
PHYSICAL REVIEW B 66, 092203 ~2002!
Monitoring an insulator-metal transition in icosahedral AlPdRe by neutron irradiation
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The intrinsic disorder effect on the electrical resistivity and magnetoresistance~MR! of icosahedral AlPdRe
is studied by use of high-energy neutron irradiation. The icosahedral phase is preserved under irradiation with
a decrease of x-ray peak intensity and volume of the coherent icosahedral phase. An insulator-metal transition,
as observed in the MR, can be driven by the irradiation and is monitored by the resistance ratioR
@5r(4.2 K)/r(295 K)#. The relation of MR vsR was found to be similar for samples of a widely different
history.
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Icosahedral (i )-AlPdRe samples can be made with low
temperature resistivitiesr and resistance ratiosR
@5r(4.2 K)/r(295 K)# varying over wide ranges of values
Already early studies of high-r samples withR of 51 ~Ref. 1!
or 125 ~Ref. 2! suggested insulating properties. It is on
recently, however, that more direct evidence of a me
insulator transition~MIT ! in i-AlPdRe has been found. Th
magnetoresistance~MR! at large R was found3 to obey
Efros-Shklovskii variable-range hopping~VRH! theory for
electron transport in insulators.4 From the metallic side, an
MIT is suggested both from analyses of the metallic MR
small R ~Ref. 5! and from a scaling approach to the condu
tivity s(T) of metallic samples at temperaturesT
>400 mK.6 These different investigations all give estimat
that an MIT occurs in the regionR;20–30.

However, the most perspicious results on an MIT are n
mally expected for low-temperatures(T), but such results
for i-AlPdRe have remained controversial. Descriptions
terms of VRH theories have given widely differe
results.7–12 A major difficulty is the saturation ofs(T) ob-
served at very low temperatures (&20 mK in high-R
samples! and incompatible with VRH. Recent results ind
cate that a finites(0 K) is a property of the icosahedra
phase,13 which may suggest that at largeR and low T two
channels contribute tos(T), e.g., variable-range hoppin
and quantum tunneling.

Nor has the role of the parameterR been understood
Although it has been provisionally used as a paramete
classify electronic transport results,3,5,6 justification for this
approach has been based on convenience rather than u
standing.R is simply easier to measure accurately thanr. A
relation betweenR and structural properties has not be
found for i-AlPdRe. Nor is it known how to monitor an MIT
since resulting resistive properties are not well controlled
existing preparation techniques.

The starting point for the present work is the question
homogenous disorder by neutron irradiation can be use
tune transport properties ofi-AlPdRe. In amorphous metal
such experiments have been found to increase structuraland
electronic disorder, leading to an increasedr, decreased su
perconductingTc , and a small shift in the direction of th
MIT.14 For quasicrystals it has long been known that
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creased structural disorder instead decreasesR andr,15 and
this is expected also fori-AlPdRe. We therefore started wit
an insulating sample and irradiated it with a series of do
D. Using a single sample focuses on the effect of vary
intrinsic disorder. For increasingD the icosahedral phase wa
preserved, peak intensities andR decreased, and an insulato
metal transition was traversed. The MR vsR across the MIT
was found to be independent of sample history. In contr
e.g., tor(4.2 K), R can therefore serve as a parameter
control the MIT.

Samples had nominal composition Al70.5Pd21Re8.5 and
were prepared either by melting in an arc furnace follow
by annealings at 940 and 600–650 °C~ingots! or by arc
melting followed by melt spinning and annealings~foil
sample!. Details of these preparation techniques and str
tural characterizations have been given previously.5 Bars of
dimensions'13133 mm3 were cut from the ingots. Mos
studies were made on such a sample withR567. In addition
an ingot sample withR527 and a foil sample'40 mm thick
were also studied. The latter sample was brittle. It broke a
the first dose and was not further used.

Samples were packed tightly in a thin-walled Al contain
for good thermal contact with cooling water and irradiat
with fast neutrons of mean energy 1 MeV and flux
31013 neutrons/cm2 s, in the nuclear reactor in Zarechn
These neutrons penetrated the samples. Sample temper
is estimated to remain below 100 °C, i.e., well below
previous annealing temperatures.185Re is excited by neu-
trons to 186Re, which is a strongly radioactive isotope wi
half-life of 4 days. After;1 month the radioactivity of the
samples was about (1 –100)31026 rad/s at 5 cm distance
and they could be handled with tweezers. Electrical transp
measurements were made by standard four-probe techni
in magnetic fields up to 13.6 T. Contacts of In-Ga were a
plied by ultrasonic soldering. They were removed befo
each new irradiation.

