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Love-temperature resistivity and magnetoresistance of the quasicrystalline icosahedral
AlsoMnzo and decagonal A17sMn2z alloys
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Resistivity and magnetoresistance measurements are reported for the icosahedral I-A180Mn20 and
the decagonal T-A1&8Mn» quasicrystalline alloys. The zero-field resistivity p(T, H =0), was mea-
sured in the range 0.4-50 K. Both samples exhibited a —logloT dependence for p( T,H =0) over a
broad range of temperatures, followed by an approach to a constant value at the lowest tempera-
ture. The longitudinal magnetoresistance, pL(T, H), which was measured for magnetic fields H up
to 75 kOe and for T = 1.5 and 4.2 K, is positive for the I-phase sample and negative for the T-phase
one. The transverse magnetoresistance, pT(T, H), is negative for both samples. The values mea-
sured for pl ( T,H) and pT( T,H) are comparable to the ones measured in conventional metallic spin
glasses.

I. INTRODUCTION

Of all the quasicrystalline alloys' discovered so far, the
Al:Mn alloys show additional complexity because of their
magnetic properties. Despite the sharp x-ray
diffraction peaks, a large number of experimental tech-
niques have shown that the structural and physical prop-
erties of the Al:Mn quasicrystal samples resemble those
of metallic and spin glasses. ' Such a behavior is con-
sistent with the lack of translational symmetry charac-
teristic of quasicrystals which possess long-range orienta-
tional order only. '

In two previous communications we reported the heat
capacity at constant magnetic field (CH ) of the
icosahedral I-A180Mn20 and of the decagonal T-
A178Mn2z alloys as a function of temperature T and ap-
plied magnetic field 0 down to low temperatures. The
main results reported there were (1) no evidence was
found for the anomalously high density of states at the
Fermi energy predicted by a model for the electronic
states of a quasicrystal, (2) an excess in the T (phonon-
like) term was observed indicating the presence of low-
energy modes as in metallic glasses, and (3) a broad peak
whose maximum was centered around 1.0 K was ob-
served. It was sho~n that the broad anomaly could not
be associated with the spin-glass phase transition because
the temperature of the observed maximum that occurs in
CH is the same for both samples, whereas their freezing
temperatures T are much higher and are different for
the two materials (in our sample Ts is 3.0 K for the I
AlsoMnzo and 7.8 K for the T-A17sMn2z). The lack of a
dependence of H for the anomaly in T-A178Mn2z suggests
that its origin might be structural, such as a two-level
system or tunneling states with an energy-dependent
probability distribution of the kind observed in materials
with a large number of defects. " This interpretation,
however, is not unique. A Kondo system with a random-

ly distributed local field can yield similar results. ' Both
mechanisms give rise to a logarithmic temperature
dependence for the resistivity, but they have a different
behavior for the magnetoresistance.

In order to check these concepts and to investigate fur-
ther the magnetism in these quasicrystalline alloys, we
measured the resistivity (p) in zero applied magnetic field
over the range 0.35 (T (60 K and the low T (T= 1.5 and
4.2 K) longitudinal and transverse magnetoresistance (pL
and pT) for H up to 75 kOe. We also performed measure-
ments on the aluminum-rich alloy I-A1»Mn, 7 for com-
parison with previous reported results' ' and on
icosahedral I-A16Ru for an estimates of the low-
tempeature nonmagnetic residual resistivity. To the best
of our knowledge there have been no prior results report-
ed for quasicrystals having a similar sample composition,
nor reports of a logarithmic temperature dependence for
p(T, H =0) over such a broad range in temperatures fol-
lowed by saturation at lower temperatures.

There is at present active debate in the literature over
the question of whether the icosahedral and decagonal
materials one works with are really quasicrystals. ' Ques-
tions of this type are beyond the scope of this paper.
When we refer to our materials as quasicrystals, it is in
the sense of following the current common usage; it is not
intended to prejudge the question of whether the materi-
als are quasicrystals in the formal sense.

