an unphysical downward trend far data fqr sample Il at 30 K analysis 1IBb, illustrating one of the
< 0.5 K. However, the calculations are quite insensitive toWOrSt fits at any temperature.

variations inig(T) at these temperatures and a constyis ~ x10711-10"%s. In the range 1-100 K, decreases

consistent with the analyses as suggested by the estimatggongly with an average temperature exponent of roughly
errors indicated by bars. We took this uncertainty as an inT-14_ This behaviour is similar in all analyses. At

dication that our analyses are close to being overflexible un=100 K, the calculated results are fairly insensitive to varia-
der the present conditions, and therefore attempted to redugens in 7, and errors inr;, are therefore larger.
this flexibility by imposing an additional condition. For F, we find evidence that it is constant at low tem-
Based on the results witk, as a free parameter and peratures at a value 10 % for analyse® and at about
previous analysésrestricted toT<80 K, where F, was 1.7 for analysesA. At higher temperature§, decreases
closely constant below 10 K, we therefore adopted methodtrongly towards zero. However, an estimate where this hap-
b, assumingF, to be constant up to 10 K and then to de- pens is quite uncertain. Relying on methmdit can be con-
crease linearly to a temperatufg. In this method the prob- jectured that=, falls to zero in the interval 80-150 K.
lem to determineF,(T) at all T has thus been reduced to  For sample Il it was found that methadwas too flexible
fitting two constantsF,(0) andT,, to all data. The results to obtain any reasonable results. Methodwvas therefore
are shown by the filled and open squares in Figs. 4 and 5. lised. In order to avoid unphysical oscillations7g(T) at
can be seen that this method gives an almost consjaat  the lowest temperatures we further had to impose the condi-
low temperatures. Furthermore, the quality of flisto  tion thatri(T) must either be constant or decrease with in-
Ao(B,T) are the same or only slightly worse than for creasing temperature. The quality of these fits then detoriated
methoda, as can be seen by the rms means in Table Il. somewhat when compared to those for sample |, as seen by
The main results of the four different analyses for samplehe mean rms values in Table II. To illustrate this point we
| are similar. There is a clear trend for a saturation ofshow in the inset of Fig.®) the analysis IIBb at 30 K which
Tie(T) at temperatures below 1 K, at a value which is notis one of the worst fits for this sample at any temperature and
well determined and may be in the range 5 nevertheless is still acceptable by usual standards.

Aplp (%)

B(T)
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TABLE II. Results from analyses of the magnetoconductivity.

' b .' ' ' “rms mean” is a quality factor indicating the average of the rela-
: . L] 1.° e a . . .
15F . 4 tive root-mean-square deviations for each of about 20 field sweeps.
. ° L) A bar indicates that a meaningful fit could not be obtained.
o 0°° '
Ha o o . -
10 | nun°° et Analysis Tso (P rms mean(%)
0.5 LI . 1A 18 0.3
® e IAD 1.6 0.5
90 o 'ﬂ N IBa 5.0 0.4
Hrofe el b - IBb 2.8 0.4
s soop, llAa - _
“eo IAD 0.85 1.4
% " liBa - -
05 o I1Bb 15 11
nl
oop et A noteworthy feature of these analyses is the importance
00 05 10 15 20 25 of EEI at rather high temperatures. This implies that the WL
log. (T (K)) contribution toAp/p is negative at temperatures well below
10

the temperature of the sign change in Fig. 2. The importance
f EEI at a rather elevated temperature is illustrated in Fig.
FIG. 4. Results foiF ; vs log,o T from four different analyses. N arather elevated temperature is illus ged g-6
) . . by the observed p(B)/p at 120 K and a calculation decom-
Top panel, sample [; bottom panel, sample Il. Filled circles, analy- di WL and EEI ibuti | b hat th
sis 1Aa; open circles, analysis IBa; filled squares, analyses Ab; opeﬂose ) into an_ contributions. It can be se?n t_ attne
squares, analyses Bb. magnltudes and fleldldepgndenc.es of these contributions are
similar and of opposite signs, with a sum close to the ob-

) ) ~ servedAp(B)/p~0.
F, vsT for sample Il is shown in the bottom panel of Fig.

