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Scattering times and mean free path in A1CnFe qnasicrystalline thin films
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We present magnetoresistivity measurements on AlCuFe quasicrystalline thin films from which the

temperature dependence of the inelastic scattering time (~;,) has been deduced down to 200 mK in the

low field limit. We show that ~;, presents a weak temperature dependence below 4 K (1/~;, —T )

which is in close agreement with the theory of Isawa predicting a crossover from a T' to a T regime.
Saturation effects as well as a possible shift in dimensionality have also been investigated.

I. INTRODUCTION

Stable quasicrystals are known to present very unusual
transport properties' such as very high-resistivity values
which depend strongly on the composition and the
structural quality, a low effective number of carriers and
a reduced density of states at the Fermi level. ' Among
those, the very high-resistivity values, rising up to 10
pQcm at very low temperature in A1PdRe, are maybe
the most striking ones. Moreover there has been consid-
erable interest in developing theoretical models for con-
duction in quasicrystals. Indeed such resistivity values
should correspond to unrealistic mean free paths Lo of a
fraction of an Angstrom calculated in a classical way for
metallic alloys; Phillips and Rabe 6rst proposed a
structural model based on two building blocks to explain
the very high resistivities. On the other hand, Fujiwara
et al. have shown that those values could be attributed
to very strong anomalies in the density of states assuming
that Lo —a few A. Finally Mayou et al. assumed that

0Lo-20 A, corresponding to the distance separating
equivalent sites in the structure, and they proposed that
the conduction may be due to hopping between those
sites. However no direct experimental evidence had been
found so far to support any of those assumptions on the
value of Lo.

Quantum interference theories ' have been found to
describe very well the magnetic-field dependence (up to
35 T in pulsed fields) and temperature dependence (up to
100 K) of the conductivity of both icosahedral phases '
and their approximants. " These measurements gave
direct information on the inelastic scattering time r;„' the
analysis of o (T) is consistent with r;,-1/T above 30 K
and below 30 K a T ~ behavior has recently been de-
duced from the magnetoresistance. ' However, the
fitting procedure of both the temperature and magnetic-
field dependence may be quite problematic due to the
presence of a large set of physical parameters: the inelas-
tic [~;,( T) ] and spin-orbit (r„) scattering times, the
electron-electron screening factor {F),the diffusivity (D),
and the effective Lande factor (g'). Moreover, at low
temperature, the magnetoresistance is dominated by

awL=(e /2nh){Dr„) .~ f (t), (lb)

where f (t) generally is a complicated function of
t =r„/4r;„but it can be approximated for low enough
temperatures (t «1) by f (t)-(1/96t ~

) and

a =1 19X10 D ~ (T) ~

Knowing D, awi {T) is then directly proportional to
( T)3/2

Such an analysis may however be hard to do since the
variations of the conductivity are very small in the low-
field limit and it is then difficult to extract the a(T) term
from the data. The preparation of quasicrystalline thin

electron-electron interactions in the high-field limit (see
below) and it is then very difficult to extract the weak lo-
calization parameters [r;,(T), r„] from the data fits.
Hence, no value for the inelastic scattering time below 2
K has been given so far. We present here low- (and
high-) field measurements of the magnetoresistance per-
formed on quasicrystalline thin films down to 200 mK.
From those measurements we get a determination of the
inelastic-scattering time at very low temperature and
show that in this temperature range r;,( T) presents a
weak temperature dependence [1/r;, ( T) —T ]. One
possible explanation is the presence of a crossover from a
T to a T regime as predicted by Isawa for screened
Coulomb interactions in disordered metals. ' From the
crossover temperature, it is then possible to deduce the
elastic scattering time in our A1CuFe quasicrystals. Oth-
er effects such as a change in dimensionality related to
the small thickness of the films or a saturation effect are
also investigated.

