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Critical exponents at the metal-insulator transition in AIPdRe quasicrystals
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Insulating icosahedral AIPdRe with resistance ratRisp(4.2 K)/p(295 K)] from 40 to 220 has been
studied by magnetoresistance and conductivity measurements. Consistent results for the localizatign length
and the characteristic temperatufg were determined(R-R;) increases from the metal insulator transition
(MIT) into the insulator as the inverse of the shrinking volume of the electron wave funetién& Local-
ization is driven by disorder. Evidence is discussed that the MITsAtPdRe and doped semiconductors
belong to the same universality class.
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Quasicrystals have continued to reveal new and surprisintp the temperature interval 1-103€.Below 1 K the MR
properties in a number of different subfields of phydiese  changes charact&.This MR is not understood.
e.g., Ref. 1 ever since their discovery 20 years ago. One i-AlPdRe thus shows an unusual and poorly explored
challenging case is electronic transport in icosahediral metal-insulator transition. It is not clear how previous knowl-
AlPdRe. Phase pure samples of the same nominal composidge of MITs is relevant. In the on-going problem of the
tion can be prepared by different annealing conditions inMIT, studies of new systems are important, and can allow
states of strongly varying electrical properties, and with re-determination of the universal character of parameters de-
sistance ratioR [=p(4.2 K)/p(295 K)] in the range 2-300. scribing the MIT. In this paper we set out to describe the
An explanation for this phenomenon has not been foundMIT of i-AlPdRe by an approach which circumvents some of
Studies of the magnetoresistar®¢R) have shown insulat- the difficulties mentioned. It relies on three ingredierits:
ing behavior with variable range hoppinyRH) at large ~ measurements at very loW to find ¢(0); (i) confirmation
R,23 and weak localization contributions at Idy character- from the MR of the type of hopping mechanism; afiid)
istic for weakly disordered metalsA scaling approach to the analyses in comparable temperature ranges aifid the MR
zero-field metallic conductivityr(T) above 400 mK has also to find T, and §&. From these results, descriptions are found
indicated a metal-insulator transitigMIT).> Different esti-  for the vanishingTl, and the diverging at the MIT.

mates of the MIT as a function & all indicate that it occurs The MR was analyzed as recently describéd magnetic

in the range 20-30%-6 fields above the minimum inp/p, the MR increases asB?
Little is known about this MIT however. In spite of in- in a field range which increases with increasing temperature,

tensive efforts, results fromo(T) have remained Ap(T,B) B2

inconclusive/13 with a remarkably wide range of estimates —_— = (2)

of relevant parameters such as the localization lengtand p(T,0) Bi(T)

the characteristic temperatufg, of the hopping process. The temperature dependenceRi(T) is characteristic for
This is likely related to another unresolved difficulty in i, type of hopping,

i-AlPdRe: the zero temperature conductiviiyO) is finite S

also in insulating samples and decreases exponentially with B,(T) = BT*, n=0,-3/4,-3/2. 3
increasingr into the insulatof*15The results indicate that a The values ofy refer to nearest neighbor hopping, Mott

finite o(0) is an intrinsic effect in insulating-AlIPdRe. We VRH, and ES VRH, respectivelyg also depends on the type
speculated that it may be due to quantum tunneling of reg¢ hopping. For ES VRH one his

sidual critical states. A generalized form for variable range P
hopping is theh B=0.001%e/%)%£*T,?, (4)

giving a relation betweep, & andT, for each value of the
resistance rati®.

o, is a prefactor usually taken to be temperature indepen- BY Using Eq.(4) one can avoid a frequently used relation

dent, andv is 1/4 or 1/2 for Mott and Efros ShklovskiEs) ~ PetweenT,, & and the density of stateB|(eg),
VRH respectively.T, also depends on the type of hopping. const
Equation(1) is numerically flexible. Results may depend on To=""73 ' (5)
- kg&"D(er)
methods of analyses and temperature ranges studied, and
well founded results foiT, and ¢ in a series ofi-AlPdRe  valid close to the MIT for both Mott and ES VRH.D(eg)
alloys have not been obtained. A further problem is thatmay vary withR, which complicates the use of E(p). Fur-
quantitative analyses of the insulating MR have been limitedher, since the MR is analyzed only between 1.5-10 K,

o(T)=0(0) + a’oe[_<T0’T)V]. (1)
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FIG. 1. Ap(B,T)/p(0,T) for the R=220 sample. Inset a: Pri- g
mary data at selected temperatures. Inset b: Analyses in terms c% 01 b
Eq. (2). Temperatures from top to bottom: 1.5, 2.6, 3, 3.5, 4.2, 5, 6, =)
°

and 8 K. Main panel: Eq.3) for u=-3/2 (top scale, ES VR} and
n=-3/4 (bottom scale, Mott VRH Data confirm ES VRH.