II. SAMPLES AND MEASUREMENT
PROCEDURES

The samples used in the present measurements are
pieces of ribbon taken from the same batch of samples re-
ported in Refs. 5 and 6. They were prepared by melt
spinning in an argon atmosphere. X-ray diffraction and
NMR measurements indicated that the I-A180Mn20 and
T-A178Mn22 are more than 95% and 99% quasicrystalline
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phase, respectively. Details on the preparation of the
samples can be found elsewhere. '

All three resistivities were measured using the standard
dc four-probe technique. The electrical leads to the sam-
ple were made of gold wire attached to the sample with
silver paste. Great care was exercised in cleaning up the
surface of the sample before making the contacts. The
resistivity at H =0 for T down to 0.35 K was measured in
a He cryostat. Both pL and p z were measured in a He
cryostat equipped with a 80-kOe superconducting mag-
net. In the magnetoresistance measurement the change
in the voltage across the sample as a function of H was
continuously monitored as H was swept slowly. This
condition is necessary in order to reduce the heating of
the sample by eddy currents. Each sweep from H =0 up
to 75 kOe took more than 30 min. Although the resolu-
tion of our experiment was of the order of 50 ppm for the
change in resistance, the absolute resistivity was limited
to +10% because of the uncertainty in the dimensions of
the samples.

0, 1

".0.0

e&&ect)ve temperature T =

k
(K)

~veH

1.0 10 100

6.00
bC
CU

Cl

2. 00

CU

-2.00
I—

CL

OJ

CO -6.00

I Phase

T Phase

~&gr)etoresisfpr)ce

+ I-0 l gpMn2p

X -A 1 pBMn22

H=0

-".0.0
0 100

I

0. 500
t I I

2.00 ip. p

temperature T (Kj

50.0

FIG. 1. Low temperature variation of the resistivity at H =0
for the I-A18pMn2p and T-A178Mnzz samples. The variation is
plotted with respect to the resistivity at T=4.2 K, p(4.2 K).
Values are listed in Table I. The solid line and scale at the top
show the transverse resistance of the T-A178Mn» sample using
an equivalent magnetic temperature scale.

III. EXPERIMENTAL RESULTS

The behavior of p for H =0 as a function of T for two
samples is shown in Fig. 1 and summarized for all of
them in Table I. There are several features in common.
First, a rather large room-temperature resistivity is ob-
served. Second, the residual resistance ratio, p(300
K)/p(4. 2 K), is of the order of the unity (for the I-
AlspMn2p and T-A17&Mn22 it is =0.8). Finally, the tem-
perature dependence of the I-AlsoMn2o and the T-

A17sMn2z shows a negative logarithmic temperature
dependence, —log&oT, for T below 10 and 50 K, respec-
tively, followed by saturation in the low-temperature re-
gime (see Fig. 1). Both samples show a crossover from
the logarithmic to the saturation regime around Tz =-4
K. The room-temperature resistivity in the simple Drude
model yields an electron mean free path I of 0.3, 1.1, and
1.5 A for the T-A17sMn22, I-AlsoMn2o and T-Als3Mn&7,
respectively. For the nonmagnetic I-A16Ru the electron
mean free path is 2.8 A.

We noticed small jumps in the absolute value of the
resistivity and magnetoresistance at low temperatures.
However, after normalizing p(T, H =0) with respect to
its value at 4.2 K, all the data points lie on the same
curve. Because the jumps occur at random in tempera-

ture, we believe that they are more likely to be caused by
poor electrical contact between grain boundaries in the
quasicrystals, or breakdown and formation of magnetic
clusters, rather than being associated with unusual
features in the electronic density of states. ' We also did
not find a broad maximum or the power-law temperature
dependence that is observed in the low-temperature resis-
tivity of canonical metallic spin glasses. ' '

The behavior of the longitudinal magnetoresistance

pL (T,H) for I-AlspMn2p T A17sMn22, and I-Als3Mn&7 is
shown in Fig. 2 for T=1.5 and 4.2 K. The main result
from these measurements is that the observed change in
the resistivity ApL with the applied magnetic field for
these samples has the same order of magnitude as that re-
ported for other magnetic alloys: bpr(T, H)IpL, (T,H
=0)—= 10 3. The measurements are also not strongly
temperature dependent. Furthermore, b pL ( T,H)
=pL (T,H) pL (T,H =0) i—s positive for the I-phase sam-

ples and negative for the T-phase one. The transverse
magnetoresistance, pr(T, H) is, however, negative for all
three magnetic samples (Fig. 3) and positive for the non-
rnagnetic one, I-A16Ru. It is weakly dependent on T for
the T-phase sample, but shows a somewhat stronger vari-
ation for the I-AlsoMn2o sample.