It has been shown by Lindqvist' that in amorphous
metals it can be much more interesting to use the quan-
tum interference theories in the low-field limit (B /T & 1)
where both the electron-electron interaction (EEI) and
the weak localization (WL) contributions to the change in
resistivity p can be written as hp/p=paB with

aEEi =0.056(e /477 h )E(2hD) (gp~ ) (kT)

and
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films in the AlCuFe system and the fabrication of small
electrical circuits by photolithography provides samples
with very high electrical resistance (about 1 kQ) which
can easily be used for such precise measurements.

0.3

T=200mK
300m K
550m K

II. SAMPLE PREPARATION

Al, Fe, and Cu layers were sputtered consecutively on
SrTi03 substrates using a rf magnetron sputtering sys-
tem. The most important parameter to control was the
thickness of the different layers since pure quasicrystal-
line samples can only be obtained in a very narrow com-
position range around A16~ 5Cu25Fe, 2 5. The films were
subsequently annealed in a quartz tube under high vacu-
um (10 Torr). More details about the preparation pro-
cedure have been given elsewhere. ' X-ray-diffraction
patterns performed on some of the samples confirmed the
quasicrystalline structure of the films. ' Several films
3000-A thick were obtained with resistivity varying be-
tween 2000 and 3000 pA cm at room temperature. Those
films also showed a strong negative temperature depen-
dence of the resistivity with 1.5&p(4 K)/p(300 K) &2
(see Fig. 1), in good agreement with results previously ob-
tained on bulk samples. Small electrical circuits with
electrical resistance around 1 kQ at room temperature
were fabricated from the thin films using conventional
photolithography techniques.

III. EXPERIMENTAL RESULTS

The magnetic-field dependence of the resistivity was
measured up to 8 T and between 4.2 K and 200 mK in a
dilution refrigerator for two samples (sample no. 1:
p3Q(j + 2000 pQ cm and sample no. 2: p3(g + 2700
pQ cm). The magnetoresistance was positive, around 8%
at 200 mK and 8 T, and it was rapidly decreasing with
temperature (Fig. 2, sample no. 2). This behavior is very
similar to what has previously been observed in bulk sam-
ples. In particular, the magnetoresistance is around 2%
at 8 T, 4.2 K which is very close to what has been ob-
served by Sahnoune et al. ' on samples of equivalent
resistivity values (bulk A1635CU245Fe, 2, for instance).
Due to the high electrical resistance of the circuits we
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FIG. 2. Magnetoresistance (MR) of an AlCuFe quasicrystal-
line thin film; lines are guides for the eye. In the inset MR as a
function of B in the low-field limit. The solid lines are linear
fits using equation Ap fp =pa( T)8'.
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were able to make high precision measurements from
which it was easy to extract a 8 behavior in the low-field
limit (inset, Fig. 2, sample no. 2).

It is thus possible to get r;,(T) from a(T) using Eqs.
(la), (lb), and (2) assuming that the condition r «1 is
satisfied. The value of the diffusivity D can be estimated
using the Einstein equation for the Boltzmann conduc-
tivity o.=e X(E.)D. Despite very strong variations of
the conductivity, it has been observed that the density of
states at the Fermi level (deduced from specific-heat mea-
surements' ) is almost constant in all the measured sam-
ples: X(EF)-0.14—0. 15 st/eV at. On the other hand,
we assumed that all the interference effects are destroyed
at 300 K and that oz is close to o(300 K) and we get
D =0.29 cm /s for sample no. 2 and D =0.37 cm /s for
sample no. 1. The calculated values of r;,(T) deduced
from awL(T)=u(T) —aEE,(T) are represented in Fig. 3
for both samples. In this temperature range our data are
consistent with a power-law variation I/r;, (T)=kT
for both samples with k =4.5X10' for sample 1 and
k =1.8X10' for sample 2. Note that in this tempera-
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FIG. 1. Temperature dependence of the resistivity of AlCuFe

quasicrystalline thin films, sample no. 1, p3OO K-2000 pQ cm;
and sample no. 2, p3OO K 2700 pQ cm.

