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Evidence for an insulating ground state in high-resistivity icosahedral AIPdRe
from the magnetoresistance
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Magnetoresistanc@MR) has been studied between 1.5—-8 K in magnetic fiBldg to 12 T in icosahedral
(i)-AlPdRe samples prepared by two different methods and with resistanceRatigs(4 K)/p(295 K)] from
45-160. The observed temperature- and field-dependence of the MR could be well described by variable-range
hopping of the Efros-Shklovskii type. The results give compelling empirical evidence for an insulating ground
state ofi-AlPdRe forR=45, and suggest that the metal-insulator transitiorAtPdRe can be monitored by

the R value.
DOI: 10.1103/PhysRevB.63.172202 PACS nuni®er71.30+h, 72.20.My, 72.80.Sk
The possibility of a metal-insulator transitiaqiMIT) in We have studied the MR of four samples ieAIPdRe

highly resistive quasicrystals is a current issue of great chalwith two samples from each of the two groups mentioned
lenges and controversies. Strongly different results, theoretabove ~ with  strongly  different  low-temperature
cal as well as experimental, continue to appear. For instanceonductivities*—© The resistivity ratios R

the contrasting views have been advanced _that a clean_ AUR= p(4 K)/p(295 K)] were in the range 45-160, i.e., beyond
sicrystal atT=0 K should or may be insulating, or that it  the weak-localization region, and it has not previously been
should have a finite conductivityRecent experimental re- posiple to describe the MR of such quasicrystals quantita-
sults for the conductivityr(T) of icosahedrali)-AIPdRe at ey, The measurements were focused on the region around
low tempe_ratures are also rem_arkably d|ffe_|‘ér‘ftF(_)r €X " the minima in the MR for the present samples from 1.5-8 K
ample, evidence has been obtained for an insulating grouniﬂ fields up to 12 T, and the unresolved problems concerning

state from the observation of Mott variable-range hoppin ) o ; )
(VRH),* while the results for differently prepared samples o%he low tempgrgturg Condl.JCt'V'ty were thus av0|d§q. A con
§|Stent description is obtained for all samples, giving com-

the same nominal composition could not be described in this ~ . . )
way unless a finite zero-temperature conductivitd) was pelling evidence for ES VRH and, thus, the fact that an in-
fsulating ground state is an intrinsic propertyioklPdRe at

assumed:® There is no agreement on the interpretation o } ) 4 _
o(T). Published resulfs®include propositions of both Mott R=45. Evidence is presented that the readily accessible pa-

and Efros-ShklovskilES) VRH, as well as estimates for the ameterR can be used to monitor the MIT. -
characteristic temperaturd of the activated hopping that ~ All samples were of the nominal composition
cover a range of six orders of magnitude with ensuing dif-Al70P%h1Reys. We studied two samples prepared by
ferences in purported localization lengths. It thus appear§iethodA with melting in an arc furnace and subsequent
that results foro(T) cannot clarify whether high-resistivity annealings followed by quenching, and two by metid
i-AlPdRe is insulating or not, nor the nature of low- With melting in an arc furnace followed by melt spinning and
temperature transport. annealings and terminating with furnace cooling. Samples
These difficulties may be due to several problems. Thérom methodA had typical dimensions of X1x5 mn?
phase diagram dfAIPdRe and relevant microstructural de- While samples from metho& were foils of thicknesses of
tails are not known, and one cannot at present distinguistabout 30um. The samples were of a pure icosahedral phase
e.g., if a finitea(0) is an intrinsic icosahedral property or if it in standard x-ray diffractiofXRD). Some details of the
is associated with quasicrystalline defects or with minutepreparation and characterization techniques were used previ-
precipitates of a metallic phase in the grain boundaries. Ii®usly and included XRD and scanning electron microscopy.
addition, measurements at the lowest possible temperaturééeasurements were made up to 12 T in a flowing gas cry-
are desirable, but the low thermal conductivityiohlPdRe  ostat using four-probe silver contacts and dc techniques. The
make such measurements increasingly difficult. temperature drift during field sweeps was reduced to a few
The aim of the present paper is to explore the alternativénK, using a high-purity copper sample holder extending into
to study localization behavior ¢fAIPdRe by the magnetore- a field-free region above the magnet. Temperature errors are
sistancgMR). This is a powerful technique since it circum- therefore estimated to be negligible.
vents problems with possible impurity phases. Contributions Measurements of the MRAp(B,T)/p(0,T), were made
to the MR from a high-resistivity impurity phase are un- on samples wittR= 45 (methodB) andR= 160 (methodA),
likely, as shown previously.Possible minor metallic impu- and were analyzed together with recent measurements of the
rity phases, perhaps accounting for a finit®), would have MR for two samples withR=98 (methodB) and R=107
a resistivity that is smaller by several orders of magnitudgmethodA).® The observed MR is shown in Fig. 1 for the
compared to the quasicrystalline phase, and the correspon8=160 sample. Similar results were found for the other
ing MR is then negligible? samples as illustrated by graphs for tRe=98 and 107
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B (T) FIG. 2. The MR vsB? above the minima for theR=160
sample. Temperatures are in the same sequence as in Fig. 1. The
FIG. 1. The magnetoresistance Bsfor the R=160 sample of ~dashed line abav4 T at 1.5 K has théorm AB/B~B*®and is
i-AlPdRe between 1.5-8 K. Inset: enlargement in the region of th&liscussed in the text. Inset: fits of Eq4) and (2) for the same
minima, with temperatures in kelvin given on the curves. The seSample at 4.2 K.