4. F,(0K) is 0.9:10 % and vanishes at 1385 K. 7,,(T)

for this sample is shown in the bottom panel of Fig. 5. With\, tEMPERATURE DEPENDENCE OF THE RESISTIVITY
the restriction imposed on(T) it stays constant up to 4 K

and varies approximately a1 from about 4 to 100 K. As mentioned in the Introduction an analysis of the tem-
Above 100 K, data forrig(T) are more scattered, with a perature dependence of the resistivity in terms of QIE re-
tendency towards a weak&rdependence. quires information from other measurements in order to ob-

tain a reliable result. This is readily appreciated from Egjs.
and (2) above, which foB=0 require four free parameters

T T T T [with two for 7,,(T) and excludingy* ] to describe a smooth
5. a
-10 | g: 1
b e 0.02 . !
-]
' [ ] -
-12 iq‘"aig'g
"3 0.01 .
w14 + - .
w2 I I ! I 32
o L] .. b S~
3 o oa » Q. 0.00 T
8l t o, . s
a <
!l
12 ~ . -0.01 | -
] & N
A3 2 .
1 1 1 1 '0.02 I .
-1 0 1 2 0 5 10
log, ,(T(K)) B (T)
FIG. 5. 7¢(T) vs T for sample |I(top panel and sample Il FIG. 6. Magnetoresistance at 120 K for sample I. Observations

(bottom panelfor the same analyses and with the same symbols aare shown by the symbols and analysis 1Aa by the curves. Dashed
in Fig. 4. Estimated error bars are indicated at low and high temeurve, WL contribution; dash-dotted curve, EEI contribution; and
peratures. full curve, the sum of these contributions.
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function of T. A further complication is the treatment of the
diffusion channel EEI contribution, which contains two
terms, both of which are proportional t4T; the exchange

term, which does not enter in the magnetoresistance, and the 200 [
Hartree term which is proportional t6,, .8 We simplified

this problem by assuming that both these terms have a simi-

lar temperature dependence. Based on the analyses of the
magnetoconductivity, the EEI term was therefore taken to be

constant below 10 K and then to decrease linearly and vanish
at a temperatur@, .

Taking D~1/p(T) (analysesB), implies that no part of
Ap(T) is due to quantum corrections, and would thus not be
compatible with an analysis oAp(T) in terms of QIE.
AnalysesB were thus discarded when studying(T).

However, this fact offers a consistency check for the mag- 0 100 200 300
netoresistance; when using the parameters from analyses T (K)
of Ag(B,T) together with a constard =D (300 K), no ap-
preciable temperature dependence in the calculAte(r)
should result. We found this to be well obeyed for sample FIG. 7. ¢(T) for both samples. Symbols are observations:
B, where the calculatedp(T) was almost constant, and squares, sample I, left-hand scale; circles, sample II, right-hand side
approximately obeyed for sample, with a much reduced scale. The curves are calculations from QIE described in the text.
temperature dependenj@factor of 3 inag(300 K)—a(50 K)] For sample | there are two calculations. The full curve describes
as compared to the observations. data up to 150 K, takes(T) and T, from the magnetoresistance

Furthermore method a, with a freely varyifg, was not e_md f_its the constants,, andF . The dotted curve, almost indis-
possible to test, since strongly overdetermined fitting proceglngwshable from the full curve below 150 K, extend§ up to room
dures would result. The only realistic method is thus Ab fortemperature, takesi(T) and 7, from the magnetoresistance and
both samples. Finally, to further stabilize the fitting proce-1ts the constantd, andF, . Inset: squares, results from analysis
dures, we assumed that(T) followed a simple temperature MbmmgmwammeHw%ﬁﬂomu%dmmgmmﬁmm

