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Magnetoresistance of icosahedral Al-Cu-Fe from 80 mK to 80 K
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Icosahedral A162 5Cu» 5Fe» and A162,Cu»Fe», samples with resistivities at 4 K of about 4500 and
10000 pQ cm, respectively, have been studied. The magnetoresistance hp(B)/p was measured between
80 mK and 80 K up to 12 T at high temperatures. The results were well described by quantum correc-
tions. The Coulomb interaction parameter F was independently obtained from the low-temperature
b p( T)/p, and was found to be in agreement with results from bp(B)/p. The sign change of dp/dT with
increasing resistivity could be ascribed to an increasing F . The inelastic-scattering time ~;, saturated at
low temperatures with a larger value for the high-resistivity sample. At 80 K, v.;, was about 10 " s.
Hence elastic scattering is intense and quasicrystals are electronically disordered materials. It is pointed
out that these quasicrystals may be considered as model materials for the application of three-
dimensional quantum-correction theories.

The large magnetoresistance in icosahedral alloys' is
one of several prominent anomalies in electronic proper-
ties of these materials. The overall behavior of this
phenomenon is understood in terms of quantum interfer-
ence (QI) effects. However, although detailed analyses
have given reasonable descriptions of the observed data,
these results may be surprisingly different in details, even
for materials of similar composition.

The weak-localization (WL) contribution to the mag-
netoresistance is described by the temperature-dependent
inelastic-scattering time r;,( T) and the constant spin-
orbit scattering time ~„. In the diffusion channel of
electron-electron interactions (EEI's), the Coulomb in-
teraction parameter F must be determined. In addition,
the resistivity p, the diffusion constant D, and the
efFective electron Lande factor g* are needed. p and D
can be taken from other measurements or are fitted to
bp(8)/p, and g is usually taken to be 2 but is some-
times used as a free parameter.

Recent results illustrate different approaches to these
fitting problems for icosahedral Al-Cu-Fe. In Ref. 3, p
was fitted, in addition to the parameters mentioned
above. A constant D was assumed for all samples, which
is doubtful, since D varies with varying quantum correc-
tions. An exponent for r;,(T) of about T ' was ob-
tained for 1.5 —40 K and fields up to 9 T. This result was
significantly difFerent from an analysis of p(T) In Ref. 5.
both p and D were used as fitting parameters. F was
taken from p( T) and the Hall effect. To achieve good fits,
r;,( T) was parametrized, thus forsaking independent in-
formation on this important parameter. Reasonable fits
to hp(8 ) /p were obtained from 4—40 K up to 8 T. How-
ever, the fitted D increased with increasing p, when in-
stead the opposite trend would be expected. In Ref. 4 all
EEI contributions were neglected, which is likely

unjustified. g* was used as a fitting parameter. The ob-
served bp(B)/p was described moderately well by WL
with the improbable value of g

' =130.
These results illustrate a flexibility with many parame-

ters in the theory, which is a problem in work on QI
effects. In this paper magnetoresistance measurements of
two Al-Cu-Fe quasicrystals of difFerent resistivities are
described. We aim at more stringent tests of theories by
covering a larger range of temperatures and fields than
hitherto used. Results are presented from 80 mK to 80 K
in fields up to 12 T at high temperatures. Excellent fits
were obtained over the full measurement range. The con-
sistency of the fitting procedures is further supported by
comparisons with b,p( T) at low temperatures.

Samples were single-phase icosahedral A16z 5Cuz5Fe&2 5

and A162 5Cu25 5Fe&2 which were melt spun and annealed
as described previously. ' All peaks in x-ray diffraction
were narrow and could be indexed as pure icosahedral
phase. Electrical contacts were made to thin samples of
surface area of a few mm with silver paint stabilized by
epoxy.

Measurements were made at low temperatures in a di-
lution refrigerator equipped with a superconducting
solenoid to 7 T, and above 4 K in a temperature-
stabilized inset of a Bowing-gas cryostat with a supercon-
ducting magnet to 12 T. The small magnetoresistance of
carbon thermometers at low temperatures was corrected
for.

In the fitting procedures we used expressions for the
EEI diffusion channel by Lee and Ramakrishnan, for the
WL contribution the Fukuyama-Hoshino results, and
for the EEI contribution in the Cooper channel the re-
sults of Altshuler et al. '

It is a delicate question for reliable fitting procedures to
handle p, D, and the efFective g

' factor. Using p as a free
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parameter, one can avoid the nontrivial problem to deter-
mine the resistivity of small pieces of quasicrystalline
samples. However, all quantum contributions to bp/p
are proportional to p, and this approach essentially ad-
justs the magnitude to 6t observations. Thus one instead
leaves open the question of whether QI can adequately
describe observations. For amorphous metals this is an
issue, since bp/p is often observed to be too large for
theory.

