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An anomalous Hall effect is measured in pure decagonal AlgMny, and Al;gMn,,. We show that the
Hall resistivity py is linear with the magnetization M measured for the same fields and temperatures:
pu(H,T)=R,H +4nRsM (H,T). The very dominant term RsM of py reveals a strong spin-orbit
scattering, which is observed in Al-Mn quasicrystals. Ry is found to be temperature independent in the
range 6.5—-110 K. From our susceptibility, specific-heat, and magnetoresistance data, we deduce that M
results from a very low fraction of magnetic moments, which increase drastically with the nominal Mn
concentration and that are correlated by Ruderman-Kittel-Kasuya-Yosida interactions. In this respect,
the Al-Mn decagonal phase behaves very similarly to previously measured Al-Mn icosahedral and amor-

phous phases.

INTRODUCTION

Among all the quasicrystals (QC’s) discovered so far
and characterized by fivefold, eightfold, tenfold, and
twelvefold rotation symmetries, the decagonal (T) phase!
is of particular interest. Indeed, contrary to the
icosahedral (i) phase,2 which is a three-dimensional QC,
it possesses one axis of periodicity perpendicular to the
quasiperiodic planes. This phase is therefore often
presented as an intermediate state between icosahedral
and crystalline phases and may be of particular impor-
tance in the search for specific behavior due to quasi-
periodicity.

From the structural view point the T and i phases seem
to be closely related, and their orientational relationships
were observed by transmission electron microscopy® and
by x-ray or neutron diffraction where the intensities are
also correlated.* Extended x-ray-absorption fine structure
(EXAFS) measurements® also indicate that somehow
similar environments exist in 7- and i-Al-Mn alloys and
in the cubic a-AlyMn,Si, phase. This supports structural
models using Mackay’s icosahedra as the basic structural
unit that might be slightly distorted in the T phase.” On
the other hand, the structural anisotropy of the decago-
nal phase is outlined in models consisting of a periodic
stacking of two-dimensional quasilattices, for instance
with two kinds of layers derived from the Penrose pat-
tern.®

Besides the recently discovered stable Al-Cu-Co and
Al-Co-Ni T phases,” which allow us to investigate direct-
ly the effect of structural anisotropy on single grains,® a
comparison between pure amorphous (a), i, T, or crystal-
line phases in the same system and at similar concentra-
tion may be helpful in the investigation of structural and
physical properties. Such a comparison is available in the
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Al-Mn:Si system for which these different struétures can
be obtained as single phases around 20 at. % Mn. Previ-
ous studies’ ! were devoted to the physical properties of
the i, a, and crystalline Al1-Mn:Si phases; for instance, the
i and a phases present a weakly magnetic behavior (as ob-
served by magnetoresistance, magnetic susceptibility, and
specific heat) that increases sharply with the nominal Mn
concentration in the sample. In particular i-Al;3Mn,,Sig
was shown'? to contain only a low fraction of magnetic
moments that order in a spin-glass state at low tempera-
ture. On the other hand, the corresponding crystalline
phases 0-AlgcMn ,, 3-AloMn;Si, and a-AlyMn,Si, present
no local magnetic moments. In this context, the study of
the physical properties of a two-dimensional (2D) Al-Mn
quasicrystal having one axis of periodicity is of particular
interest, but only a few papers up to now have been pub-
lished on this subject.!>*

We present here low-temperature transport (resistivity,
magnetoresistance, and Hall effect) and magnetic proper-
ties (susceptibility, magnetization, and specific heat) on
pure melt-spun T-AlgyMn,, and 7-Al,;Mn,, phases.
From the analysis of the x,. and Cp data, we deduce the
presence of a low fraction of magnetic moments that in-
crease with the Mn concentration in the sample (Sec. III)
and interact through Ruderman-Kittel-Kasuya-Yosida
(RKKY) interactions (Sec. IV). These results are similar-
ly found in icosahedral and amorphous phases. We then
focus on the first measurement of an anomalous Hall
resistivity linear with the magnetization, that reveals a
strong spin-orbit scattering (Sec. V). The resistivity re-
sults (Sec. VI) are consistent with this analysis.