o
-

analyses ofr should be limited to a similar interval.
Four samples were studied, all with nominal composition

L 0.01

Al;q PdhRess. Three of them, withR=40, 60, and 220, 0.05— \ . . ) . \
were ingots, prepared by successive annealings of arc-melte 0.5 0.7 0.9 04 06 08 1.0
ingots. One sampleR=120, had been melt-spun and an- T2 K3 T2 (K'?)

nealed at various temperatures. Details of techniques and

sample characterization have been publishkiR was mea- FIG. 2. Analyses of the temperature dependenag(®j accord-

sured in a cryostat equipped with a 12 T superconductingng to Eq.(1) with »=1/2 (ES VRH).

magnet. Low temperature measurements were made in a di-

lution refrigerator to 15 mK in Stockholm, or to 8 mK at the of the form Ifo(T)-o(0)] vs T2, with T, as the only free

EC Ultra Low Temperature Facility in BayreutR=220 is  parameter. Figure 2 shows thg§ is fairly well determined

the largesR value so far for which detailed studies of elec- by this analysis. The measurg then givesé from Eq. (4).

trical transport properties of quasicrystals have been made8 was found to be almost independentRyfwith variations
The MR can clearly distinguish between different types ofwithin ~10% for the present samples. Results Tgrand &

hopping as shown by the analysis in Fig 1. The straight lingare given in Table I.

in Fig. 1 (top scal¢, shows thaB;Z(T)~T‘3’2, in agreement In Fig. 2, data at high temperatures deviate from linear fits

with ES VRH, while Mott VRH (~T-%/4, open trianglesis  above a temperature which increases with increaBingt

not fulfilled. Above theB? region the MR follows~B23, in ~ R=40 such deviations start ">~ 0.6, i.e., above 2.8 K,

further agreement with ES VRH. Similar results were ob- While at R=220 a straight line fit persists te-12 K. This

tained for theR=60 sample. FOR=40 and 120, results were trend is expected from the results foy and the condition

taken from samples studied previously total the MR has T<T,in the VRH range. At low temperatures in Fig. 2, there

been studied in this scheme for shAIPdRe samples witlR ~ are deviations for the higiR samples below~1.5 K, in

in the range 40-220. ES VRH was observed in all casegualitative agreement with the progressively anomalous MR

suggesting a general property for insulatindlPdRe. In  at largeR.14

particular, there is no sign of a crossover to Mott VRH in the ~ We now discuss and T,. According to scaling theories

range studied oB, T, andR. the localization length diverges when the MIT is approached.
To estimatec(0) it is necessary, for higR samples to ¢ as a function oR is investigated in Fig. 3 for three differ-

access temperatures20 mK* Our results for theR=40, ent choices of the valug; of R at the MIT. A first conclusion

60, and 220 samples were found to be in good agreement

with the previously obtained relation. ARR=120 however,

a(0) was 0.8(Q2 cm)™* while ~0.3 (Q cm)™! was expected.

TABLE |. Results forT, and &.

This difference is not understood. The measured values were 40 60 120 220
used in the analyses. T, (K) 5.23 7.85 19.6 29.7
Using these estimates of0) and the result from MR that ;&) 253 220 153 128

ES VRH is obeyed, Eq1) can be displayed as straight lines
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FIG. 3. ¢ vs R—R, for three choices oR.. Data were analyzed 0 : : ‘ :
in the form £~ (R-R,) ™R For R;=20, the straight line indicates 0 50 100 150 200

’}/R:O.31.

R
is that the result for the exponeng, of order 1/3, is fairly
robust for different choices dR.. Closer inspection reveals  FIG. 4. T, vs R The curve,T,=0.42R-20)°% was calculated
that the best straight line fit, found f&.=20, is significantly ~ from Eq.(4) with a constani3, and the result fo€ in Fig. 3. Inset:
better than foR,=25 and slightly better than fd®.=15. The T, VS two functi_ons oft. Bottom scale: Eq(4) with constant3. Top
latter value is outside the range of previous restit$.R, ~ Scale: Eq(5) with constanD(ep).
=20 was taken to be the critical value.

The result in Fig. 3 suggests, roughly, tHR-R,) ~ &3,
i.e., R-R; is inversely proportional to the correlation vol-
ume. One can view the increase®f R. when moving into
the insulator as a reflection of a shrinking volume of the
electrons that hop, resulting in progressive localization. O

c_our;e, "?('RZRC' & begorr]]wes |nf|n_|te, |.fe.hm_etalllc, th's_ r;laf— somewhat related to the frequent use of a relation bet#een
tion breaks down, and the question of the interpretatioR of 4, i doped semiconductors, e.g., for calibration of the

on the metallic side is left open. ; - ©. 80,21 _ ;
. scale in Si:P and Si:B»?! At R,=20 we estimated
The apparent absenceRidependence ifs of Eq.(4) can ;595 k) =250 (() cm)~2.22n/n, was found to decrease from

?/%ﬁompare? W'th tpubllshedtl rezsults_. Frpmddata:jf(()sr t_rf E .85 to 0.3 wherR increased from 40 to 220. When analyzed
~H magnetoresistance In tie region in doped LE.AS g, yhq formé~|1-n/n ™ as illustrated in Fig. 5, the result
with n/n; of about 0.3 and 0.8 it can be calculated thad was y,=0.46
»=0.46.