. Ao(T); circles, results from analysis [IAb. The straight line was
dependence above the extreme low temperature behawoorbtame d from fittingr(T) to Ao(T)
Tie(T)=Tieo TP, and either fittedr, andp, or derived them © '
from the magnetoresistance to be used as input parameters in
the analyses. Although this expression is useful for limited
temperature ranges, it is clearly an oversimplification to em- As an alternative we analyzed sample | with the same
ploy it over more than a decade in temperatures. Within thigrie(T), t00k 75,=1.6 ps from analysis IAb, and fitted the two
scheme a few different analyses were investigated. remaining constants, i.eF(0) and T,. The result was

For sample Il we tookr,,=0.85 ps,F,(0K)=1.01 and F,(0)=1.60 andT,=275 K. The calculated o(T) is also
T,=140K from analysis IlAb of the magnetoresistance.shown in Fig. 7. Below 150 K it is indistinguishable from the
7ie(T) in the WL part ofp(T) was then fitted by adjusting previous analysis for this sample, and it is seen to continue to
Tieo @aNAp. The result for the conductivity is shown in Fig. 7, describe data excellently up to 280 K(0) is satisfactorily
and 7i¢(T) from this analysis is compared in the inset with close to 1.73 from the corresponding analysid\ef(B), but
the results from analysis [IAb of the magnetoresistancethe largeT, indicates that the temperature dependence of
There is good agreement between results #gfT) from  7(T) from Ao (B) is not sufficient to account for the strong
Ao(B) andAo(T) from the saturation region at about 4 K temperature dependence &fH(T) at the highest measuring
up to at least 150 K. Above this temperature, the results fotemperatures. Restricting the conclusions of these analyses to
Tie(T) from Ao (B) become rather uncertain, as mentionedtemperatures up to 150—200 K, there is a quantitative agree-
above. ForT>200 K, 7(T) from resistivity falls below the ment for both samples between results fraver(T) and
results fromAo(B). However, as is illustrated in Fig. 7, a Aog(B,T). For sample ll,7,, F,(0) andT, were taken from
good description ofAo(T) is obtained from 4 to 280 K. Ao (B,T), and 7¢(T) obtained fromAo(T) was found to

For sample | we first fittedio(T) to the results of analysis satisfactorily reproduce the corresponding result from
IAb of Ag(B) from 0.3 to 200 K. A simple power law, Ao(B,T). For sample |, takingzi(T) and 7, from
Te(T)=7.96x 10" 11T~ 1335 is seen in the inset of Fig. 7 to Ao(B,T) results in a good description do(T), with a
well describeri(T), and was used in analyzingo(T). We  value of F_(0) in acceptable agreement with that from
further tookT,= 150 K from analysis IAb and fitted two con- Ao (B,T), albeit with a largeiT,. Below about 150 K these
stants toAo(T), i.e., 7, and F,(0). The results were differences in different temperature dependencef pfare
Tso=0.4 ps andF ,(0)=1.09, to be compared with 1.6 ps small, however, and both fitted constantsAier(T) are in
and 1.73, respectively, from analysis IAb. The correct temfair agreement with those obtained fralr(B,T).
perature dependence &k (T) is obtained by this method up Attempting to extend this analysis to room temperature
to 150 K as can be seen in Fig. 7, although there is considdoes not give unique parameters. Although a description of
erable disagreement betweeg, and F(0) from Ao (B) Ao (T) in terms of QIE appears to be possible with reason-
andAg(T). able results for the parameters, the lack of agreement with

400

350

150

o ((Qem)™)

300

100 250
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results from the magnetoresistance does not allow for a defthis occurs is analysis dependent. Our results indicate that

nite conclusion. T, is in the range 80—-150 K for sample | and 120-150 K for
sample Il. However, the difference between these results and
VI. DISCUSSION, PROBLEMS, CONCLUSIONS the smaller values off|, obtained from our preliminary

analysis® shows that estimates @ are uncertain. Never-
theless, our extended measurements provide a possibility to