1. EXPERIMENTAL PROCEDURE

The samples were prepared using a melt-spinning tech-
nique under a helium atmosphere. Details of sample
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preparation and structural characteristics are given else-
where.!> The structure of the samples was determined by
x-ray diffraction and by transmission electron micros-
copy. Pure decagonal phase samples are obtained in as-
quenched Al,gMn,, and, after annealing, in AlgsMn,, (15
h at 300°C), which eliminates the remaining (fcc) Al
phase.

Electrical resistance was measured by using the dc
four-probe technique in the temperature range 0.3K -300
K and under a magnetic field up to 8 T. The Hall resis-
tivity was measured using a high-resolution ac bridge
with in-phase detection; to account for a possible
misalignment of the transverse contacts, five probes were
used, and the Hall resistivity was deduced from the odd
part of the measurement in the positive and the negative
field. The geometrical factor was estimated from weight
measurements of the sample. Specific-heat measurements
were performed on a dilution refrigerator by means of a
transient heat-pulse technique (the same as used in Refs.
10 and 11), the temperature varying step by step, for
150-200 mg of the sample. The magnetic susceptibility
Xac has been measured (in zero external field) in an a.c.
field of 1 Oe at a frequency of 22 Hz. The magnetization
was measured in a d.c. field in a magnetometer with a
resolution of 10”7 emu.

II. STABILITY AND MICROSTRUCTURE
OF DECAGONAL PHASE

As is already well known, the Al-Mn decagonal phase
is metastable, but crystallizes at a higher temperature
than the i-Al-Mn phase of similar composition.!> For in-
stance, for T-Al,4Mn,,, the high-temperature resistivity
of Fig. 1 reveals an irreversible phase transition starting
around 950 K (heating rate 20 K/min). In an attempt to
increase the decagonal grain size and to reduce the densi-
ty of defects, the T-phase samples were annealed in a
series of thermal treatments below the crystallization
temperature. After heat treatment of the sample, we ob-
serve no significant variation either of the width of the x-
ray peaks or of the grain size as seen by transmission
electron microscopy (0.5 and 0.7 um for T-Alg,Mn,, and
T-Al,4Mn,,, respectively, after 5 h at 500°C). The
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FIG. 1. Reduced electrical resistance R /R, g against tem-
perature in decagonal 7-Al;sMn,, at a heating rate of 20 °C/mn.
The R(T) curve réveals the irreversible structural transition.
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FIG. 2. Electron diffraction pattern taken along a twofold
zone axis for decagonal T-Al,sMn,, phase.

structural anisotropy of this phase is directly observed in
the twofold zone axis pattern (Fig. 2): The diffraction
spots are periodically spaced along the tenfold axis and
give a periodicity of 12.401+0.05 A for both T phases.
Along the perpendicular twofold axis, the spots follow a
Fibonacci sequence with two length scales 1 and the gold-
en mean 7. However, the study of the microstructure of
these samples does not reveal any preferential crystallo-
graphic orientation of the individual grains (Fig. 3):
Therefore, in the following we cannot directly single out
the effect of the structural anisotropy of the T phase.

Moreover, both the high resistivity value (pyi3k
=430+20 and 480+30 uQcm for T-AlygMn,, and T-
Al;sMn,,, respectively) and the temperature dependence
of p [(1/p)Ap/AT)~—10"* K~! for the two T-
phases!®] are very similar to that of an amorphous phase
of the same composition a-Al,¢Mn,, (Fig. 4). Although
the T phase is an ordered structure, its resistivity behaves
like a disordered alloy that may perhaps be associated to
the high density of defects present in the sample.
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FIG. 3. Microstructure of decagonal T-Al;sMn,, phase ob-
served by transmission electron microscopy.
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FIG. 4. Temperature dependence of the electrical resistivity
for T-Al;,sMn,;, and T-AlgMn,, with a-Al;sMn,, for compar-
ison.

