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Magnetoresistance of A}oPd,, RRe; 5 quasicrystals in the variable-range hopping regime

Tzung-I Sut Cheng-Ren Wang Shui-Tien Linl* and Ralph Rosenbaum
!Department of Physics, National Cheng Kung University, Tainan, 70101, Taiwan, Republic of China
2Institute of Physics, Academia Sinica, Nankang, 11529, Taipei, Taiwan, Republic of China
3School of Physics and Astronomy, Raymond and Beverly Sacker Faculty of Exact Sciences, Tel Aviv University,
Ramat Aviv, 69978, Israel
(Received 7 January 2002; revised manuscript received 19 April 2002; published 29 August 2002

The temperature dependence of the magnetoresistgiiReof insulating AL Pd,, Re; 5 quasicrystals taken
at liquid-helium temperatures can be explained by the theories of MR—the forward interference and the
wave-function shrinkage—in the variable-range hoppiH) regime. By analyzing the MR data with the
theories mentioned above, a crossover from Mott VRH conduction to Efros-Shklovskii VRH conduction at
liquid helium temperatures was identified in a highly resistiveRd,, sRe; s sample. The rapid decrease in the
negative MR of highly resistive samples at low temperatures might be attributed to the conduction via the
states in the Coulomb gap.
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I. INTRODUCTION lovskii (NSS.!! They consider the effect of interference
among various hopping paths between hopping sites. These
Bulk Al;oPd,, sRe; 5 quasicrystal§QC’s) with a resistiv-  paths include sequence of scatterings of tunneling electrons
ity ratio R=p(4.2K)/p(300K)<13 are found to be by the impurities located within a cigar-shaped domain of
metallic! Their low-temperature magnetoresistaiiR) is  lengthR,, (hopping distancdeand width R,a,)*2 wherea,
positive because of a strong spin-orbit scattering and can kbig the localization length. Averaging numerically the loga-
described well by quantum interference theori@T).>®  rithm of the conductivity over many different possible paths
This suggests that electrons in metallic QC’s transport via @ the presence of the magnetic field, NSS obtained a nega-
diffusive process. In contrast, for a AP, Re;5 QC with  tjye MR which is linear in magnetic fiel& in the low field
=18, its MR appears small and negative at low magnetigimit, Later, using a critical percolating method instead of
fields and changes to large and positive values at higher Maggarithmic average, Sivan and co-workérobtained a
netic fields; the QIT theories fail to explain its MR®and its negative MR which 'is quadratic i at small fields and
condupt|V|7ty e.Xh'b.'tS Mott variable range hoppw(g’RH}' which saturates to a negative value at high fields. Realisti-
behavior.” This S|gr\1}aéls that the metal-insulator transition cally, the linear field dependence of MR is often observed at
ha?r?gencg;?;soend Ofeart.ures of the MR of insulating low fields; the quadratic field dependence of the MR is only
; - ; : : ocassionally seen in some samples at very weak fields.
ﬁ\é{gzdgzhd; &pgs?tf\s/s E\ijl%R ;‘?)h'igﬂuf?é?(?sng?eat;gonﬁda;l;Ong_ Therefore, an empirical equation, which describes the MR
ratio r=R(B,T)/R(0,T) caused by the interference effects

served in disordered systems like amorphougSHNi ,,® _
Y, Si; 9 and Mo Ge, 10 Gince the origins of the nega- and neglects the quadratic term By can be expressed ap-
/e anc ’  Proximately by the relatich

tive and positive MR are relatively complicated, it is not a
easy task to account for those MR data. Recently, a numeri-
cal model taking into account the forward interference pro- torward™ 141+ Caf B/Bsad/[ 1+ B/Bgad} D

cess and the wave-function shrinkage process was successfwl1 the two fitt i th turat tant
in interpreting the low-field MR of amorphous i, . where the two fitting parameters are the saturation constan