10-'2
0.1

I I -I il

1

T (K)
10

FIG. 3. Temperature dependence of the inelastic scattering
time of quasicrystalline thin films calculated using Eqs. (1) and
(2), see text. (a) and (b) Solid lines represent the values expected
for electron-electron interactions in 2D for a & L T (a) and
LT & a (L;, (b), see text.
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ture range, r;,( T) & 10 ps and by taking r„=2 ps (Ref. 10)
we have t =1so /4%I~( T) &

~~ showing that our assumption
of t (& 1 was correct.

IV. DISCUSSION

Generally speaking r;,( T) can be described by a com-
bination of a saturation term (Ao), electron-electron
scattering (r„), and electron-phonon (r, ) scattering
times:

1/r;, (T)= Ho+1/r„(T)+1/r, (T) . (3)

The temperature dependence of those inelastic scattering
times has been investigated by several groups who pre-
dicted 1/r- H with 2 &p & 4 for electron-phonon interac-
tions' and p =—', or 2 for electron-electron interac-
tions. ' ' An exponent p -2 has been deduced from the
temperature dependence of the conductivity of A1CuFe
quasicrystals above 50 K, and p- —,

' has recently been
obtained from the analysis of the magnetoconductivity
between 2 and 30 K by Sahnoune et al. ' in agreement
with those theories.

However Isawa' suggested that a T as well as a T
term should be observed in the temperature dependence
of 1/r„with a crossover between those two regimes at
some temperature T, given by

T, =1.24X10 ' jro, (4)

where ~o is the elastic scattering time. This qualitative
behavior is in good agreement with the low-temperature
dependence of 1/r;, deduced from our experiments and
the previous higher-temperature data obtained by Sah-
noune et at '[Fig. 4. for sample no. 2 and bulk
A163 ~Cu24 ~Pe&2 (Ref. 11) which present very close resis-
tivity values -2700 pQcm at room temperature and
similar magnetoresistivity curves at 4.2 K]. In this case
the crossover temperature would be around 4 K leading
to an elastic scattering time of ~o-4X10 ' s and an

elastic mean free path of Lo=(Dro)'~ -20+5 A. Ap-
plying this theory here, the experimental determination
of the elastic mean free path in quasicrystals appears to
be quite large and is in support of the model recently
presented by Mayou et al. to describe the unusual prop-
erties of quasicrystals. A very important feature here is
that this value of L,o is not related to the presence of de-
fects in the samples but is directly related to structural
characteristics of the quasicrystal. Indeed, it has been
shown that the structure consists of clusters separated by
about 30 A built by embedded shells and a model based
on such hierarchy of clusters has actually been developed
by Janot et al. ' to describe in a general way the physical
properties of quasicrystals.

In the theory of Isawa, the inelastic scattering time can
be written as

=AT ~ +BT
with A =3 2(hro)' k /(E~ro) and 8=1 3kb/
(EFro) where EJ; is the Fermi energy and k the
Boltzmann constant. These values are equal to the exper-
imental ones for EFrojh-7 or taking ro=10 ' s for
E~-50 meV. This surprisingly small value of E~ can
however be related to the very peculiar band structure of
the quasicrystalline structure. ' Moreover a comparable
value of EF-100 meV has been estimated by Pierce
et a/. from thermopower measurements in agreement
with the value of the density of carriers inferred from
Hall measurements.