III. EXISTENCE OF MAGNETIC
AND NONMAGNETIC Mn ATOMS

Previous studies of i and @ Al-Mn phases have suggest-
ed the existence of two different classes of Mn atoms, one
being magnetic and the other nonmagnetic. For instance,
in i-Al;;Mn,;Siz, the concentration x of the really mag-
netic Mn’s and their moment p .4 could be estimated sep-
arately by measuring the linear and dc nonlinear suscepti-
bilities:'> A small concentration of magnetic entities was
found (x=2.7X1073, corresponding to 1.3% of the
number of Mn) carrying a high moment value of 7.5up.
Also NMR studies!® on Al-Mn QC, and in particular on
pure T-Al,gMn,,, suggest a nonuniform distribution of
local magnetism. To obtain the order of magnitude of x
in our T phases, we study both the ac susceptibility x,.
and the nuclear hyperfine term Cy provided by specific-
heat measurements.

The temperature dependence of Y, is shown in the in-
sert of Fig. 5. x,.(22 Hz) exhibits at T,, a maximum of a
spin-glass-like type: T,,=4.2 K and 6.25 K for T-
AlgoMn,, and T-Al,gMn,,, respectively. T,, depends on
the frequency v of the excitation field. But this depen-
dence is very small, as is the case when a true 3d spin-
glass-transition occurs: T,,(240 Hz) = 6.33 K for T-
Al,sMn,,. To deduce x, we should fit equilibrium suscep-
tibility X.q=X,c (v=0) data by a Curie (Y=x,+C/T) or
a Curie-Weiss [y=x,+C/(T—06)] law. For T-
Al;sMn,,, above 11 K = 1.75T,,, no frequency effects for
v=<240 Hz are observed within our accuracy
(Ax/x <2.1073). Thus y,.(22 Hz) can be identified with
Xeq above 11 K: It is linear in 1/T up to 20 K = 3.2T,,
(see Fig. 5). The same applies for T-Alg,Mn,, from 7 K
up to 12 K. The values of ), and C are reported in Table
I. At high temperatures (above 3.2T,, ), deviations to the
previous law are observed. They can be due to a small
variation of X, at high T"and/or to the necessity to intro-
duce a Curie-Weiss temperature: Y=x,+C/(T—©) as
is discussed later on. Below 1.7T,,, x,.(22 Hz) deviates
from the 1/T law due to dynamical effects near T,,. Our
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FIG. 5. Susceptibility data x,. vs 1/T for T-Al,;3sMn,, and 7-
AlgyMn,, and the temperature range of the Curie law fit. The
inset presents Y,. T for both T phases.

Xac data are accurately fitted by a Curie law in a narrow
range of T: 1.7T,,-3.2T,, with errors no larger than
2X 107 3y. We observed the same behavior in Ref. 12 for
i-Al;3Mn,;Sig. In the latter case we had the benefit of
measurements of the magnetization in dc field for H —0,
and we noticed that the 1/7 law applied down to
1.03T,,. The C/T term is attributed to the magnetic Mn
and Y, to nonmagnetic contributions. In a paramagnet
or in a spin glass, C=Nxp2;/3ky, where N is the total
number of atoms. In T-AlgyMn,, (T-Al,gMn,,, respec-
tively), we obtain a value of xpﬁﬁ, which is 27 (15, respec-
tively) times smaller than that calculated if one assumes
that all the Mn’s carry a moment of Sug. The same re-
sults occur in i phases and other T phases containing
nearly the same amount of Mn.!>»!* However, we note
that in the T phases, C is 2 to 3 times larger than in the i
phases with similar concentration. Nevertheless, from
the overall similarities of the magnetic behaviors between
i and T phases, as will be described in the following, it is
reasonable to assume that only a fraction of Mn sites are
magnetic (as shown in Ref. 12 for the i phase) rather than
having all Mn’s carrying a moment of very low value.
The contributions arising from the “nonmagnetic” Mn
(Kondo-like) are then included in the ), term of y. In
Table I we report values of x deduced by assuming
P =35l g, since, at this step, we have no direct measure-
ment of p g in these alloys.