TABLE I. Measured resistivity and calculated conduction electron mean free path for several quasi-
crystal samples.

Alloy

I-A183Mn l7

I-A18pMn2p

T-Al78Mn2q
I-A16Ru

p(300 K)
(pQ cm)

128
177
613
69

0(77 K)
(pQ cm)

118
210
672

42

p(4.2 K)
(pQ cm)

119
228
725

35

l(300 K)
(A)

1.5
1.1
0.3
2.&
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FIG. 2. Fractional variation of the longitudinal magne-
toresistance, [pi. ( T H) pl ( T—H= 0)]lpi ( TH =0), for two

quasicrystalline materials as a function of H at T=1.4 and 4.2
K. The zero-field values are listed in Table I.

FIG. 3. Fractional variation of the transverse magnetoresis-
tance, [pr(T, H) pr(TH—=O)]/pr(TH =0), for two quasi-

crystalline materials as a function of H at T=1.4 and 4.2 K.
The zero-field values are listed in Table I.

IV. INTERPRETATION
AND DISCUSSION

There are two "conventional" rnechanisrns which lead
to a logarithmic temperature dependence of p(T) with
saturation at lower temperatures: (a) scattering by tun-

neling states or two-level systems associated with
structural defects, " and (b} the Kondo effect, which is
usually analyzed on the basis of conduction electron
scattering by an isolated magnetic impurity. Because our
materials show substantial magnetic interactions '

among the magnetic impurities, we discuss our results in
terms of a model for the magnetoresistance of metallic
spin glasses.

A. Tunneling states or two-level systems

Three experimental observations suggest the two-
level-system (TLS) model as a possible explanation for the
resistivity temperature dependence: (1}The —log, oT and
saturation behavior (Fig. 1), (2) the weak magnetic-field
dependence on the resistivity which for H=75 kOe corre-
sponds to a change of less than 1% of the total residual
resistivity (Fig. 2), and (3) the lack of a field dependence
observed on the heat capacity anomaly6 of the T-
A178Mn22. In order to compare the number of TLS re-
quired to explain the large residual resistivity at low tem-
peratures with that obtained from a fitting of the heat
capacity to a Schottky anomaly, we estimate the residual
resistivity based upon a model of resonant scattering of
electrons by TLS in the unitary limit:"

( T 0 }
5 1 Rtll TLsN

P

where m, e, and N are, respectively, the mass, charge, and
total number of the conduction electrons, po

——mkz/2H
(kF is the Fermi wave vector) is the conduction electron
density at the Fermi energy, and N~Ls is the total number
of active TLS's up to the characteristic crossover temper-

ature Tx (=4 K). Using our measured bp-=5)&10
Am for the T-A178Mn22 sample and 1.7 A for kF one
finds NrLs/N =-4X10 . This number, which is a lower
limit because of using the unitary limit, is at least one or-
der of magnitude larger than that deduced from the
specific-heat data. Hence, it is unlikely that conventional
TLS are responsible for the anomalously high residual
resistivity and its large logarithmic temperature depen-
dence.

B. Kondo effect and the magnetoresistance
of metallic spin glasses

The single impurity Kondo effect is not expected to
work in this case because of magnetic interactions
present in the spin-glass phase. The importance of
these interactions are evident in the 0 dependence ' of
CH and from the magnetoresistance (Figs. 2 and 3) mea-

surements. Furthermore, if the single-ion Kondo effect
were responsible for p(T) and pr(T, H), we would expect
to see a variation in pr(T, H), that follows roughly

p( T,H =0) using an efFective temperature
T'=(T+2psH/ks ). The observed variation for T-

A178Mn2~ is shown on Fig. 1 by the solid line using the
scale at the top of the figure. It is clear that the 1% vari-
ation of pr(T ) is much too small to match the corre-
sponding 13% variation in p( T). We therefore eliminate
the single-ion Kondo effect as an explanation for the ob-
served behavior.

There are, however, some features in the magnetoresis-
tance of our samples which are common to metallic spin
glasses. We consider some of them for comparison.

Because of the scatter in the data, the term in pz(T,H).
that is quadratic in H cannot be obtained from our mea-
surements. We can however, estimate the ratio of the
quadratic coefficient b(T, c) to the square of the s-d ex-

change potential, J, d, using the simplified expressions of
Mookerjee for the spin-glass magnetoresistance, the
magnetic data given in Table II, and the results for the
temperature dependence of the zero-field resistivity. We
find b( T, c )/J, d to be approximately 2.3 X 10
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Parameter

TABLE II. Parameters for two quasicrystalline metallic spin glasses.

