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Electronic transport properties of high-resistivity icosahedral AIPdRe below 1 K
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The temperature dependence of the conductivity)), and the magnetoresistance upBte 6 T have been
studied in the temperature range 0.0£K<1 K for two differently prepared-AlPdRe samples on the insu-
lating side of the metal-insulator transitiom(T) for both samples was observed to saturate in zero magnetic
field below about 20 mK. With increasing magnetic field the temperature dependence of the conductivity
increased, and at 6 T(T,B=6T) was found to decrease linearly with decreasing temperature down to the
lowest measurement temperature of 10 mK. The estimated value of the conductiVigOat, (0 K), was
found to decrease strongly with increasing resistance Rie= p(4 K)/p(295 K)] over a wide range oR
values and for differently prepared samples, suggesting that a &) is a characteristic property of the
icosahedral phase of high-resistivibAIPdRe. The magnetoresistance is positive below 1 K. The relation
Ap(B)/p~B? is followed at larger fields by 8% dependence. With decreasing temperature these character-
istic field regions are successively depressed towards smaller magnetic fields and eventually become unob-
servable. A scaling of the magnetoresistance is found for data in the r@gidnK, B<6 T of the form
[Ap(B)/p]/T*=1(B/T) for each sample, witla about 0.3 for both samples.
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[. INTRODUCTION Re nuclei*® Another difficulty is the varying results from
different attempts to analyze(T) in terms of variable-range
The low-temperature conductivity(T) of highly resis-  hopping(VRH) models. The numerical flexibility when us-
tive icosahedral-AIPdRe quasicrystal@C's) is a subject of ing an additional constant(0) in the VRH expressions for
strong debate. The interest springs from the large resistivities(T) to account for the saturation, as well as sample differ-
that can be attained irAIPdRe, making this alloy system ences and different temperature regions of analyses, may all
the most promising candidate among the quasicrystals toontribute to the exceptionally wide range of reported re-
study a metal-insulator transition. Measurementgr@f) at  sults. For example, estimates of the characteristic tempera-
very low temperatures are furthermore the most direct way toure T, in the hopping process range from 1 niRef. 8 to
decide whether a material is metallic or insulating. However1600 K (Ref. 10, with several results in betweér:>1!

the results published for the low-temperatur€T) give a It thus appears that measurements-6t) of i-AlPdRe by
rather confusing picture of the situatibn‘?At present, there themselves cannot resolve these problems. Studies in mag-
iS no consensus how to interpret these results. netic fields have been found to give useful additional infor-

One major difficulty is the interpretation of the tendency mation in many cases. For example, recent experiments have
of the conductivity to saturate, which apparently is observeghown that the anomalous conductivity of a dil(@®) elec-
in all measurements taken to low enough temperatures. Thison system in silicon metal-oxide-semiconductor field-effect
is seen below 100 mK for samples of moderately high-transistors observed in the absence of a magnetic field was
resistance ratioR [ = p(4.2 K)/p(295 K)]<602>5while ~ strongly suppressed by a magnetic fildAlternatively, a
for samples withR>100 similar observations have been system which is in the insulating state-CdSe could be
made in experiments extending to below 20 MKt is not  driven towards a metallic behavior by the application of a
known what is the reason for such behavior. Explanationsnagnetic field:> Finlaysonet al. have demonstrated the im-
advanced includé) a metallic ground state ofAlPdRe,(ii) portance of ultralow-temperature experiments in conjunction
minor metallic impuritiegbelow the resolution limit in stan- with detecting an impure electronic phase in a host close to
dard x-ray diffraction, which precipitate in grain boundaries, the metal-insulator transitiofMIT ).
(iii) defects of the icosahedral phase, (@r) inadequate The problems with impurity phases in high-resistivity
shielding or thermal contact, aggravated by the strong inguasicrystals are largely circumvented by measurements of
crease of the specific heat BAIPdRe with decreasing tem- the magnetoresistand®R). E.g., structural investigations
perature due to an important hyperfine contribution from theand a consistent behavior of the MR as a function of resis-
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tance ratioR for i-AlPdRe indicated negligible contributions ventional four-probe ac technique at 16 Hz using an ac in-
from high-resistivity impurity phase¥.Furthermore, an ex- ductance and resistance brid¢einear Research LR700
tended correlation between the maximum MR at#lK) has  Electrical contacts to the sample were made using thin gold
been found for a range of different materials including alsowires (diameter 25.m) attached to the sample with a minute
phase-pure and -impure quasicrystals, indicating that themount of silver paint. The experiment was mounted to the
measured MR is that of the icosahedral ph¥da.particular,  experimental flange of a copper nuclear demagnetization cry-
any metallic impurity would have a much smaller resistivity ostat with the sample located in the center of one of the main
and a negligible contribution to the MR. magnets of the cryostal. The cryostat including all elec-