Another way to deduce the number of magnetic Mn is
provided by specific-heat (Cp) measurements performed
down to very low 7: 80 mK in our study. We present the
Cp data in Fig. 6 for both T phases. The two T phases
behave similarly: Above 0.5 K, the C, data differ only by
~10% and obey a quasilinear variation with tempera-
ture. Below 0.3 K, the rapid increase of Cp at decreasing
T can be accurately fitted by

Cp=CyT 2+ AT . (1)

In the Cp-T diagram plotted on a double-logarithmic
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scale inserted in Fig. 6, once a linear T term is subtracted
to Cp, a T2 term is observed over one decade of Cp.
The values of A and Cy are reported in Table I. The
T 72 term is the signature of a nuclear hyperfine magnetic
contribution of the magnetic Mn’s.!! It is the case of
transition metals (impurities) in a noble-metal matrix.
Then the leader term in the magnetic hyperfine Hamil-
tonian is due to the core polarization interaction between
the nuclear spin I of >>Mn and the effective magnetic field
H 4 induced by the electronic magnetization (spin S) of
the same atom. Hence Cy is directly related to the con-
centration x* of the moments close to their saturation
value:!!

Cyax*|Hygl>~x*(S)*. )

X
107°
7.5

23

X
1073

1073 JK/mol
3.35+0.05
10+0.05
<0.05

Actually, other contributions to Cy exist, but they are of
the second order in that case:!” The first one comes from
the dipolar interactions with magnetic Mn nearest neigh-
bors in the case of small Mn clusters. The second one is
due to electronic orbital interaction. The last contribu-
tion is induced by the magnetic Mn’s on the nucleus of
their Al nearest neighbors: In zero external field this
contribution for one Al atom equals 1% of that of mag-
netic Mn.'® So we assume that the ratio H.4/S does not
depend very much on the atoms surrounding one magnet-
ic Mn and that it has the same value as in standard dilut-
ed Mn alloys such as CuMn or Ag Mn spin glasses. This
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FIG. 6. Specific-heat data for T-Alg,Mn,, T-Al,sMn,, and
a-AlgsMn;s. The continuous line represent the yT+BT3
analysis obtained for a-AlgsMn;s. In the inset is shown the
analysis of Cp below 0.3 K: Cp= AT+ CyT 2 for the two de-
cagonal phases. In a-AlgsMn,s, the CyT ™2 term would exist,
but well below 80 mK.

TABLE 1. Freezing temperature (T, ), temperature-independent susceptibility (,), Curie constant (C), nuclear hyperfine term (Cy), linear term AT arising from the electronic
y T term plus a magnetic term as deduced from the analysis of the specific- heat measurement (see text) for both decagonal T phases and amorphous (a) for comparison. x and x * are

the concentration of magnetic Mn atoms deduced from (C) and (Cy ), respectively. Susceptibility data for a-AlgsMn,s extracted from Ref. 10.

T-AlyyMny,
T-Al73Mn22
a'AlgsMn] 5
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has two main consequences. First we can take for H 4 a
value of 27+2.5 T as in CuMn or AgMn, if we assume
the same value of the spin in CuMn, and the QC phases.
The second consequence is that x * should equal the con-
centration of magnetic Mn atoms. In contrast, in Ref. 12
what we deduced was the number of magnetic entities
that can be very small clusters of highly correlated mag-
netic Mn. Taking the same previous H. value yields

=7.5X10"2% and 23X 1073 for the two T phases (see

Table I). In comparison, we found previously!! that
x*=8.5X10"3 (ie, 4% of the total Mn’s) in i-
A175anosi5.

In conclusion, we deduce values of x and x * very close
for a same sample once we assume a moment equal to
Sup in the Curie constant. These values are much lower
than the nominal concentration of Mn and increase rap-
idly (by a factor 2 or 3) when the amount of Mn is only
increased from 20 to 22 at. %.

IV. ORIGIN OF THE MAGNETIC INTERACTIONS
BETWEEN MAGNETIC MOMENTS

Since a very few Mn’s are magnetic, each is far from
the others, and one can expect only indirect long-range
exchange interactions between them, i.e., RKKY interac-
tions of intensity J;;aV,/ r,-i». Then T,,, obtained from Y,
measured at the same frequency for various spin concen-
trations, is a temperature characteristic of the interaction
and should scale as

(J;;8:8;Y=V,S(S+1)/r?