An alternative explanation of the results would be to
consider our temperature dependence as an approxima-
tion of a more complex behavior over this temperature
range indicating that the inelastic scattering time is actu-
ally saturating as T tends towards zero. The dashed line
in Fig. 4 presents a fit to a Ao+ A&T law of the data.
This fit gives a saturation value of r;,(0)—200 ps; such
saturation could be attributed to (i) decoupling of the
electron gas from the thermal bath at very 1ow tempera-
ture, (ii) spin-flip scattering of conduction electrons off
magnetic impurities (a few ppm of magnetic impurities
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FIG. 4. Temperature dependence of 1/v. ;, between 200 mK
and 30 K (solid circles, our data; open circles, data from Ref.
11). The solid lines are (a) 1.9X10' T and {b) 1.0X10'
T', the dashed line is a fit to a Ao+ A

&

T' law.

FIG. 5. (b p/p)( T) ' as a function of (B/T)' showing a
universal curve characteristic of electron-electron interaction
effects.
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can significantly reduce the e6ect of localization leading
to a saturation), or (iii) zero-point motion of the scatter-
ing centers.

Finally, because the films are thin (-3000 A) the re-
sults could also suggest a shift in dimensionality from a
three-dimensional (3D) to a 2D regime. In 2D, I/r„ is
usually expected to show a logarithmic singularity
I/r„—T lnT. ' However, Altschuler et al. ' have
shown that this singularity can be wiped out for very thin
films [a «Lr=(hD/kT)', where a is the thickness of
the film and LT is the thermal coherence length] and they
get the following expressions for I/r„:
I /r„= ln( C) /2CkT/h with C = vra o & h /e

for a &LT (6a)

I/w„=in(CDh /kTa )/4CkT/h

for Lz&a &L;-, =(Dr;, )'~

In our case, at 0.2 K, LT-400 A and the dephasing
0

length L;, -900 A are getting close to the thickness of
the film and some e6'ects related in particular to the
granularity of the films could be expected (a scanning
electronic microscopy analysis revealed that the films
consist mainly of grains ranging from about 500 to
5000 A in diameter). For a =500 A and os =370
(Acm) ' both Eqs. (6a) and (6b) give values which are
quite close to the experimental data (see Fig. 3). Note
however that in the h~ih-field limit the magnetoresistance
is proportional to &B down to the lowest temperature
(straight line on Fig. 5) which is a typical 3D behavior
and hence the 20 aspect is probably not dominant here.

Figure 5 actually presents a plot of (bp/p)(T) ' as a
function of (B/T)'~ for all our temperatures from 4.2 K

to 200 mK and in fields up to 8 T. Another interesting
point here is that all the curves collapse into a unique
curve emphasizing the fact that the magnetoresistance is
dominated by electron-electron interaction e8'ects in this
temperature and magnetic field range. Indeed the
electron-electron interaction contribution to the magne-
toresistance is given by

(Ap/p)EEi=p(e /4mb)F. (kT/2hD)' g3(g*psB/kT)

and following this equation (bp/p)(1/T'~ ) is expected
to be a function of 8/T only, as observed experimentally.

Finally, we note that 1/~;, -T has been recently ob-
served in other highly resistive disordered systems and
such a temperature dependence has also been suggested
by Belitz et al. for metallic systems close to the metal-
insulator transition.

V. SUMMARY

We measured the magnetic field dependence of the
resistivity in AlCuFe quasicrystalline thin films. The
analysis of the magnetoconductivity in the low-field limit
leads to I/r;, (T)—T. A crossover from a T ~ to a T re-
gime has been suggested by Isawa, and this is in agree-
ment with our results. Applying this theory here we get
from the crossover temperature an estimate of the elastic
mean free path in A1CuFe quasicrystals: Lo —30+5 A.
Some eAect due to saturation or a shift in dimensionality
can however not be completely excluded.

ACKNOWLEDGMENTS

We would like to thank F. Cyrot-Lackmann for her en-
couragement, interest, and help, P. Lindqvist for very
fruitful discussions, and F. Cyrot-Lackmann and J. L.
Tholence for kindly arranging this collaboration. T.
Klein acknowledges the French Government for financial
support and O. G. Symko thanks the LEPES and the
CRTBT at CNRS, Grenoble for their hospitality.