(Ref. 8 films. These two theoretical models are known to beCsat and the effective saturation magnetic fié given for

formulated for describing the MR of highly disorderedly lo- the Mott VRH case by

calized systems in the VRH regime. The fact that insulating 3 8

Al-Pd-Re QC's at low temperatures exhibit Mott VRH be- B.~0 7(%) 1 (E)( T ) )
havior implies that disordefstructural and/or chemical sat™ -1 3 Eg e/ \ Tyvott

plays an important role in the electronic transport properties

of QC’s. Therefore, we believe that this numerical model carin the low-field limit,

be applied to insulating QC'’s too. In this work we will report

how to use this numerical model to fit the MR data of

Al;Pd,, Re; s QC's in the VRH regime. [ forward™ 1 — Csag_sat- (38
Il. THEORIES This gives
A. Forward interference (FI) model
The FI model(also called the forward-directed path ap- AR(B.T) = R(B.T)—R(O.1) ~— SaE (3b)
proach was first proposed by Nguyen, Spivak, and Shk- R(O,T) R(0O,T) Bat
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B. Wave-function shrinkage model T-14
0.4 06 0.8 1 1.2 1.4
This theory considers the contraction of the electronic ! L \ \ s

wave function at impurity centers in a magnetic field, which

leads to a reduction in the hopping probability between two AlggPdyy sRe7 5
sites and therefore to a positive MR. The authors of Refs. 13 | \ g gf gg
and 14 proposed this theory but only gave the expression: N A R=542
for the low- field and high- field limits. Later, Schoepe 0

developed a method of calculations for the entire field re-
gime, obtaining an expression foy,,. under the assumption .
that the density of states at the Fermi leddIE;), and the
localization lengtha, are independent of the magnetic field.
I'wave IS given as

Fwave™ €XP{ §c(0)[ £c(B)/c(0) — 11}, (4) |

where £c(0)=(Tyou/T)Y* for the Mott VRH case and
éc(B)/&c(0) is the normalized hopping probability param-
eter. Detailed descriptions of the calculations of
&c(B)/éc(0) as a function ofB/B. are given in Ref. 15.
Tabulated values of(B)/&c(0) as a function oB/B, for
Mott and Efros-Shklovski{(ES) VRH cases are listed in Ref. 5 1 ] ’ [ l I ‘
16. The only fitting parameter in E¢4) is B, given for the 0 0.4 08 . 12 16 2
Mott VRH case by

2 —

In[a(T)-o(0)]

FIG. 1. Ifo(T)—0(0)] is plotted againsfr~Y* and T~? for

Be=6h/[ea](Tyon/ T) ). ) sample?i= 129, againsT~ ' for samplefi="54.2.
In the low-field limit, Eq.(4) can be simplified tf
ing techniques are described in detail in Ref. 19.
BZ TMott 1/4
rwave*1+tzB—§( T ) ©) IV. RESULTS AND DISCUSSION
Then Guo and Poon first found that the lolv-conductivity

o(T) for highly resistive A}sPd,Re 5 QC’s can be fitted

AR(B,T) BZ(TMOn) 4 with a modified Mott law, i.e.,

ROm BT

T
wheret,=(5/2016)X 36~0.0893 is a numerical constant. _ ) 6
Assuming that the MR contributions from Ed4) and(4) This was confirmed later by Wareg al.” Recently, we found

(7
o(T)=0(0)+ oy ex;{—(TMOn/T)]”“. 9

are additive, the total MR ratio, can be written as the conductivity U(T_) between 0.05 and 1.6 K for the
Al;oPd, sRe; 5 QC with a value ofR as low as 13.2 obeys
I ota= EXP{ Ec(0)[ £c(B)/ éc(0) — 17} Mott’s VRH law, and obtained its value dfy; to be about

3.1 K. This confirms that the previously determined critical
+ 11+ Coo[ BB /[1+B/Bsad} 1. (8)  resistivity ratiof.~12.8+0.5 for the metal-insulation tran-

The last term—1, is needed to assure tha, is equal to 1 Sition in AlzPdy, sRe; 5 QC’s is reliable: The significance

when B=0. We will use Eq.(8) to fit the MR data of Of these results will be presented in a future paper shortly.
Al,Pdy, Re; s QC's. According to our studies, the value of0) decreases as the