Here r is the mean distance between the spins and V|, de-
pends on the band structure. As 1 /r3~x, one finds
(J;>~Vox and T, ~Nxp%: Actually, a more careful
analysis'® in standard RKKY spin glasses shows devia-
tions to an exact linear law of T,, versus x explained by
self-damping effects?® of the long-range Jyx vy, Which de-
velops at large concentrations (x > a few 1073): One
finds T,,=Tyx%" (for CuMn and AuMn in Ref. 19),
where Ty depends on Vy, i.e., on the system.

Here we confirm our previous statement: In all the
Al-Mn QC and a phases, the magnetic correlations are
due to RKKY interactions. We also show that ¥V does
not depend on the structure (a, i, or T). First we find that
T,, increases as the Curie constant, i.e., as prf,ﬁ inour T
phases (see Table I). Secondly when we plot T,, versus
the hyperfine specific heat Cy (i.e., x*) in a log-log dia-
gram together with previous data obtained in i and a
phases'®!! (see Fig. 7), we observe that all the data align
on a single straight line of slope 0.8 over 2 decades up to
6 K: T, =T,Cy% T, and therefore V, being the same
for all Al1-Mn QC and a phases.

Another evidence for RKKY interactions is given by
the dependence of C,, on the concentration of the mag-
netic Mn’s: C,,(T) is the standard magnetic part of the
specific heat involved in the AT term of Eq. (1):
AT=yT+C,,(T), where yT is the electronic term. C,,
is proportional to the number of spins (Nx) times a func-
thIl of T/{J;). For C, linear with T(C, =BT),

B~x/ (J ) is then independent of x for RKKY interac-

tions. Before a quantitative analysis of A4, we observe
that the quasilinear terms (~T!!'-T12) of the Cp data
above 0.5 K are similar for the two T phases, and when
extrapolated down to 0.1 K, also similar to the a-
AlgsMn, 5 data (shown also in Fig. 6). This indicates an
almost independence of 4 on the magnetic Mn concen-
tration. Indeed, the number of magnetic Mn is at least 50
times smaller in a-AlgsMn, 5 than in our T phases (see Fig.
7). From the fit (1) for our T phases, we deduce that in
the temperature range (0.08-0.3 K) C,,(T) is linear with
T: C,(T)=BT. To deduce C,,(T), i.e., B, implies to
know ¥ and therefore needs an analysis well above T,,,
where C, (T) vanishes. Since T,, is large for our T
phases, we should measure Cp at high temperatures, i.e.,
in a range where the phonon contribution is large and
can make the determination of y difficult. This prevents
an accurate determination of B in this case. We do not
have this problem in a-AlgsMn,s:2! T, is very small (70
mK), and C,,(T) vanishes at 2 K (see Fig. 7) above which
the ¥ T term can be deduced accurately (Y =9.5 mJ/mol
K? and B=15 mJ/mol K?). We found a similar result?'
for the a phase of other compositions Alg, ;Mn;; 3
(y=11.7£0.3 mJ/molK? and B=8 mJ/molK?) for
which T,, =0.65 K. In both cases, B is of the order of
magnitude of y although T,, varies by one order of mag-
nitude. So we can present the following conclusions.
Since A is nearly a constant (see Table I), if we assume
that ¥ does not vary too much within this limited Mn
concentration range (15-22 at. %), we deduce for a and
T phases a general agreement with B being nearly (within
a factor 2) independent of the magnetic Mn concentra-
tion x* over a wide range (two orders of magnitude) of
x*. The quasi-independence of C,,(T) on the concentra-
tion of spins is the signature of RKKY interactions early
checked experimentally in canonical metallic spin
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FIG. 7. Freezing temperature as measured by x,. at 115 Hz
(or 22 Hz for T-Al;3Mn,,;) vs the amplitude of the nuclear
hyperfine term in Cp for all the amorphous and quasicrystalline
(icosahedral and decagonal T samples).
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Finally for the two T phases, we note that in the tem-
perature range 0.3-7 K C,, (T) varies roughly as
T'2_T"* once we have subtracted a ¥ T term of about 10
mJ/mol K. Such deviations to an exact linearity are also
reported in metallic spin glasses, such as Cu-Mn, general-
ly below 1 K.?»?* In icosahedral phases, we previously
observed even more rapid variations for C,,(T). Smooth
bumps centered around T=1 K also appears as a com-
mon characteristic of the QC phases we measured!® (i-
AlggMn,, and i-Al;5sMn,Sis) and also of i-AlgyMn,; and
T-Al;gMn,, as reported elsewhere.'*