I-A180M neo
(icosahedral)

T-A178Mn22

(decagonal)

5
S
c (at. %)
c(%)
p,~ (pa)'
Tg (K)
8 (K)'
Tg (K)
n (10 m )

EF (eV)
b(T, c)/J, d

( 10 5 kQe~ eV ~)

J, d (eV)
V (eV)

5/2
5a

20
0.2'

11.0'
30'

—1.4'
4.1

18.1d

11.7
—0.23

1.6
11

5/2
12
22
0.092b

25.6b

7.8
—1.5

4.0

1.5

7.1

17

'Data from Ref. 4.
Data from Ref. 6.

'p, z and 8 are the effective moment and Neel temperature, respectively. Other symbols are defined in

the text.
"Data from Ref. 21.

kOe eV and 1.5 X 10 ' kOe eV for the I-
A180Mnzp and for the T-A178Mnzz samples, respectively.
In this analysis, each cluster is treated as a single magnet-
ic impurity with the large effective moment obtained
from magnetization measurements. ' The concentration
of clusters (c ) and its effective spin (S ) is given in Table
II. This table also includes for comparison entries that
describe the metallic spin-glass properties. An estimate
of J, d can be made from its relation to the freezing tem-

perature: Tg ~c J, d. On this basis we find J, d=1.6
eV for I-A178Mnzz and J, d =7. 1 eV for T-A178Mnzz. This
large exchange potential is expected in part because of its
dependence on the magnetic impurity spin S
[J, d ~ S(S+1)]. Since S= —,

' for a single Mn + impurity,

one finds that S is equivalent to a cluster of two and five

Mn + ions for the I-phase and T-phase sample, respec-
tively. Also the concentration of clusters in I-A180Mnzp is

only twice as large as in T-A178Mnzz. Consequently, the
exchange potential per Mn atom is larger in T-A1~8Mnzz

than in I-A180Mnzo
The zero-field high-temperature resistivity can also be

used to obtain a value for the Coulomb potential V pro-
vided one knows the exchange potential J, d

..

p(H=O)=c [V +J, dS(S+1)],45e' nEF

where m and e are the mass and charge of the electron, n

is the density of electrons, EF is the Fermi energy, and c
and S are the concentration and spin of the magnetic
atoms. By using the measured room temperature resis-
tivity, the magnetic data given in Table II, and assuming
that the values of n and EF are the same as for the host

metal, one obtains
~

V
~

= 11 eV and
~

V
~

= 17 eV for I
A180Mnzo and for T-A1„8Mnzz, respectively.

In comparison with several metallic spin glasses the
values for the Coulomb potential of the quasicrystal sam-
ples are substantially larger. The values for the quasi-
crystals are, furthermore, rather different themselves.
These differences suggest that the approach used to treat
pr(T, H =0) as in conventional metallic spin glasses does
not apply to our quasicrystal samples.

V. FURTHER DISCUSSION
AND CONCLUSIONS

It is interesting to note that the large residual resistivi-
ty gives a very short electron mean free path (Fig. 1 and
Table I), which according to the Ioffe-Regel criterion, ap-
pears to include the Al:Mn quasicrystalline alloys in the
strong-localization limit. However, no theory we know
of predicts in this limit a logarithmic temperature depen-
dence for a three-dimensional system. Attempts to ex-
plain the large residual resistivity with a model of Pen-
rose tilings did not provide a quantitative agreement with
the experiments.

We have reported low-temperature measurements of
the resistivity and high-field magnetoresistance in two
previously investigated quasicrystalline alloys: the I-
A180Mnzo and the T-A178Mnzz. In our attempts to explain
the results, we are unable to identify a unified theory that
explains existing specific-heat and magnetization data
and can account for the resistivity of I-A180Mnzo and T-

A178Mnzz. The interplay among structural disorder,
spin-glass behavior, and possible intrinsic mechanisms as-
sociated with the long-range orientational order in these
alloys creates a regime that requires further investiga-
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tions in order to determine the mechanisms of their ther-
modynamic and electrical transport properties.