B. D. Biggs, S. J. Poon, and N. R. Minirathnarn, Phys. Rev.
Lett. 65, 2700 (1990); T. Klein, C. Berger, D. Mayou, and F.
Cyrot-Lackmann, ibid. 66, 2907 (1991);S. J. Poon, Adv. Phys.
41, 303 (1993).

iF. S. Pierce, S. J. Poon, and Q. Guo, Science 261, 737 (1993).
B. D. Biggs, Y. Li, and S. J. Poon, Phys. Rev. 8 43, 8747

(1991); K. Wang, C. Scheidt, P. Garoche, and Y. Calvayrac,
J. Phys. 2, 1553 (1992).

4J. C. Phillips and K. Rabe, Phys. Rev. Lett. 66, 923 (1991).
5T. Fujiwara, S. Yamamoto, and G. Trambly de Laissardiere,

Phys. Rev. Lett. 71, 4166 (1993).
6D. Mayou, C. Berger, F. Cyrot-Lackmann, T. Klein, and P.

Lanco, Phys. Rev. Lett. 70, 3915 (1993).
7H. Fukuyama and K. Hoshino, J. Phys. Soc. Jpn. 50, 21312

(1981).
88. L. Altschuler and A. G. Aronov, in Electron-Electron In-

teractions in Disordered Systems, edited by A. Efros and M.
Pollack (Elsevier, Amsterdam, 1985), and references therein.

T. Klein, H. Rakoto, C. Berger, and G. Fourcaudot, Phys.
Rev. 8 45, 2045 (1992).

oA. Sahnoune, J. O. Strom-Olsen, and A. Zaluska, Phys. Rev.
8 46, 10629 (1992).

~ P. Lindqvist, P. Lanco, C. Berger, G. Fourcaudot, A. G-. Jan-
sen, and F. Cyrot-Lackmann, Proceedings of the 20th Inter-

national Conference on Low Temperature Physics (Eugene,
1993) [Physica B 194-96, 399 11994)].

Y. Isawa, J. Phys. Soc. Jpn. 53, 2865 (1984).
P. Lindqvist, J. Phys. Condens. Matter 4, 177 (1992).

"T.Klein and O. G. Syrnko, Appl. Phys. Lett. 64, 431 (1994).
i5A. Schmid, Z. Phys. 259, 421 (1973);G. Bergmann, Phys. Rev.

8 3, 3797 (1971); D. Belitz and W. Gotze, ibid. 28, 5445
(198'3).

' A. Schrnid, Z. Phys. 271, 251 (1973);8. L. Altshuler and A. G.
Aronov, JETP Lett. 30, 482 (1979).
B. L. Altshuler, A. G. Aronov, and D. E. Khmelnitskii, J.
Phys. C 15, 7367 (1982); 8. L. Altshuler and A. G. Aronov,
Solid State Commun. 38, 11 (1981)~

8C. Janot and M. DeBoissieu, Phys. Rev. Lett. 72, 1674 (1994).
S. E. Burkov, T. Timusk, and N. W. Ashcroft, J. Phys. Con-
dens. Matter 4, 9447 (1992).

2oF. S. Pierce, P. A. Bancel, B.D. Higgs, Q. Csuo, and S. J. Poon,
Phys. Rev. 8 47, 5670 (1993).

2 H. Fukuyama and E. Abrahams, Phys. Rev. 8 27, 5976 (1983).
G. Biskupski and M. Bouattou, J. Phys. Condens. Matter 3,
423 (1991);Peihuya Dai, Youzhu Zhang, and M. P. Sarachik,
Phys. Rev. 8 46, 6724 (1992); R. Menon, C. Q. Yoon, D.
Moses, and A. J. Heeger, ibid. 48, 17 685 (1993)~

2 D. Belitz and K. I. Wysikinski, Phys. Rev. 8 36, 9333 (1987).