The results of our extended measurements of the magnétudy the temperature dependenceFgf, and give qualita-
toresistance of icosahedral AlCuFe clearly show that quantive results for how and when it vanishes.
tum corrections account for the magnetoresistance from tem- (v) Some further common trends can also be pointed out
peratures well belw 1 K up to atleast 280 K. The precision supporting the consistency of all analyses. The results for
which can be obtained in this description is illustrated in Fig.F ,(0) in Fig. 4 are larger for the high-resistivity samgle
3, and covers a range exceeding 3 orders of magnitude ihan for the low-resistivity one. From Fig. 2 it can be seen
temperature and 5 orders of magnitudgAp/p|. This result  that the sign change ofp/p at 12 T occurs at a higher
is a striking illustration of the precision of 3D quantum cor- temperature for sample | than for sample Il consistent with
rection theories, in strong contrast, e.g., to previous work irsuch a stronger EEI interaction in the high-resistivity sample.
3D amorphous metals. At the same time our result is disapThis trend is in agreement with previous observations in
pointing in the sense that this large range of variation ofi-AlCuFe from more limited temperature ranges of
Ap(B,T)/p is nevertheless insufficient to determine a uniqueinvestigations;* and is expected in a range where QIE in-
consistent set of parameters of QIE theories from expericreases with increasing resistivity. At largevalues, e.g., in
ments. i-AlPdRe, the opposite trend takes over.

On the other hand, lack of knowledge of the background 7 is usually a parameter with largely scattered results in
p(T) has forced us to the rather extreme assumptioasnd  fits to QIE theories. In Table Il this variation is within a
B. Identifying results and trends common to both these asfactor of 3 for each sample, which for this parameter is a
sumptions therefore provides additional support for the conrather limited variation. All estimates are seen to give a
clusions and more reliable estimates of the range of variatiolarger value ofrg, for sample | than for sample II. This result
of parameters consistent with a description from QIE. Weand the one quoted above fér, are consistent with the
discuss such common featurég=—(vi). predicted decrease of EEI in the presence of a strong spin-

(i) A clear trend of a saturating, at temperatures below orbit interactiod® and the observation of such a relation, e.g.,
1 K is obtained in all analysis of sample I. Imposing for in noble-metal-doped amorphous CaAl.
sample |l the physically reasonable condition tha{T) (vi) Finally, the analyses of the resistivity suggest that
must decrease or stay constant with increasing temperatur€@|E dominate in the temperature dependencg(df) up to
gives an acceptable analysis and a constanip to 1.5 K.  temperatures of 150 K or above, considerably higher values
Previous values for the saturategd, obtained from a more than usually considered. Support from the analyses of
limited temperature randkare comprised within the present Ap(B), particularly up to about 150 K, strengthens this con-
results. clusion. However, a unique set of parameters describing

(i) At 280 K, 7, is of order 1013 s +25% for sample | Ap(T) as well asAp(B) up to room temperature has not
and 1-2<10 3 s for sample II. Since quantum corrections been found.
can clearly be identified at this temperature, it would seem
that the conditionrg> 7 requires values ofr smaller than
several fs. This estimate is consistent with the result of Some additional considerations are pointed out which ap-
Burkov et al?! of r~5x107®s for ani-AlCuFe sample pear to merit further investigations;.> 7, is a necessary
with the same composition as our sample |. Scattering is thusondition to apply the conventional WL theory of Ref. 14,
quite strong in these quasicrystals, and it is appropriate toFH), and is expected to break down with increasing tem-
characterize them as atomically well-ordered materials witlperature. Since consistent fits could be obtained from 80 mK
strong electronic disorder. to the highest measuring temperatures, for a range of differ-