ACKNOW LEDGMENTS

The authors gratefully acknowledge helpful discussions
with S. Feng, G. Gruner, A. Jagannathan, A. B. Nassar,

and A. Zawadowski. This report is based in part
(F.L.A.M. and W.G.C.) upon research supported by the
National Science Foundation, Grant DMR-8409390,
Solid State Chemistry Program and the U.S. OSce of Na-
val Research (ONR) Contract No. N14-80-C-0986
(B.C.G. and M.X.Q).

*Permanent address: Universidade Estadual de Campinas, In-

stituto de Fi'sica "Gleb Wataghin, " Departamento de Fr'sica

do Estado Solido e Ciencia dos Materiais, Caixa Postal 6165,
Campinas, SP 13081,Brasil.

'D. Schechtman, I. Blech, D. Gratias, and J. W. Cahn, Phys.
Rev. Lett. 53, 1951 (1984).

J. J. Hauser, H. S. Chen, and J. V. Waszczak, Phys. Rev. B 33,
3577 (1986).

Hiroshi Yasuoka, Akihiko Soyama, Kaoru Kimura, and Shin
Takeuchi, J. Phys. Soc. Jpn. 55, 1058 (1986).

4F. L. A. Machado, W. G. Clark, L. J. Azevedo, D. P. Yang, W.
A. Hines, J. I. Budnick, M. X. Quan, Solid State Commun.
6j., 145 (1987).

5K. Fukamichi, T. Goto, T. Masumoto, T. Sakakibara, M. Ogu-

chi, and S. Todo, J. Phys. F 17, 743 (1987).
F. L. A. Machado, W. G. Clark, D. P. Yang, W. A. Hines, L. J.

Azevedo, B. C. Giessen, and M. X. Quan, Solid State Com-
mun. 61, 691 (1987).

7L. H. Bennett, M. Rubinstein, G. Xiao, and C. L. Chien, J.
Appl. Phys. 6j., 4364 (1987).

8H. S. Chen and C. H. Chen, Phys. Rev. B 33, 668 (1986).
J. E. VanCleve, K. Knorr, N. A. Gershenfeld, and P. A. Bancel

(unpublished).
' P. W. Stephens, and A. I. Goldman, Phys. Rev. Lett. 56, 1168

(1986).
"K.Vladar and A. Zawadowski, Phys. Rev. B 28, 1564 (1983).
' See, for example, G. Gruner, Adv. Phys. 23, 941 (1974).

' D. Pavuna, C. Berger, F. Cyrot-Lackmann, P. Germi, and A.
Pasturel, Solid State Commun. 59, 11 (1986).

' C. Berger, J. C. Lasjaunias, J. L. Tholence, D. Pavuna, and P.
Germi, Phys. Rev. B 37, 6575 (1988).
See, for example, P. A. Heiney, P. A. Bancel, P. M. Horn, J.
L. Jordan, S. LaPlaca, J. Angilello, and F. W. Gayle, Science
238, 660 (1987); F. L. A. Machado, Ph.D. Dissertation, Uni-

versity of California at Los Angeles, 1987, available from
University Microfilms International, 300 N. Zeeb Rd. , P.O.
Box 1764, Ann Arbor, MI 48106, Cat. No. ADG87-21045.

'6M. X. Quan and B. C. Giessen, in Rapidly Solidi/ed Al'loys,

Mechanical and Magnetic Properties, Proceedings of the Ma-
terials Research Society Symposium No. 58, edited by B. C.
Giessen, D. E. Polk, and A. I. Taub (MRS, Pittsburgh, 1986).

' N. P. Lalla, A. K. Singh, R. S. Tiwari, and O. N. Srivastava,
Solid State Commun. 64, 1409 (1987).
P. J. Ford, T. E. Whall, and J. W. Loram, Phys. Rev. B 2,
1547 (1970).

P. J. Ford and J. A. Mydosh, Phys. Rev. B 14, 2057 (1976).
2 A. K. Nigam and A. K. Majumdar, Phys. Rev. B 27, 495

(1983).
'N. W. Ashcroft and N. D. Mermin, Solid State Physics

(Saunders College, Philadelphia, 1976), pp. 5 and 38.
P. A. Lee and T. V. Ramakrishnan, Rev. Mod. Phys. S7, 287
(1985).
J. B. Sokoloff, Phys. Rev. B 36, 6361 (1987).