quence of temperatures is the same in the main panel.
The main panel in Fig. 2 shows the MR of tie=160

samples shown previousfySome common features are the §ample_ vsB2. Over a range of fie[ds that increases with

following: (i) The MR is negative and linear i for small ~ increasing temperature, E(R) describes the data well. At

fields, passes through a minimum at a fi@g,, and in- larger fields there are deviations in the direction of a smaller

creases with further increasir@. (i) At larger magnetic MR. The dashed line at 1.5 K in Fig. 2 illustrates that Bfe

fields the MR increases more slowlgiii) With decreasing region(solid line) is followed by aB** behavior up to about

temperatureB,,,, and|MR(B,)| decrease. Similar behavior 7T |r119 qualitative agreement with the Shklovskii-Efros

was observed in earlier work on quasicrystais! In other ~ theory: N _

cases, e.g., lightly doped semiconductors, the negative MR We now analyze the coefficients of E¢$) and(2). By is

can decreag®3or increas&®with decreasing temperature the characteristic field for which a flux quantum passes

depending on the system. through the interference area®¢)'?, where¢ is the local-
The general features of our results are similar to numeriization length and the hopping distanct:*° For ES VRH,

cal simulations on hopping conductiéhThe work by Shk- the temperature dependence af is given by r

lovskii and Spivak’ was therefore taken as a starting point = (£/4)(To/T)"? and the temperature dependence of the co-

for the analyses. In this model interference of the contribu£fficient of the positive MR, Eq(2), is then

tions to t_he amplitu_de of the ho_pping probability from dif- 244 7132

ferent trajectories gives a negative MR, Bgz=0.00156ﬁ—2<70) =ﬂT‘3’2. 3)

p(B) Ap(B) k . - .
——~——-=——B, (1)  Tois the characteristic temperature in ES VRH, and the pro-
p(0)  p(0) Bo portionality constant was estimated by Efros and
Shklovskiil® With r=(3&/8)(T,/T)Y# for Mott VRH one
hasB, %(T)~T~ % while nearest-neighbor hopping would
give a nearly temperature-independent coefficiB@}t?(T)

vs T~%* and B, %(T) vs T %2 are shown in Fig. 3. The
present samples are clearly seen to obey ES VRH.

while a positive contribution arises from the shrinking of
wave functions in magnetic field and in the limit of weak
fields, withAp(B,T)/p(0,T)<1. It increases aB?;

In@= _12 2 2) Considering interference events from all tunneling paths
p(0)  Bg within the approximation of one scattering event only, Raikh

and Wesset§ obtained quantitative predictions for the nega-
Eq. (1) was fitted to the low-field region belo®,,;,, and tive linear MR. The parametds of Eq. (1) is a function of
Eq. (2) to the data aboveB,,,. This method uses two the normalized scattering amplitude. Varyik@rl') behavior
straightforward analyses, each with one adjustable paranitas been suggested in the literature. Agrinsketyal. found
eter, and therefore best suited to determirendB,.'® The  in a semiphenomenological model tht/d T is negative for
inset of Fig. 2 illustrates these procedures on a lifieacale  Mott VRH and positive for ES VRH! Experiments with

for the R=160 sample at 4.2 K. Similar fits in the linear CdTe of varying dopings confirmed this by observations of a
negative and parabolic positive regions are characteristic fanegative (positive dk/dT in the MR in conjunction with
all data. Mott (ES) VRH in o(T).*? We calculateck from B, and the
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FIG. 5. k of Eqg. (1) vs R at the temperatures indicatekl.in-
FIG. 3. Temperature dependenceBy” for (a) Mott VRH and  creases witiR at all temperatures, reflecting increased electron scat-
(b) ES VRH.Rvalues aré/: 98,0: 45, A: 108, and®: 160 in both  tering.
panels.(b) Data were vertically displaced, and scales in the same
units as in(a) are indicated by the arrows. ES VRH is obeyed in all samples above 6 K. At lower temperatukeis more uncer-
cases. tain, since the minimum of the MR becomes more shallow
(Fig. 1), but the results suggest that data Bbsamples start

slope of the MR at smalB. k was found to increase with to fall below those oA samples. This may be a precursor to
increasing'r in all Samp|eS, approximatéyas'rllz, which is the different MR forA andB Samples below 1.5 K observed

illustrated in the inset of Fig. 4 for one sample. These obserPreviously”? The results in Fig. 5 indicate that the MIT is
vations thus also support ES VRH. likely of the Anderson type. Furthermore, an extrapolation to