%'e relied on measurements of p averaged over several
samples from the same batch. The estimated accuracy
was about 15%. The average results for p at 4.2 K were
4.5 mQ cm for A162 5Cu25 5Fe&2 and 10 mQ cm for
A162.5CU25Fe12. 5 ~

The diffusion constant D was obtained from these p
values and published results for the specific heat of Al-
Cu-Fe quasicrystals with" 12 at. %%uoFeand '12.5at. %
Fe. This gave D =0.25 cm /s for A162. sCu25. 5Fe&2 and
D =0.13 cm /s for A162 5Cuz5Fe&2 5. The samples of
Refs. 12 and 13 do not have exactly the same composi-
tion as our samples. However, p in Al-Cu-Fe quasicrys-
tals is largely governed by the Fe content' with values of
about 10000 p, Acm around 12.5 at. % Fe and 4500
pQcm for 12 at. %%uoFe . Smal 1 difference s inA 1 an dC u
concentrations may therefore not be serious. This is sup-
ported by the similar speci6c-heat results for
A163CU25Fe&z and" A163.5CU24. 5Fe12.

Although some variations in g cannot be excluded, a
freely varying g' can again adjust the amplitude of the
calculated bp/p. We took g

' =2 in all cases.
In fit (i) to bp(B)/p these values of p, D, and g' were

used and the parameters were r„F, and r;,(T). The
Cooper-channel contribution was neglected. For each
sample at each measuring temperature, the best r;,( T)
was determined by minimizing deviations between obser-
vations and calculations for a given (r„,I' ). A net of
points (r„,F ) was scanned, and the overall rms
minimum gave the result for rso, F, and r;,( T).

The measured magnetoresistance is shown by the sym-
bols in Fig. 1 for two Al-Cu-Fe samples. The results of
the fit described above are shown by the curves. The con-
stants are given in Table I and r;,(T) is displayed in Fig.
2.

Below 4.2 K there were only small variations in F
when it was allowed to vary freely. All curves were cal-
culated for a constant value, given in Table I. At 10 K
the best 6t was obtained for 0.62 and F was negligible
for T~40 K. It is expected that F vanishes at higher
temperatures' but details of this temperature depen-
dence are not known.

~;, is seen in Fig. 2 to saturate around 150-400 ps at
low temperatures. Saturation of r;,(T) has been observed
before' ' but not hitherto in quasicrystals. The origin is
controversial. ' ' Our results were obtained from ob-
servations and QI theories without any assumption about
saturation and ~;, was allowed to vary freely at each tem-
perature.

Between 1.5 and 30 K, r;,(T) is similar to previous re-
sults. The trend in Fig. 2 for r;,(T) of the high-
resistivity sample is continued to 80 K. Average ex-
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FKx. 1. The magnetoresistance for icosahedral Al-Cu-Fe

samples. (a) A162. 5Cu25. 5Fel2 for T ~4.2 K, (b) A162. 5CU25Fe12. 5for T~4.2 K, (c) at 10 K for Al625Cu»Fe»5, (d) at 40 K for
A162.5Cu25Fe12. 5 (squares} and A162. 5Cu25. 5Fel2 (circles), and (e) at
80 K for A162 5Cu»Fe» 5. The curves are results from 6t (i) de-
scribed in the text.

ponents p in r;,(T)=&OT ~ are in the range 1.5 —1.8, con-
sistent with the result that ~;, ' for electron-electron in-
teractions in disordered materials should be the sum of
two terms with p =—', and 2, respectively. ' This average
value of p in i-Al-Cu-Fe is different from metallic Si-B
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TABLE I. Sample properties and results of fits (i) and (iii).

Sample

p(4. 2 K) (pAcm)
p(4. 2 K)/ p(293 K)

D (cm /s)
~„(ps)
F [from hp(8)]
F [from Ap( T) ]

D (cm /s)
~„(ps)
F

A16z. sCuss. sFe»

4500
1.61

Fit (i)
0.25
0.19
0.72
0.71

Fit (iii)
0.22
0.14
0.72

A16z. sCuzsFe». s

10000
2.15

0.13
1.05
1.16
1.22

0.14
1.13
1.23

close to the metal-insulator transition, ' where r;,(T) was
found to vary as T ' from 10 to 0.3 K.

The calculations are the least sensitive to variations in
z„and the error in z„ is therefore the largest, probably a
factor 2—3. There is a somewhat stronger variation of 7 „
between the two samples with a value larger by a factor
of 5 for A16z 5Cuz&Fe» 5. Some variation in &„ between
samples is expected due to varying Fermi surface proper-
ties. When ~„can be varied by doping with a heavy ele-
ment in an amorphous metal, a decrease of ~„was found
to be correlated with a decrease in F . The trend in
Table I may suggest a similar relation also in quasicrys-
tals.