R value of the sample is increased; and the effects(6f on
the low-T o(T) can only be seen clearly at the temperature
about two orders of magnitude lower than the valud @f;; .
Ingots of Al Pd, Re; s alloys were obtained by arc In this article we will focus on studying the MR of the
melting of a mixture of high purity AI(99.99%, Pd  Al;Pd,sRer s QC’s with R=54.2 and 129. Both samples
(99.99%, and Re(99.99% in a purified argon atmosphere. are supposed to be well inside the insulating regime.
Icosahedral AlPd, Re; = QC’s with a wide range ofR Figure 1 shows Ifo(T)—o(0)] plotted againsfT ~**# for
were prepared by annealing the ingots in vacuum at 950 °Gamplesi=54.2 and 129. The value Gfyy iS extracted by
for 24—28 hs, and subjected a further annealing at 600 °C fdiitting the o(T) data to Eq(9). Using the value of o, we
3 hs. Low-temperature annealiitg600 °C is an important  can calculate the value of the localization lengghfrom the
step for preparing good-quality samples with>401'8The  relation. ay=[18kgN(Er)Tyonl*®, wWhere N(Eg) was
quality of the quasicrystalline samples was assessed by x-ragvaluated with the value of~0.1(mJ/g atm K) determined
diffraction patterns. The resistance and MR were measuredrom specific-heat measuremehisThe ratio of the hopping
using a Linear Research LR-700 AC resistance bridgealistanceR;, to the localization lengtta, can be estimated
(~15.9 H2. Sample fabrications and experimental measurfrom the relation R,/ay~0.4(Tyox/T)Y% Table | lists

Ill. EXPERIMENTS
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TABLE I. The values ofT ., Tgs, the localization lengtla,,
and the ratio of the hopping distance to the localization length,
Ry/ag, between 1.5 and 4.2 K.

Al7Pdhy Rer s Ty (K) Tes(K) ap (B) Rp/ag(1.5~4.2K)

1.8-1.4
2.3-1.7

R=54.2
R=129

517
1509

56
41

11

the values ofT i, @9, andR,/agy between 1.5 and 4.2 K.
From the small values af,, sample$i=54.2 and 129 seem

to be strongly localized systems; however, their values of

Ry /ag between 4.2 and 1.5 K are only 1.8—-1.4 and 2.3-1.7

respectively. Therefore, these two QC'’s, in fact, cannot be

classified as strong insulators.

Figures Za) and 2b) show AR(B,T)/R(0,T) versusB?
for samplesi=54.2 and 129. At low fields, positive MR is
seen to depend oB quadratically, as predicted by E(Y).

0.3
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FIG. 2. (a) AR(B,T)/R(0,T) as a function of the square of the
magnetic fieldB? for sampleéR=54.2. InsetAR(B, T)/R(0,T) as a
function of the magnetic fiel@. Solid lines are drawn for guiding
the eyes. The data from the bottom to top are 4.271\K 3.478 K
(@), 3.052 K(O), 2.495 K(#), 2.047 K(<), and 1.558 K(+). (b)
AR(B,T)/R(0,T) as a function ofB? for sample9i=129. Inset:
AR(B,T)/R(0,T) as a function ofB. Solid lines are drawn for
guiding the eyes. The data from the bottom to top are 4.29@K
3.294 K(O), 2.328 K(V), 1.998 K(V), and 1.875 K(5¥).
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FIG. 3. The experimental values 6f[ AR(B,T)/R(0,T) ]imin @S
a function of temperatur& for samplesi="54.2, and 129.

The insets in Figs.(@) and 2b) showAR(B,T)/R(0,T) ver-
susB. It is seen that there is a minimum at each temperature;
and as the temperature is lowered, the position of the mini-
mum (B, shifts to the low-field side with decreasing tem-
perature, also the magnitude &R(B,T)/R(0,T) at the
minimum, [AR(B,T)/R(0,T) ],nin, decreases. BelovB,,,
AR(B,T)/R(0,T) is linearly dependent om, obeying the
prediction of Eq.(3). For sampleR=54.2, it is noted that
AR(B,T)/R(0,T) exhibits a quadratic field dependence at
very weak fields; and it is pronounced at higher temperatures
and tends to disappear at low temperatures, consistent with
the prediction of Ref. 20. In fact, the MR of highly resistive
Al-Pd-Re QC'’s has also been studied by Waetgl® and
Rodmaret al®;, some of the MR behaviors observed here
were also reported. However, no interpretation of the MR
based on the MR theories in the VRH regime was consid-
ered.