In the present paper the low-temperatui@) and MR of  tronic equipment is situated in an electromagnetically
high-resistivityi-AIPdRe have been studied down to 10 mK. shielded room which provides an experimental environment
The results foro(T) suggest that a finite((0) is not due to  with a very low noise level.
impurities extrinsic to the icosahedral phase. The MR of In the experiments reported in this work, the main interest
i-AlIPdRe has been investigated below 1 K. These measurdtas been measurementsaffT) at different magnetic fields
ments extend to lower temperatures than previously studied® and measurements of the magnetoresistance as a function
The results show that the negative component becomes unf B at some selected temperatures. Zero-field measurements
observable below 1 K. The MR at these temperatures appeavgere performed during warm-up and cooling cycles of the
to be a difficult problem since at present there is no theoreteryostat, whereas measurements in magnetic fields were re-
ical framework for describing these data. However, we atstricted to cooling periods only, mainly due to the larger heat
tempt to establish an empirical scaling relation for the MR incapacity of the nuclear stage in the magnetic field, which
the temperature region 50 mK to 1 K. also limits the minimum temperature of the experiment in

The plan of the paper is as follows: in Sec. Il the B=6T to about 12 mK. Cooling the sample from about 80
samples and the experimental environment are describeth 12 mK in 6 T took about 30 h.
and problems of sample thermalization at the lowest tem- In all figures, the temperature indicated is that of one of
peratures are discussed. Results d¢iT) and MR are pre- the standard thermometdi®t NMR and PdFe magnetic sus-
sented in Sec. lll, followed by a discussion of the results inceptibility at low T, RuO, and germanium resistors at high
Sec. IV and a brief summary in Sec. V. T). At the lowest temperatures of the experiment, we do not

have unambiguous proof that the temperature of the ther-
mometer indicated the temperature of the sample. However,

Il. SAMPLES AND EXPERIMENTAL TECHNIQUES the strongly different behavior of the samples observed in

Two samples of-AlPdRe were studied which were pre- Mmeasurements with and without magnetic field suggests that
pared by two different methods. In both techniques a widedown to the minimum temperature of the experiment the
range ofR values can be obtained in samples made fronsamples follow the temperature of the cryostat very sk
different batches, while samples from the same batch haveéec. ll). For a more detailed discussion of the problems
similar R values. For both the present preparation technique§ncountered with the experimental situation at very low tem-
the nominal composition was AJPchRe;s. One sample Peratures, we refer to Ref. 9.
was melted in an arc furnace, subsequently annealed at
940°C ar_1d 600-650 °C and t_hen q_uenched into water. A IIl. RESULTS
sample piece of approximate dimensions 11X 5 mnt was
cut from the ingot(“‘ingot sample”) and had a resistance  The temperature dependence of the conductivity below 1
ratio R=160. For the second sample, after melting in an ar for the twoi-AlPdRe samples is shown in Fig. 1. Down to
furnace, the ingot was melt spun, annealed in the temperatuabout 50 mK the temperature dependencer(t) for the
range 800-1000°C, and then furnace cooltmelt-spun  R=110 sample is quite similar to that observed in a similarly
sample”). This sample had a thickness of about4® and  prepared sample witR=117 in Ref. 8. Below about 20 mK,
resistance raticR=110. o(T) saturates for both samples in Fig. 1, as illustrated in the

Both samples were of high structural quality as observednset. This point will be further discussed in Sec. IV.
from a single icosahedral phase and narrow peaks in standard o(T) is shown in Fig. 2 at 0, 2, and 6 T for the melt-spun
x-ray diffraction. In scanning electron microsco8EM) in-  sample in panela) (Ref. 20 and for the ingot sample in
vestigations of similarly prepared samgiea minor second panel(b). o(T,B) decreases with magnetic field in this tem-
phase could be detected both in ingots and in melt-spuperature region, and the magnetoresistance is positive. A
samples, and was found to consist mainly of Al and Re, withstriking feature of the results is thdic/dT increases with
larger Al concentration in melt-spun samples than in ingotsmagnetic field at the lowest temperatures in Fig. 2. For both
Further details of the preparation and results from samplsamples an almost linear relation betweeandT is reached
characterization have been given previod$lYDur use of at 6 T.
differently prepared samples may control, to some extent, the The magnetoresistance as obtained from temperature
unknown influence of impurities on particularly the zero- sweeps at constastis illustrated in the main panel of Fig. 3
field properties of-AlIPdRe. Common trends in a measured for the melt-spun sampléR=110). The inset shows the MR
property as a function, e.g., 8 suggest insignificant contri- at low temperatures and 6 T for both samples. The results
butions from varying impurity phases. show that the MR is positive and increases with decreasing