Results for the temperature dependence of the resistivi-
ty below 4 K are shown in Fig. 3. For both samples a
straight line in hp(T) vs &T describes the data well.
This result suggests that EEI effects dominate hp( T). F
was evaluated from the slope of these lines, and was
found to be in excellent agreement with values obtained
from hp(B)

For A16z 5Cuz& &Fe» it can be seen from Fig. 2 that
r;,( T) is constant up to 1.5 K, i.e., over almost the whole
temperature range where b,p(T) is analyzed in Fig. 3.
There is no WL contribution to bp(T) in that region.
Thus for this sample, the results for F and r;,(T) from
b p(B) and for F from b p( T) are all compatible, which
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gives a high degree of consistency to our analyses. For
A16z 5Cuz&Fe&z ~ a WL contribution to bp(T) in Fig. 3
cannot be as rigorously excluded, since r;,(T) saturates
only at about 400 mK. However, if one describes r;,(T)
by an exponent p, this exponent would depend on tem-
perature in the high-temperature end in F~i. 3, but sys-
tematic deviations in a plot of bp(T) vs &T are not ob-
served. Therefore a WL contribution would seem unlike-
ly also for this sample. If there is a WL contribution to
hp(T) of this sample, the resulting F in Table I from
hp( T) should be regarded as an upper limit.

The EEI contribution to dpldT becomes positive for
F & —,'. The results for F therefore suggest that dp//dT
changes sign with increasing p in Al-Cu-Fe quasicrystals
due to an increasing screening parameter F . With
Thomas-Fermi screening F ~ 0.93. The large value for
A16z 5Cuz5Fe&z 5 indicates that screening in quasicrystals
cannot be treated in this approximation. Some alterna-
tive analyses were made to check the consistency of our
results.

(ii) The Cooper channel' bp(B)lp was estimated. The
largest correction at 80 mK and 6 T was 4% of the ob-
served hp/p. When these terms were included in a fit to
all data, changes in F and r;,(T) were found to be
insignificant and r„ch anged by 10—20%. The Cooper-
channel contribution is thus negligible also at our lower
temperatures.

(iii) Values of D in fit (i) were checked as follows: D
and F were allowed to vary freely in a fit to bp(B)lp,
with the constraint that their variations were restricted
by the relation between them obtained from ascribing
the straight lines in Fig. 3 to EEI. It is seen in Table I
that there is good agreement with the results from fit (i).
This result demonstrates that our fitting procedures con-
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FICx. 2. Log]p~ (T) vs loglpT for A16z sCuzsFe» s (squares)
and A16& sCu» sFe» (circles). For both samples and each tem-
perature, w;, ( T) was calculated by allowing it to vary freely.

FIG. 3. hp/p vs &T for (a) A162. 5CU25. sFe &z and (b)
A16& sCu»Fe» s. The straight lines are the best fits giving the
values of I' (hp) in Table I.
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verge to a similar overall minimum point
(r;,(T),r„,F,D), and are not likely to arrest at local
minima in the multiparameter space of the variables.

(iv) QI theories give corrections for the conductivity
ho. rather than Ap. When ho. is large it is not obvious
that —Acr =bp/po can replace bo =—o(0, T) o—(8, T)
=bp/(pup). This point has seldom been considered in
published work. We calculated b.a (8) below 4 K for WL
and diffusion-channel EEI. Only for A162 5Cu25Fe» 5 was
there a marginal improvement of the quality of the fits
and small changes in the fitted parameters, the most im-

portant being a decrease of F to 0.99 from 1.16 in Table
I and a larger saturation value of 800 ps for r;,( T).

In spite of excellent fits obtained for Ap(B)/p, one
must ask if there are problems that have not been proper-
ly addressed. Two such questions are (a) is g'A2 and (b)
has any QI effect in the input parameters been neglected?

Two observations suggest that these objections are not
significant in the present case: (a) F was determined
from hp(B)/p, with g*=2 and independently from
b p( T)/p, where g

' does not enter. The agreement be-
tween these two results gives some justification for our as-
sumption about g *. (b) QI effects in the input parameters
that were not corrected for would give a large error when
temperature is varied over a larger range. However, de-
viations between data and calculations are random for
A162,Cu2, Fe» 5 at both 40 and 80 K in Fig. 1, and the
trend for r;,( T) from lower temperatures is smoothly con-
tinued to 80 K in Fig. 2.

Summarizing our results, we note that the measure-
ments of hp(8)/p cover a large variation of temperatures
and fields. For A1625Cu25Fe» 5 a range of a factor of
1000 in temperature is covered, over which Ap(B) lp at 6
T varies by a factor of 4000. Our fits are almost equally
good over this whole range of B and T, with no observ-

able deterioration at low temperatures and high fields
where deviations are otherwise often observed.