In conclusion, we have shown that both T,, and Cp
scale with the concentration of really magnetic Mn’s fol-
lowing the predictions specific to RKKY interactions.
The same scalling, involving the same prefactors, is
obeyed for all the a, i and T phases, indicating that the
RKKY potential is independent on the structure (a, i, or
T). Thus we can conclude that the correlations between
spins can extend over large distances at low T'2. At high
T’s, the correlations can only persist between nearest
neighbors. The appearance of a Curie-Weiss temperature
O in x,. above 3.2T,, (see Sec. III) is directly related to
the amplitude and the sign of these nearest-neighbor in-
teractions.

V. EVIDENCE OF AN ANOMALOUS HALL EFFECT,
RELATION TO THE MAGNETIZATION

We present here the first Hall effect measurement of
pure T-AlgMn,, and T-Al,sMn,, phases with respect to
its correlation with the measured magnetization. In Fig.
8, the total Hall resistivity py, measured at fixed temper-
atures from 0.5 to 110 K, is plotted versus the dc applied
field (H=0 to 8 T). The Hall coefficient defined by
R, =py/H is always positive. The curves py(H) look
like standard magnetization curves. Indeed py is linear
in H up to 8 T at high T, while strong curvatures appear
at low field and low T. In addition the initial slope in the
zero-field limit varies essentially as 1 /7T above 6 K. Simi-
lar behaviors were observed in i-Al-Mn phases.?

The existence of an anomalous Hall effect, i.e., that sat-
urates at high field and depends on temperature, is typi-
cal of metals with local moments. In this case, the Hall
resistivity py is analyzed as the sum of two main effects:
The classical Hall effect due to the Lorentz force acting
on the carriers and the anomalous Hall effect ascribed to
an anisotropic scattering of the conduction electrons by
local moments.?6 py is then written with the phenome-
nological relation (in cgs units): py =R B +Rg4mM,
with B the magnetic induction, M the macroscopic inten-
sity of magnetization, and R, and Ry the ordinary and
anomalous Hall coefficients, respectively. Then,

where H is the applied magnetic field and N is the depo-
larization factor. This expression becomes

pu=R,H+47RsM , 3)

since in the usual geometry of the magnetic field perpen-
dicular to a flat slab sample N ~4m,2” and |Rg| >>|R,| as
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FIG. 8. Hall resistivity vs magnetic field (0-8 T) at different
temperature in 7-Al;sMn,,; and T-AlgyMny,.

it is seen later on.

Our goal is to correlate directly py to M, which we
measured on the same sample (T-Al,sMn,,), at the same
dc fields and temperatures. At constant temperature (6.5,
20, and 40 K), py /H is linear with M /H, as can be seen
in Fig. 9. This proves the validity of Eq. (3) over our
range of H: 0-7 T. Since all the data obtained at 20 and
40 K are aligned on the same straight line, we deduce
that R, and Rg (=4.7£0.1X1077 m?®/C for T-
Al;gMn,,) are T independent in this temperature range.
The slightly different value of Rg (4.5X1077 m3/C)
found at 6.5 K (see Fig. 9) may indicate a small depen-
dence of Rg on T when the system is close to the low-
temperature spin-glass phase. But also, it can be not
relevant due to the different cryostats used in the two
measurements of py and M with different problems of
temperature control at low temperature. To extend our
study over a wide range of temperature, we have also
correlated M to py at low fields (H <0.4 T). Above 16
K, py and M are linear in H: The initial slopes dpy /dH
and dM /dH can be easily deduced, since they are equal
to py/H and M /H, respectively, for any field up to 0.4
T. In the same range of temperature, dM /dH (with H
being static) is also equal to X,., since no frequency effects
in x,. are observed at high T’s (at least for low frequen-
cies). Below 16 K, the strong curvatures of M (H), which
appear at low fields are due to the increase of the non-
linear field terms of M at decreasing T.'> The same cur-
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FIG. 9. Linear dependence of py/H upon M(H,T)/H with
H varying from O to 7 T and at different temperatures.