The above analysis amazingly reveals that all the general
features of the MR in the low-field limit predicted by the
theories are observed in QC’s with a single composition.
This strongly suggests that applying these theories to insu-
lating QC's is appropriate.

In the low-field limit, one can easily show that from Egs.
(3) and(7) that

[AR(B, T)/R(0,T) ] min — oy (10
The experimental values ¢AR(B,T)/R(0,T) | in VersusT
for samplesii=54.2 and 129 are presented in Fig. 3. It in-
dicates that th€, for both samples decreases with decreas-
ing temperature and th€g, for samplefi=129 decreases
quite rapidly at low temperatures. Equati®) consists of
three fitting parameter€,;, Bgy, andB.. In making the
least-squares fitting of E8) for the Mott VRH case to the
MR data, we give theCg, at each temperature an initial
value obtained from Eq10), and letCgy;, Bsa, @andB, vary.
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FIG. 5. (a) By, as a function off*® and(b) B, as a function of
0.9 | | | T4 for samplesi=54.2 and 129 in the Mott VRH regime.
0 2 4 6 8
B(Tesla) tering is strong, returning-loop effects can cause a positive

_ ) MR and saturation of the MR at large enough fields, depend-
FIG. 4. (8) The MR ratior=R(B,T)/R(0,T) at different tem- i on the temperature and localization length.

peratures plotted against the magnetic fiBlébr sample?i=54.2. Figures %a) and 5b) show the extracted values &

Solid lines are theoretical fits, obtained by using E8). for the and B., respectively, versud3® and TY4 for samplesi
. . c 1

Mott VRH case to fit the data.(b) The MR ratio, r =54.2 and 129. We can see that for sanifite 54.2, straight

=R(B,T)/R(0,T), at different temperatures plotted agailsfor . . L /8
sample?R=129. Solid lines at 4.290 and 3.294 K are theoreticalIIneS fits are observed, indicating thal,e<T™" and B,

1/4 i ; ;
fits, obtained by using E¢8) for the Mott VRH case to fit the data, =T, confirming the Mott VRH behavior of the conductiv-

while solid lines at 2.328, 1.998, and 1.875 K are obtained by usind®y- FO Samplefi=129, bothBs, and B, follow Mott VRH
Eq. (8) for the ES VRH case to fit the dataee the discussions in ehaviors between 2.8 and 4.2 K, but start to deviateTfor

the tex). Note: The curves irfa) and (b) have been shifted down- <2:8 K. We note that deviations occur in the temperature

ward from one another to present clarity between the different dati€gime where th€, exhibits a sharp decreaggee Fig. 3.
and fits. The sharp decrease @y, was also observed in doped CdTe

semiconductors and was found to correlate with the conduc-
During fitting procedures, we found that the key to get afion via the states in the Coulomb g&pTherefore, we try to
good fit is to make detailedly accurate measurements oft the zero-conductivity data below 2.8 K with a modified
[AR(B,T)/R(0,T)]mn, becauseCe, is closely related to ES VRH law, i.e.,
B.a- Figure 4 shows the comparison between the MR ratio o(T)=0(0) + og exif — (Tes/ T) 2. (11)

data and the theoretical fits for sampfés-54.2 and 129. It

can be seen that the transition from a negative MR at lowrhe ES VRH law considers electron-electron interactions so
fields to a positive MR at higher fields can be described welthat the density of states near the Fermi leveN{€E)=E?