This point is remarkable, and in contrast to results in
three-dimensional amorphous metals, where deviations
between observations and calculations in analyses cover-
ing a substantial temperature region are regularly ob-
served. " ' These difBculties have led to questions about
the validity of QI theories.

Observation of a WL contribution to bp(8) at 80 K
demonstrates that the elastic-scattering time v must be
much shorter than ~;, at that temperature, i.e., ~&&0. 1

ps. Quasicrystals are therefore electronically disordered
materials. Clearly theories for unconventional transport
in quasicrystals must take the magnetoresistance into ac-
count.

The consistent results for F from hp(B) and bp(T)
are also noteworthy. In amorphous metals discrepancies
between differently determined F are well known. ' '

On the other hand, good agreement was observed be-
tween results from bp( T) and bp(8) in metallic Si-B over
a range of boron concentrations. '

Our fits of hp(8)/p for Al-Cu-Fe quasicrystals provide
for a verification of WL and diffusion-channel EEI
theories in considerable detail. The results also empiri-
cally justify that up to 20%%uo in b,p(B)/p, interference
terms between QI in WL and diffusion-channel EEI are
insignificant. As shown by the examples of our successful
fits, i-Al-Cu-Fe may in fact serve as a model material to
demonstrate the precision of these quantum corrections
in three dimensions.
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(NFR).

R. D. Biggs, S. J. Poon, and N. R. Munirathnam, Phys. Rev.
Lett. 65, 2700 (1990)~

~T. Klein, C. Berger, D. Mayou, and F. Cyrot-Lackmann, Phys.
Rev. Lett. 66, 2907 (1991).

A. Sahnoune, J. O. Strorn-Olsen, and A. Zaluska, Phys. Rev. B
46, 10629 (1992).

4S. Matsuo, H. Nakano, K. Saito, M. Mori, and T. Ishimasa,
Solid State Commun. 86, 707 (1993).

5R. Haberkern, G. Fritsch, and J. Schilling, Z. Phys. B 92, 383
(1993).

6See, e.g., P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys.

..5:.287'(1985)
70. Rapp, L. Hedman, T. Klein, and G. Fourcaudot, Solid State

Commun. 87, 143 (1993).
T. Klein, H. Rakoto, C. Berger, G. Fourcaudot, and F. Cyrot-

Lackmann, Phys. Rev. B 45, 2046 (1992).
H. Fukuyama and K. Hoshino, J. Phys. Soc. Jpn. 50, 2131

(1981).
B. L. Altshuler, A. G. Aronov, A. I. Larkin, and D. E.
Khmel'nitskii, Zh. Eksp. Tear. Fiz. 81, 768 (1981) [Sov. Phys.
JETP 54, 411 (1981)].

' B. D. Biggs, Y. Li, and S. J. Poon, Phys. Rev. B 43, 8747
(1991).
K. Wang, C. Scheidt, P. Garoche, and Y. Calvayrac, J. Non-
Cryst. Solids 153-154, 357 (1993}.

P. Lindqvist, C. Berger, T. Klein, P. Lanco, F. Cyrot-
Lackmann, and Y. Calvayrac, Phys. Rev. B 48, 630 (1993).
B. L. Altshuler and A. G. Aronov, Zh. Eksp. Teor. Fiz. 77,
2028 (1979) [Sov. Phys. JETP 50, 968 (1979)].
D. Abraham and R. Rosenbaum, Phys. Rev. B 27, 1413
(1983).
A. Sahnoune and J. O. Strom-Olsen, Phys. Rev. B 39, 7561
(1989).
N. Kumar, D. Baxter, R. Richter, and J. O. Strom-Olsen,
Phys. Rev. Lett. 59, 1853 (1987); and Comments by J@rgen
Rammer, Andrei L. Shelankov, and Albert Schrnid, ibid. 60,
1985 {1988);by Gerd Bergmann, ibid. 60, 1986 (1988); and by
N. Kumar et al. , ibid. 60, 1987 (1988).
A. Schmid, Z. Phys. 271, 251 (1974).
P. Dai, Y. Zhang, and M. P. Sartachik, Phys. Rev. B 46, 6724
(1992}.

0A. Sahnoune, J. O. Strorn-Olsen, and H. E. Fischer, Phys.
Rev. B 46, 10035 (1992).
M. Olivier, J. O. Strom-Olsen, Z. Altounian, R. W. Cochrane,
and M. Trudeau, Phys. Rev. B 33, 2799 (1986); B. J. Hickey,
D. Greig, and M. A. Howson, ibid. 36, 3074 (1987}; A.
Schulte, G. Fxitsch, and E. Luscher, Z. Phys. 8 78, 457
(1990).

2~S. J. Poon, K. M. Wang, and A. J. Drehman, Phys. Rev. B 31,
1668 (1985).