(ili) The temperature dependence %f at intermediate ent assumptions and samples, this condition would not seem
temperatures is remarkably similar in all samples and analyto be violated in our case.
ses, and a description with an average temperature exponent However, a better estimate afshould result if the con-
TP with p of about 1.33 and 1.5 for samples | and Il de- dition 7> r were relaxed, and the sums of Ref. 14 inte-
scribes data well in a temperature region from a few K up tograted exactly. This has been made by Matsuo and co-
280 and 150 K, respectively. Similar results have been obworkers (MNSMI),2 who obtained an expression fdir as
tained in a number of quite different analyses in part of thisthe sum of 18 terms withr as an additional free parameter.
temperature regidn® and thus appear to be particularly well We employed this expression, and calculatetlas a func-
established. tion of 7 for sample | at 12 T and 280 K, with parameters

(iv) In both analyses a for sample | it was found thatfrom fit IAa. Corresponding to the estimated error of 25% in
F . is roughly constant at low temperatures, starts to decreaskp/p at that point, we then required that the deviations be-
above about 10 K in an approximately linear way, andtween values oAAp/p calculated with MNSMI and FH should
reaches very low values at high temperatures. On this basibe smaller than 25%. This condition gaves0.4 fs. Al-
model b was investigated, confirming in all four analysesthough this result is in fair agreement with=0.5 fs?* we
that F, indeed goes to zero at some high temperature andevertheless want to exercise considerable caution in the in-
stays zero above this temperature. The temperdiuvenere  terpretation. The reason is that our calculated values of

A. Discussion of main results

B. Problems and outlook
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—Aplp with MNSMI are larger than those obtained with FH, C. Brief conclusion

while instead one would expect the opposite: whenap- It has been found that measurements of the magnetoresis-

proaches, QIE should break down and vanish. We have r‘Ottance ofi-AlCuFe to ambient temperatures can give infor-

been able to resolve this paradox, nelth_er from_Ref. 2 MO ation on guantum corrections in quasicrystals. Several dif-
from our own attempts to perform exact integrations of the

expressions of Ref. 14. Clearly further work is needed tqf(erent analys.es were used, . compensating fqr .Iacking
determine how QIE are destroyed wheg(T) approaches. nowledge of input parameters in the analyses. Within some

Another point where the analyses may have been ovepariations of the reIevgnt_parameters, reasonable, and in most
simplified is the following: Roughly, WL affects the diffu- C2S€S excellent descriptions &fr(B,T) could_be obtainec_i
sion constant and EEI affects the density of states. Howeveffom below 0.1 to 280 K. These results give compelling
the EEI contribution depends db, Eq. (2). Therefore one gwdence that QIE account for the magnetoresistance of
can argue that an EEI contribution at temperaftirshould ~ 1-AlCuFe up to 280 K, strongly suggest th&p(T) is domi-
be calculated on the backgroundTaincluding the WL con-  nated by QIE at least up to 150-200 K, and also give some
tribution, and that our methoé should takeD(T) as an interesting detailed re§ults sych as alnew_ano!.sllghtly lower
input in the calculation of the EEI contribution. However, UPPer bound for the inelastic scattering timeikAICuFe,
such a correction is likely small since methadlgndB gave and a qualitative study of the temperature dependence of
similar main results. o .

A third point is the remarkable transport properties of However, measurements dfo(B,T) do not suffice to
icosahedral AICuFe also at more elevated temperatures th&}§t€rmine microscopic parameters in a unique way in spite
presently studied. An accelerated increase of the conductif the large range of variation ofAc(B)| and the sign
ity with increasing temperature up to 1000 K has beerfhange ofAa(B), both of which contribute significantly to
observed® This property is expected to be unrelated tonumerical stability. The special properties of quasicrystals,
quantum interference effects. However, the nature of thigncluding the strong temperature dependencg(@?) aggra-
new conductivity mechanism is not known, nor the temperaVate this problem. Some directions for attacking this problem
ture range where it sets in. We have observed tha(B)  have been briefly outlined.
can be qualitatively described by QIE up(at leas) 280 K,
while a similar precision fogp(T) is lost for bot_h samples ACKNOWLEDGMENTS
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