Electrical transport measurements were made with a cortemperature in the measurement range down to 12 mK. The
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strong increase ol p(B)/p with decreasing temperature at
the lowest temperature in this figure corresponds to the in T (K)
creased slope af(T) with B in Fig. 2.

Figure 4 shows the MR for the ingot sample in a range FIG. 2. Conductivity vs temperature f¢a) the R=110 sample
from 50 mK to 1.5 K, where magnetic field sweeps at con-and(b) the R=160 sample. The magnetic field from top to bottom
stant temperatures could be conveniently performed. Th& €ach panel was 0, 2, and 6 T.
tendency for a shift of the MR with decreasing temperature
in the direction of a weaker negative component and a stron-
ger positive one is in agreement with previous observations IV. DISCUSSION
for high-resistivityi-AIPdRe down to about 2 KRefs. 21
and 22 or 0.6 K2 Our results show that the negative com-

ponent of the MR becomes unobservable at lower tempera- |t Should be noted that the present range of resistivity

e . . . lues is very much larger than that found recently for
tures and that the positive MR continues to increase in mag.2 Very ge y
b 9 ingle-graini-AIPdRe? For instance, at the temperatures of

nit with reasing temperatur wn to the lowestL. .
ude decreasing temperature do o fhe lowes ig. 2, p is about 3.6 cm for theR=110 sample, corre-
measurement temperature.

The MR above 15 K ofi-AlPdRe was previously sponding to about L2 cm at 4.2 K, while the corresponding

analyzed® within the Efros-Shklovskii(ES) VRH theory. values for the single-grain sample wer@=18 and

. . . ; X p(4.2 K)~5.5m0) cm. These latter values, on the other
According to this theory, shrinking wave functions give an hand, are more in line with observations feAlPdRe at the
MR~ +B? in a certain field region, while at larger magnetic

X PR lower end ofR values which can be obtained by melt spin-
fields one expects MR+B", with exponentsg smaller ~ ning and can be compared, e.g., to the observations for an
than 27" This trend is apparent in Fig. 4, when one approxi-r=2  polygrained melt-spun  sample  ofp(4.2 K)

mately measures magnetic field strengthBAT. At 1.5 K =61 m() cm.!” Analogous differences have been observed
the B term is observed in a field region above about 1 T,in the i-AIPdMn system, wherg(4.2 K) reaches about 10
while at 0.7 K it is depressed towards smaller magnetian() cm with R~2 in polygrained sample€, while corre-
fields, and for increasing field at constant temperature, thgponding values for high-quality single-grain materials are
MR vs B relation is characterized by a successively weakep(4.2 K)~2.5m)cm, R~1.05 (Ref. 27 or p(4.2K)

field dependence. These observations form the basis for the2 mQ cm with R also slightly larger than  These differ-
attempt to scale the MR, which will be described below. ences are a striking and poorly understood property of qua-

A. Conductivity
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FIG. 3. MagnetoresistancAp/p vs temperature. Main panel
sampleR=110 in magnetic field¢from top to bottom 6, 4, and 2
T. Inset: low-temperature data at 6 TR=160 (M) and R=110 B (T)