\t’;'gs c~h5aor;/(:e Izrgr?;i:;r g:]% mi?sre\/lgfjgag?%hsea?gﬁs'i tli_|o?1r€sln In three-dimensional Wegner-scaling the critical exponent
Si-(P, S with n/n. of 0.3 and 0.6, and in magnetic fields of the conductivity is the same as for the localization
comparable to ours, ES VRH was observed, ghtas a 300 ' ]
factor ~2 larger for the more insulating sampfe These

comparisons suggest that a near consgantay be specific

to the quasicrystal.

When 3 is constant, Eq4) givesT,~ ¢ 83 at allR. This
simplifies description of parameters near the MIT. Equation
(4) with an average value 8=0.0167T°K®? is compared
in the inset of Fig. 4 withT, from Fig. 2, and with Eq(5) for
a constantD(er). Equation(5) (top scale¢ has a more re-
stricted validity. The differences betwe@&p calculated from
an average or from the observgdare small as illustrated by
an error bar. The curve fof, vs R in the main panel was
obtained as described in the legend. This gives a convenient 100 ‘
description ofT,(R). 0.1 0.3 0.8

It is of interest to compare the divergiggt the MIT with 1-ﬂ/nc
results in doped semiconductors. To achieve this we assumed
that variations of a relevant charge density can be estimated FIG. 5. £ vs (1-n/n,) on logarithmic scales. The slopeyyis
from (295 K), takingn/n.=o(295 K,R)/0(295 K,R=20). close to —0.5. A 10% error in is marked on some points.

n is likely smaller than the electron density of the quasicrys-
tal, and may, e.g., reflect the number of electrons that local-
ize at low T and participate in hoppingThe only present
assumption, however, is that the changing charge can be es-
imated by the change of a normalized room temperadtire

his transformation fronRR to n/n; as a driving parameter is

200+ 1

&(A)
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length?® and furthermore, a critical exponent is identical onthe metallic side decreases strongly with increagfgand
both sides of a phase transition. One can thus compafe D is also expected to decrease with increagfg However,
insulatingi-AlPdRe with the conductivity of doped semicon- the approach is interesting and merits further investigation.
ductors on the metallic side. This approach circumvents the In summary, from the analyses of the M&R;T), ando(0),
problem with a finitea(0) in the quasicrystal. The vanishing we have obtained consistent results fandT, in i-AIPdRe
conductivity at the MIT of doped semiconductors has beerfor a broad range of insulating sampléR-R;) was found to
frequently studied. At least for a large class of uncompenincrease into the insulator as the decrease of the volume of
sated semiconductors in zero magnetic field, the conductivithopping electrons. The paramet@ obtained from the
exponent has been experimentally found and theoreticallf-dependence of the MR in thHg? region, was found to be
confirmed to be 0.8%24250ur result fory, is close to this almostR independent, in contrast to doped semiconductors
value. This finding suggests that the MIT irAIPdRe be- where 8 appears to increase into the insulating side. The
longs to the same universality class as for doped semicorpresent result gives convenient descriptions of parameters at
ductors. In that case the MIT is disorder driven, and this hashe MIT in the form of simple power laws. When describing
been expected also from results for metaiiélPdRe*°>  the MIT in terms of variations of an effective charge density
Within the framework of a common universality class this as estimated fromr(295 K), comparison could be made with
result emerges naturally. the conductivity exponent in doped semiconductors. The re-
One would like to comparég with corresponding results sult suggests that the MIT irAIPdRe and doped semicon-
on the metallic side.§ has been estimated for metallic ductors belong to the same universality class.
i-AlIPdRe® using a quantum critical scaling formalism at the
MIT, 26 with &R) =~[D7e(4 K)]Y?0(R.,4 K)/0(R,4 K). D is We thank C. Berger for kindly providing th&®=120
the diffusion coefficient and, the inelastic scattering time. sample. Financial support by the Swedish Scientific Re-
Unfortunately the square root, corresponding to the inelastisearch Council Vetenskapsradet, the NSF, Grant No.
scattering length, was assumed to be constant. This overes®MR9700584, and the EC TMRF-LSF program
mates the increase @ftowards the MIT sincer(4 K) on  (ERBFMGECT-950007Ris gratefully acknowledged.
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