X-ray diffraction data were taken in steps of 0.05° in 2u
from 20° to 76°. An ordered icosahedral phase was p
served for all dosesD over a range of more than two orde
of magnitude. A diffraction pattern is shown in Fig. 1 for th
largestD. The number of observable peaks decreased w
increasing dose; 16i peaks were observed atD55
©2002 The American Physical Society03-1
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31017 neutrons/cm2 as compared to 8 in Fig. 1, and the d
crease of peak height was usually monotonous withD as
illustrated for five peaks in Fig. 2. One exception is the 38
peak, which has a slightly larger peak height atD51.8
31019 neutrons/cm2 than at D57.631018 neutrons/cm2.
We ascribe such variations to the texture of the bulk sam
surface and different surfaces likely being exposed in suc
sive x-ray experiments. No shift in peak position or any s
tematic change of the widths of the peaks could be obse
within our resolution.

There have been only few previous irradiation expe
ments on stable quasicrystals. With;1 GeV heavy-ion irra-
diation oni -Al65Cu25Fe5V5, a decreasing peak intensity wa
also observed, but in this case the~7,11! peak broadened
with initial dose.16 This is possibly due to strain associat
with inhomogenous irradiation damage in the form of lo
narrow channels. However, fromD51012 to 1013 ions/cm2,

FIG. 1. X-ray diffraction results with CuKa radiation for the
sample with the largest irradiation doseD. Eight icosahedral peak
are labeled in the Cahn indexing scheme.

FIG. 2. Five diffraction peaks for varyingD. Thin solid curve,
D5531017; thin dashed curve, 3.631018; thick solid curve,
7.231018; and thick dashed curve, 1.831019 neutrons/cm2.
RD50567.
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further peak broadening did not occur and the peak inten
continued to decrease. A similarity to our results can be
pected at large doses, since heavy swift ions will then p
duce a more homogeneous disorder, as for neutron irra
tion at ;1 MeV.

The irradiation thus leads to loss of coherent icosahe
volume. One must ask if these observations are due
second-phase precipitations or reflect a decrease of the
herence length of the long-range icosahedral atomic or
ing. Crystalline impurities induced by irradiation can b
ruled out since none of the few unindexed peaks, which w
occasionally observed for someD in the range from 5
31017 to 6.831019 neutrons/cm2 increased in intensity with
D. At the largestD, unindexed peaks were not observed~Fig.
1!. Precipitation of amorphous phases may escape detec
by x rays. We therefore made a few annealing experime
on a sample withD53.731019 neutrons/cm2. The results
indicated reversible behavior. E.g., after 20 min at 350 °
peak intensities were found to increase. An increase ofR ~by
10%! was also observed, opposite to the trend observed a
irradiation. Dissolution of an impurity phase is unprobable
this low temperature. This behavior instead likely reflect
recovery of the icosahedral atomic ordering.

We now turn to the transport properties.r and the mag-
nitude of its temperature derivative were found to decre
strongly with increasingD, while R decreased from 67 in the
unirradiated samples to 1.2 atD56.831019 neutrons/cm2

~Fig. 3!. Two important conclusions can immediately b
drawn from these results. First,r(295 K) has decreased sig
nificantly with irradiation, by a factor'10 in Fig. 3, in con-
trast to a set of as-prepared samples with a similar rangeR
values, wherer(295 K) was close to a constant.5 Similarly
one can find from two samples in Fig. 3 that the ra
@r(4.2 K, R513)#/@r(4.2 K, R54)# is 4.4, while the cor-
responding ratio was 2.6 for two as-made samples withR

FIG. 3. r(T) from 1.5 to 320 K at the irradiation doses~in
neutrons/cm2) given in the figure.RD50 is 67. Inset:R vs D.
3-2
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513 and 4.5 Obviously the relation betweenr(4.2 K) andR
for irradiated and as-prepared samples with similarR values
is quite different.

Second, differences inr(4.2 K) andR between different
samples were found to diminish with increasingD. E.g., at
D5431018 the sample RD50527 had r(4.2 K) of
63 mV cm, still considerably smaller than 130 mV cm for
the RD50567 sample at a comparable dose in Fig. 3. Ho
ever, when these samples were compared at 1.4 and
31019 neutrons/cm2 respectively, r(4.2 K) is close to
4 mV cm in both cases. In fact,r(T) was then almost iden
tical from 2 to 300 K. The structure which causesR to vary
in as-made icosahedral samples is thus destroyed beyo
certain defect level. Further irradiation appears to cause s
lar effects in all samples, irrespective of original states.

The reason for the variation ofR in a set of as-prepare
samples is not known. Irradiation of a single sample in t
respect offers great advantages since several hypothe
reasons can be ruled out. Irradiation-induced phase tran
mations that influence transport properties are unlikely,
discussed above and further exemplified by the MR res
shown below. The impurity content of the starting eleme
largely dominates any residual remanents of nuclear re
tions. Varying chemical composition of thei phase can also
likely be ruled out. Nuclear reaction products are negligib
The sample temperature remains below 100 °C, and d
sion is not expected. The experiments instead suggest
the decreasingR andr for irradiated samples are related
the introduction of defects in the icosahedral phase and
decreasing coherence length of the orderedi phase.