(@). Data were obtained as the difference between two temperature
sweeps at constant fields, giving fairly large errors as illustrated at |G, 4. Magnetoresistance of the ingot sampRe=(160). Tem-
some points in both panels. peratures are, from top to bottom, 0.05, 0.2, 0.4, 0.7, and 1.5 K.
Inset: the low-field region of the same data illustrating that the
sicrystals. However, these data are correlated in the seng€gative contribution to the MR vanishes at temperatures below 1
that a largerp(4 K) corresponds to a largé® value in each K.
alloy system. Impurities would therefore not seem to be the
cause for the higher resistivity in polygrained samples. Fofor large R values’ in about the same range & where a
i-AlIPdRe, the small concentration differences should benegative contribution to the MR starts to appear at low fields
noted between Al Pdyy Re; o Of Ref. 25 and the nominal and temperatures above 1°K.
composition A}, Pd,;Re; 5 in ingots and melt-spun samples  In this situation it is useful to look for further empirical
studied presently and in Ref. 17. It is well known that qua-relations between different resistive properties. Different re-
sicrystals may show an extreme sensitivity to compositionalations betweetR or other parameters reflecting the tempera-
variations, but this has not yet been studied for single-graitture dependence of the resistivity as a functiop@f.2 K) or
i-AlPdRe. In view of the similarity betweep(4.2 K) for (4.2 K) have been used in the p&sf Clearly, such rela-
polygrained and single-grain samplesoéibout 2, such con- tions are the more useful when differently prepared samples
centration effects do not appear to be prominent in transporre included over a wide range Bfvalues. Fori-AlPdRe,
properties. Another possibility is phason disorder or otheingots and melt-spun samples of similar lag@alues were
defects in the icosahedral phase, which could be reflected ifound to have similap(T) behavior between 295 and 4.2 K,
the varyingR value, although also in this case firm experi- while significant differences were observed at lower tem-
mental confirmation is lacking. The correlation between con{peratures, e.g., with the normalized resistivity differing by
ductivity andR will be further discussed below. factors of order 37 To circumvent this problem one can

There is no experiment oirRAIPdRe which demonstrates attempt to include low enough temperatures where, as men-
as convincingly as for-AlCuFe (Ref. 29 that an increasing tioned, all published results fow(T) show tendencies to
R value reflects increasing quasicrystalline perfection. Nevsaturate.
ertheless, some observations give suggestive evidence that Figure 5 shows the estimated zero-temperature conductiv-
an increasingR value leads to a more insulating state. Theity ¢(0) vsRin zero magnetic field for-AlIPdRe withp(4.2
large values op at 4 K ofi-AlPdRe are themselves of course K) in the range above 30 fhcm for several ingotgsolid
one indication. A pseudogaplike feature in the density ofsymbolg and melt-spun sample®pen symbolsand with
states was found to be more pronounced for a sample withach type of samples covering a fair range Pivalues.
largerR value®® The description of the MR in terms of weak Circles show data obtained &< 15 mK. To our knowledge
localization and electron-electron interaction breaks dowrall results from measurements taken to this temperature
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FIG. 5. Zero-temperature conductivifO K) vs R. The circles
were obtained from measurements down to 15 mK or bel@w:
:119 and_ 160: presgnt resul8=65, 100, 133, and 178: Ref. (g4 range in which the data in Fig. 4 followp/p~B23. Inset:
9.R=220: Ref. 31.A: data for samples of intermediakeval- ., responding data foAB,, midpoint of the field range where

ues from Ref. 6, which saturated at higher temperatures aIIowin%p/pNle Data above 1.5 K in this panel were obtained from
o(0) to be estimated from measurements down to 40 mK. Openeasurements in Ref. 23.

symbols refer to melt-spun samples, solid symbols to ingots.

FIG. 6. Temperature dependence of the midpdil,;; of the

hibit inhomogenous disorder due to linear phastris.was
conjectured that the presence of linear phason strain would
tend to localize the critical states. However, given the inho-
mogenous disorder, there are still residual critical states in
the samples. These residual states can conduct current via
uantum tunneling, leading to a temperature-independent
mall o. In this picture the systematic decreaserg0) with
R would thus reflect the shrinkage of the conducting region.
The results forr (0 K, B), estimated from the data at the
lowest temperatures in Fig. 2, are qualitatively in line with
this hypothesis. The decreasing residual conductivity with
increasing magnetic field could, e.g., be due to shrinking of
critical states under magnetic field.

range have been included. Samples wRhvalues in the
range 10-57 are shown by open triangles. In this eg39
saturated at higher temperatures an@) could be fairly

40 mK® The room-temperature resistivity values for the in-
got samples were corrected for voids, according to a mode
described previousf.The scatter of the data in Fig. 5 is
probably dominated by random errors in geometrical form
factors, with errors in the measuredof +25%.