Egs. (1)—(3) and the result fok(T) give B,,,(T)~kBy k=0 in Fig. 5 givesR~30 in qualitative e.lgreementlwith
~TY2T34_T54  The observedB,,, for two samples is Ref. 9, where the MR 0 atR=23 and negative at low fields
shown in the main pane| in F|g 4 and is shown to Obey th|§0r R=45 at Comparable temperatures. Our results indicate
behavior. Similar temperature dependence was obtained féhat the appearance of a negative MR is associated with a
all samples. This result gives further support for the prediciransition to an insulating state, and titappears to be a
tions of ES VRH and the consistency of the analyses. convenient parameter to monitor the MIT.

R values ofi-AlPdRe are roughly linearly correlated with ~ o(T) was analyzed over the temperature range of the MR
p(4 K),® which for the present samples ranges from aboufmeasurements. For both Mott and ES VRH, a constdfit
250—-2100 nf cm, whenR varies from 45-160. However, as =0 K) had to be added to the VRH expressions to obtain
seen in Fig. &), B [of Eq. (3)] does not depend strongly on reasonable descriptions and in both cases similar good fits
R. For all sampleg is within 1.2x 107 2+20% (T 2K %3, were obtained. We thus cannot separate different VRH be-
With?® k~T, ¥, the variation ofk due to differences i, ~ haviors. In addition to the unresolved nature &), the
between the samples is also small. One thus expects thApmerical flexibility with three fitting parameters and an ex-
resistivity. This is confirmed by our results. As shown in Fig. uncertairr, as mentioned before. .

5, k increases withR, reflecting an increased scattering More detailed results from the MR alone would be desir-
strength with increasin®. k vs R is similar for A andB  able. However, the MR aB<B,, depends ork and the
scattering amplitude, and is thus also related to understand-
ing o(T). Alternatively one could use the result that MR
~B?? above theB? region, as predicted by Shklovski®

and confirmed by our analysis, but the proportionality factor
is not known, and this result could not be used quantitatively.
Using available estimaté&sit may be suggested that we are
in a marginal regime of the model where the distance be-
tween carriers is not larger than the magnetic length
(hleB)Y? since quasicrystals have comparatively large
charge density. Empirical evidence that data obey ES VRH
is compelling, however. Quasicrystals are quite different
from conventional doped semiconductors, and further studies
of their transport properties may be called for. For example,
the carriers withirr have energies different from the electron
that hops, and one can speculate that these carriers can be
viewed as sites, maintaining a “dilute” limit.

Brin(T)

FIG. 4. By, Vs T”* for two samplesR=45:0 and R Recent results of tunneling and point spectroscopy studies
=160:@. Inset: k vs TY2 characteristic for ES VRH for th&®  oni-AlPdRe may give independent support for the applica-
=160 sample. bility of the Efros-Shklovskii model to high resistivity
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i-AlPdRe?* These authors observed a deep and narrownoderate fields beyond th@? region as predicted by the

pseudogapta? K for a sample withR~100, while this fea- model of Refs. 16 and 19, and for & 115 samplé? the

ture was strongly attenuated for &= 30 sample, and they MR does not saturate at higher fields but decreases beyond a

tentatively associated this with enhanced Coulomb interacmaximum at about 20 T.

tion effects in samples with larg&. Our estimate from Fig. We have studied the magnetoresistance-éfiPdRe in

5 thatR~30 would roughly correspond to the transition be- differently prepared samples and analyzed the temperature

tween metals and insulators is also qualitatively consistengependence of three different parameters,,,,, and 552.

with these observations. For all samples and parameters the observations agree with
We briefly discuss the possibility of contributions to the gfrs-Shklovskii VRH. These results give unequivocal evi-

MR from _spin effects. When crossing an MIT, _enhanc_eddence that an insulating ground state is an intrinsic property
magnetic interactions could be expected, and spin contan-n i-AIPdRe forR=45. A relation betweek andR is found

tions to the MI:E,Z'Q the VRH region have been stud|9d .bywhich suggests that the transition is disorder driven and can
various author€>?°In particular, the results of Ref. 26 indi- be monitored by the easily measured paramBter

cate a linear and isotropic low-field MR as in our observa-
tions and in Refs. 17 and 20. HOWeVer, this mechanism does We are grateful to C. Berger for fruitful comments and to

not appear to be applicable here. The magnetic susceptibilither and J. Delahaye for generously providing Bxeamples.
is diamagnetic, and at most, weakly dependent on temperggyt of this work has been supported by the Swedish Natural

ture andR over the wide range frorR=3-160% Further-  gcience Research Council and by the NSF Grant No.
more, in the model of Ref. 26, the MR saturates at h'ghDMR9700584.

fields. In contrast, the MR af-AlPdRe (Fig. 1) develops at
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