by the theories. But in the high-field region where the theoinstead of a constant in the Mott VRH ldWwThe extracted
retical curves keep rising, the experimental data tends twalue of Tggis about 11 K, which is also listed in Table I.
saturate. This suggests thét) the field dependence of As seen in Fig. 1, at low temperatureb<2.8 K), o(T)
N(Eg) anday neglected in deriving Eq4) must be taken for sample?i=129 can also be fitted well by E¢l1). The
into account; but this effect should be small because the valy? obtained for fitting thes(T) data below 2.8 K to either
ues ofa, for the studied samples are already small; &)d Egs.(9) and (11) is very close and the obtained values of
the FI model should be corrected for returning-loop effects ino(0) differ by about=0.5%. Thus the residuat(0) makes it
Al;Pdy, sRe 5 samples where the value 8, is not much  difficult to determine whethet(T) should follow a Mott
larger than that of, (see Table)l?! It has been shown that VRH or ES VRH law just from the zero-field conductivity.
in the system like Al-Pd-Re QC's where the spin-orbit scat-Then with the value ofr g5 we fit the MR data below 2.8 K
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FIG. 6. (a) By, as a function off** and(b) B, as a function of
T2 for sample®i=129 in the ES VRH regime.

with Eq. (8) for the Efros-Shklovski(ES) VRH case. Here
(T/Tyor) 8 in Bgyis replaced by T/Teg) ¥ and (T/Tyon) ¥4
in B, by (T/Teg 2 £:(0) for the ES VRH case is equal to
(Tes/T)*2

The obtained values dBg, and B, are plotted, respec-
tively, againstT®* and T2 between 1.8 K and-2.8 K, and
are shown in Fig. 6. It is clearly seen tH&g,;andB, at low

temperatures do follow the ES VRH law rather than the Mott

VRH law. The crossover temperature from the Mott VRH
conduction to ES VRH conduction is determined to be
around 2.45 K.

The values ofC., are extracted from theoretical fit€sy
as a function ofT for samplesi=54.2 and 129 is shown in
Fig. 7. In the Mott VRH regime, the value &, for the
samplefR=129 is much larger than that for the sampte
=54.2, but the temperature dependence Qyf; in both
sample is similar. For the samp{g=129 in the ES VRH
regime, the value o€, drops very rapidly with decreasing
temperature and is almost equal to that for the sarfiple
=542 at 1.9 K.

The temperature dependence@f,; (or negative MR has
been studied theoretically by several authors. Schrimather

PHYSICAL REVIEW B 66, 054438 (2002

0.1

0.04 T

T(K)

FIG. 7. Extracted values d€., as a function of temperature
for samplesi=54.2 and 129. The crossover region is between the
two arrows marked in the figure.

perature dependence Gf; (or negative MR is still not well
understood and deserves further experimental and theoretical
investigations.

V. CONCLUSION

(1) We are able to explain well MR of Al-Pd-Re QC'’s at
liquid-helium temperatures except for the MR data in the
high field regime by means of the MR theories of the Fl and
WEFS.

(2) Combining the conductivity and MR data with MR
theories, we found that there is a crossover from Mott VRH
conduction to ES VRH conduction at liquid-helium tempera-
tures in the AjgPd,, sRe; 5 QC with :8=129. This suggests
the existence of the Coulomb gap at the Fermi level in highly
resistive Al-Pd-Re QC's. Our results are different from the
results reported by Srinivast al?® in which the hopping
conduction(1.5—-8 K) in Al-Pd-Re QC’s with?3=45 follows
the ES VRH law. We found that their analysis based on the
Egs. (3) and (7) obtained in the low-field limit cannot be

and Raikh and Wesséfspredicted a significant increase in Justified here.

Csat With decreasing temperature in either Mott or ES VRH

(3) At low temperatures the rapid decrease in the magni-

conduction. This apparently disagrees with the experimentdHde of the negative MR in highly resistive QC’s might be

data observed here. Agrinskaya, Korub, and Shamshur pr
dicted a decrease i@, with decreasing temperature in the
Coulomb-gap regim& and an increase i€, in the Mott

&ue to the conduction via the states in the Coulomb gap as

observed in doped CdTe semiconductéré

VRH regime. Their predictions are partially correct because

our results(see Fig. 7 do show that in the ES VRH regime,
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