Figure 5 shows thak(0) decreases strongly with increas-
ing R, approximately as~R ™2 in this graph. No particular
physical significance should be attached to tRiglepen-
dence. E.g., if logr(0) is plotted versu® on a linear scale,
data above the metal-insulator transition at abtRt=30 are
fairly well described by a straight line, suggesting instead
that o(0) decreases exponentially witR in the insulating In view of the lack of quantitative theories at low tem-
state. However, these observations show a consistent relatigeratures for the magnetoresistance of high-resistivity
betweeno(0) andR including different experiments and dif- i-AlPdRe, it could be helpful to look for scaling relations. In
ferently prepared samples, with differences in impurity con-metallic i-AlPdRe, weak localizationfWL) and electron-
centration and composition, and it extends over more thaelectron interactionéEEI’s) account for the MR! These are
two orders of magnitude inr(0). This indicates that some of well-developed quantitative theories, and scaling of the MR
the possible origins of a finite(0) mentioned in the Intro- should in principle be possible. Metallic Si:B gives one ex-
duction are unlikely and that instead a finité0) appears to ample, albeit a simpler ori.From a scaling analysis of the
be a property of the icosahedral phase, which is described BYIR for fields up to 9 T and temperatures between 70 and
a general relation witlR. One scenario could be based on the500 mK, it was shown that EEI's contributions dominate the
qguantum tunneling of residual critical states in the high-MR.
resistivity samples. Multifractal-like critical states, i.e., wave For insulatingi-AlPdRe at very low temperatures we have
functions falling off as a power law, have been found inno clear guidance from quantitative theories and must pro-
perfect quasicrystaf¥. Meanwhile, the quasicrystalline ceed more tentatively. As mentioned above, Bieregion of
structure in the highR (>100) samples was reported to ex- the MR is successively displaced towards smaller magnetic

B. Scaling of the magnetoresistance
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26— — with varying values ofx to examine the observed MR. The
results are illustrated in Fig. 7 and include all MR data up to
6 T at 0.05, 0.2, 0.4, 0.7, drl K for the melt-spun sample in
panel(a) and similar data for the ingot sample in paig).
Both data sets collapse satisfactorily, supporting a reasonable
scaling. This result is obtained only in a narrow rangexof
values for each sample. A clear deterioration of the scalings
was observable whea was changed by-0.01. Therefore,
the difference between the exponentsf 0.28 and 0.33 for
i the two samples, albeit small, appears to be significant.
The most useful results from scalings are obtained when
. , ) ) . the abscissa measures the distaAde the metal-insulator
0 5 10 15 20 25 transition, e.g.,6=|n/n.—1| for doped semiconductors,
wheren is concentration anah. the critical concentration.
B/T (T/K) For quasicrystals one could ugtas a scaling parameter,
which empirically measures the distance to the ¥fiHow-
ever, scaling ofa(T,R) for high-resistivity quasicrystals
would not seem tractable at low temperatures with the addi-
tional problem of the finiter(0) discussed above. In the MR
one is faced with three independent parameters—magnetic
field B, temperaturd’, and resistance ratie—and complete
scaling becomes more complicated. For the MR of Si:B on
the metallic side of the transition, this problem was solved by
first scaling a suitable function of the MR &' T for each
sample and then finding a sample-dependérntlue, multi-
plying the MR, which collapsed all results onto one cuite.
Although a reasonable picture of the sample dependence of

20

15

10

[Ap/p]%/T 28

[Ap/p]%/ T

0 ' 5 ' 10 ' 15 ' 20 ' 25 K was obtained, this approach is empirical, and since we
‘ have lowT data for only two samples, we have not pursued
B/T (T/K) it.

The form of §(B) is not known for quasicrystals, but one
expects that for increasing one moves farther into the in-
sulating side, somewhat increasiAglt is therefore interest-
'ﬁ1g to note that scalings af(T, §) in doped semiconductors,

FIG. 7. Scaling of the magnetoresistan¢a. R=110 sample
and(b) R=160. (Ap/p)/T* vs BIT is shown for both samples with
a=0.28 and 0.33, respectively, as shown. Except for data at 1.5

gﬂe?ﬁ%&i%ﬁ?ﬁ%@ ilrlr d(]:?tatéangéa;J?é;;:ﬁVemﬂstg? , also including insulating samples, have been successfully
Y P g temp made in a forms/T# vs 8/ T”, resembling that in Fig. #:°

K not shown in Fig. 4 are included by solid symbols. The measure- .
ment temperatures for tHe=110 sample were the same. The results forw and v were in the range 0.1-0.7, compa-

rable to the present results.