Figure 4 showsr(B)/r(0) vs B in the low-field region.
For high-R samples~unirradiatedR567 and irradiatedR
562 ingots, andR551 foil sample!, the MR at smallB is
negative, goes through a minimum, and increases to pos
values for increasingB. This MR can be well described3 by

FIG. 4. r(B)/r(0) vsB at 4.2 K. HereR for the samples varies
from top to bottom in the order given in the figure. Typical me
surement error is shown for one datum. Curves atR513 and 1.5 are
guides to the eye of the formDr(B)/r(0)511aB2. Data below 3
T for theR51.2 sample and above 5 T for the high-R samples have
been omitted for clarity.
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Efros-Shklovskii theory for insulators, with a negative M
due to interference between different trajectories contribut
to hopping and a positive contribution from shrinking wa
functions in a magnetic field.4 For R<13 in Fig. 4 the MR is
positive at all experimental fields. This MR is quantitative
described by weak localization and electron-electron inter
tions for weakly~electronically! disordered metals.5 At low
fields and not too weak spin-orbit scattering all such con
butions increase asB2, as indicated by curves for two
samples. For increasingD, the MR decreases down to 0.1%
At R51.2 the MR andr(T) have approached characteristi
for amorphous metals where the MR is usually below 0.1
and R rarely exceeds 1.1.17 A transformation to an amor
phous phase can eventually be expected for strong radia
damage. It has been observed in some quasicrystals
;1 MeV electron irradiation at doses in excess
1026 electrons/cm2.18

A wide range of samples is included in Fig. 4 from we
into the insulating side of the transition to far into the met
lic side. The results show that neutron irradiation can mo
tor an insulator-metal transition. This conclusion does
rely on a precisely given location of the MIT. In fact it ma
not be possible to specify such anR value. MIT is a quantum
transition atT50, and in finite-temperature experiments
MIT may appear to occur gradually. The sign change of
low-field MR may give ~at least! a rough location of the
transition. There is in contrast no obvious feature ofr(T) in
Fig. 3 from which an MIT can be qualitatively identified
This remains valid also for other ways of displaying da
such as lnr(T) vs T21/2 in Efros-Shklovskii VRH theory.

MR studies of icosahedral samples have indicated
impurities do not contribute to observations.5,19 In particular,
irradiation-induced precipitation of an amorphous me
would have smallr(4.2 K), compared to the samples in Fig
3, and a negligible MR.19 The results in Fig. 5 reinforce this
conclusion. At fixedB andT the MR is similar for irradiated
as well as non-irradiated samples.

MR vs B at 4.2 K is shown in the inset of Fig. 5 for tw

FIG. 5. Magnetoresistance at 4.2 K and 2 T vsR. Open circle
~rhomboid!: as-prepared samples withRD50567 ~27!. Correspond-
ing solid symbols: same samples after irradiations.¹: as-prepared
samples from Ref. 5. Inset: comparison of MR at 4.2 K up to 13
Open symbols, as-made samples~Ref. 5! (,), R513.3, (h) R
545, irradiated samples (.) R513, (j) R551.
3-3
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sets of differently prepared samples, each set with similaR
values. The MR is closely similar up to 10 T for two sampl
with R513. For the two high-R samples the MR is qualita
tively similar, with a somewhat smaller MR at the largerR,
as expected from the trend in Fig. 4.

A similar MR for samples of different history and simila
R is further illustrated in the main panel of Fig. 5. The MR
4.2 K and 2T is shown versusR for three sets of samples
i.e., the present irradiated samples withRD50 of 67 and 27,
and unirradiated foil samples from Ref. 5. In all cases
MR follows qualitatively the same relation from negativ
values at largeR’s, through a sign change, a maximum, a
a decreasing positive MR for a continued decrease ofR at
small R’s. These results suggest that the MR is a uniq
function of R, with MR(R) independent of the details o
intrinsic defects and concentration and the composition
extrinsic or intrinsic impurities.

This conclusion is not valid for MR as function of som
parameter fromr(T) such asr(4.2 K). Different defects in
the icosahedral phase affectr(4.2 K) andR differently but
not MR(R). Our results show thatR has the more fundamen
tal importance. It isR, the average temperature dependen
u

09220
t

e

e

f

e

of r(T), rather thanr itself at a particular temperature whic
can monitor the MIT.

In summary, three results have emerged from our stu
of neutron-irradiatedi-AlPdRe: Irradiation over a wide rang
of doses preserves the dominating icosahedral phase
peak intensity and volume of coherently scatteringi phase
decrease simultaneously with a continous decrease ofR. This
result gives a first relation fori-AlPdRe between structura
quality and transport properties. Further, it was found that
MR as a function ofR is independent of the detailed natu
of impurities or defects. Finally, an insulator-metal transiti
in i-AlPdRe can be produced by neutron irradiation dam
and this transition is monitored by theR value. The presen
findings allow systematic studies of the disorder effect
MIT in the same quasicrystal sample. Thus future investi
tions will include the nature of the relevant quasicrystalli
defects.
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19Ö. Rapp, in Physical Properties of Quasicrystals, Vol. 126 of
Solid State Sciences, edited by Z.M. Stadnik~Springer Verlag,
Berlin, 1999!, p. 127.
3-4