For the magnetoresistance on the metallic side of the MIT,
fields with decreasing temperature and eventually becomescalings of the form of Eq(1) with «=0.5 are successful
unobservable. According to ES-VRH thedfithe B? region  when EEI's dominate the MR f is then expected to be a
is followed at larger fields byg?® dependence of the MR. known EEI function ofB/T.3” On the other hand, close to
We investigated which part of the MR followsBf andB?®  the MIT in metallic Si:P, scalings of the form of Egl)
behavior, respectively, from Fig. 4 and previous data for thecould be performed® and in this case, similarly to our re-
same sample at higher temperatifeghe notationAB;  sults on the insulating sidey was different from 1/2 and
with B=2 or 2/3 is used for the value & at the center of a sample dependent. On the other hand, in Ref[ 38/p]/T*
field region with characteristic field dependence givendoy was the same function d&/T for all samples in contrast to
It can be seen from Fig. 6 thaiB, andAB,; both decrease our two samples. This partial similarity of scaling functions
with decreasing temperature. TB& region is unobservable for the MR across the MIT is interesting. However, the
at 0.4 K and theB?® behavior is expected to become unob- physical interpretation of Eq1) with a+# 1/2 is not known,
servable somewhat below the lowest measuring temperatuend this result is empirical.
of 50 mK in Fig. 4. Scaling of the low-temperature MR on the insulating side

It therefore seems reasonable from general consideratiors an MIT appears to have been little studied. The MR in this
as well as from Fig. 6 thaB/T is an independent parameter region is a complex problem, and conflicting theories have
in a scaled MR. We used the form been advance®. In i-AIPdRe, as mentioned, the low-

temperature MR on the insulating side is not understood. In
view of the successful scalings and the apparent reasonable
[Aplp]IT*=1(BIT), (1)  form of the scaling function, we therefore consider the re-
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sults in Fig. 7 as a first promising approach to scaling of thecally, we find reasonable scaling of the form MR/
magnetoresistance on the insulating side of the MIT in=f(B/T) for each sample, withw of order of 0.3. These
i-AlPdRe. results can be considered as a first promising attempt to scale
the MR on the insulating side of the MIT. Further work
V. BRIEE SUMMARY should include samples with different resistivities to explore
the possibility to scale all results for MRMR(B,T,R) for

The conductivity and magnetoresistance of high-insulating samples. In such a relatiBrwould approximately
resistivity i-AlPdRe have been studied in the temperaturemeasure the distance to the MIT, providing a basis for gain-
region 10 mKsT<1K in magnetic fields up to 6 T for tWo  ing further information on this unusual metal-insulator tran-
differently prepared samples wifR values of 110 and 160. gjtion.

The zero-field conductivity of both samples saturate at tem- very recently scaling was studied of the conductivity of
peratures below 20 mK, while in a 6-T magnetic field j_AlpdRe* This work concernedr(T) for metallic samples
o(T, 6 T) continues to decrease with decreasing temperaturi@ a wide temperature range above 0.4 K, thus circumventing
down to 10 mK. These data and published results show thahe problems with the very low temperatuee discussed

for samples of different origins the estimated zero-field re-apove, and is not directly comparable to the present work.
sidual conductivityo(0 K) as a function ofR is a general  However, it appears that scaling may be a new promising
relation over more than two orders of magnitudertd). Itis ool to investigate some particularly poorly understood prob-
hence suggested that a fini€0) is a property of the icosa- |ems on transport properties of quasicrystals, suckr@®
hedral AIPdRe phase. We conjecture th¢d) is associated and the MR of insulating samples.

with conductance through quantum tunneling between re-
sidual critical states and that the decreases() with R
reflects a shrinking of these conductive regions.

The MR is positive bele 1 K in all magnetic fields stud-
ied. TheB? region of the MR was found to be displaced We thank Dr. C. Berger for kindly providing the melt-
towards smaller fields and to eventually become unobserspun sample. The measurements in Bayreuth have been per-
able with decreasing temperature. A similar result is anticiformed within the TMR-LSF program of the E@ontract
pated slightly below 50 mK for th&? term, which accord- No. ERBFMGECT 9500072 Further financial support by
ing to ES-VRH theory follows after theB? region for the Swedish Natural Science Research Coufi#R) and
increasing field strength. These results suggest that scaling tfe U.S. National Science Foundation, NSF Grant No. DMR-
the MR on the insulating side should be feasible. Empiri-9700584 is gratefully acknowledged.
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