vatures are observed in py(H). This makes it difficult to
deduce very accurate values of the initial slopes dpy /dH
and dM /dH at low T, since they should be obtained at
very low field (below 1073 T), i.e., where py and M are
very small. So we choose to compare py/H and M /H
measured in a moderate field H,=0.39 T, where py and
M are large enough to be estimated accurately in our ex-
perimental setup. We summarize our results for 7-
Al;3Mn,, in Fig. 10, where we plot py /H versus M /H,
in the whole temperature range and dpy/dH versus
dM /dH and versus X, above 16 K.

For a given Mn concentration, all the data are aligned
on a single straight line in Fig. 10. In this plot we have
subtracted the value of x, to M /H (and to dM /dH and
Xac)» since M in Eq. (3) is the magnetization due to the
magnetic moments only. We conclude that our data are
accurately fitted by Eq. (3), and we can deduce Rg. For
both T phases, Rg is positive. We find Rg=3.2
+0.3X1077 m?/C and 4.8+0.2X1077 m’/C for T-
AlgyMn,, and T-Al;;Mn,,, respectively (see Table II). An
accurate determination of R, is very difficult because it
depends strongly on the accuracy on the y, term. We
can only note that the anomalous Hall coefficient Ry is
by at least a factor 10* larger than R,, which means that
the anomalous contribution dominates considerably that
arising from the Lorentz force. Generally, the density n
of carriers is deduced from R,. As we have |R,| <1071°
m3/C, which correspond to the maximum error made in
the determination of y, we have n >10%*/ cm®. Any-
way, as no band-structure effect is taken into account,
one should remain very careful about the physical mean-
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ing of n in these complex systems.

The measured positive Hall coefficient Ry is thus due
to the anomalous Hall effect, arising from the presence of
magnetic moments.?®?° This contribution, observed in a
variety of systems such crystalline rare-earth phases,?®
paramagnetic or ferromagnetic amorphous alloys,*® and
canonical spin glasses,3!"3? is attributed to spin-orbit cou-
plings that can give rise to skew scattering and/or to side
jump mechanisms.3®* The first mechanism appears when
there is a difference between the probabilities of scatter-
ing to the left and right of the polarization direction of
the localized moment. The nonclassical side jump mech-
anism has been initially developed for ferromagnetic sys-
tems and results also from spin-orbit interaction and
leads to a displacement of the center of mass of the
electron’s wave packet. The anomalous Hall effect is
thought to be dominated by skew scattering in dilute al-
loys** (having small p), and by the side jump mechanism
in amorphous or disordered alloys having short mean free
paths.?®

Al-Mn T-phases exhibit the magnetic behavior of spin
glasses with a small concentration of spins. But Ry is of
opposite sign and one order of magnitude larger than that
measured in the spin glasses, which exhibit a strong spin-
orbit coupling (AuMn and AuFe). Moreover, it was not
at all expected to find such a high value in an Al-Mn al-
loy, for which neither Al nor Mn are known to possess
strong spin-orbit coupling when diluted in a crystalline
matrix (Cu and Ag, for instance). However, a similar
value of Rg (8.1X 1077 m*/C) has been measured in the

TABLE II. Resistivity values at 0.3 K (po 3 x) and at 300 K (p30 k), temperature coefficient of resis-
tiviy, at 300 K (as3p k) Rys is the anomalous Hall coefficient deduced from the analysis of Hall effect
and magnetization measurements for decagonal samples 7-Al,;Mn,, and T-AlgsMn,,.

Po.3K P300 K Q300 K Rs
(uQ cm) (uQ cm) (107* K7 1077 m3/C
T-AlgoMn,, 430£20 420+20 —1.8 3.2+0.4
T-Al,4Mn,, 480130 430£20 -3 4.84+0.2
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high-temperature paramagnetic region of an Al-Mn
phase but very different from our T phases: It is a crys-
talline ordered alloy®® (AlygMn, ;;), which is a fer-
romagnet below T, =679 K. Now, comparing with other
systems, we find the Rg is of the same sign and mag-
nitude as the amorphous alloy highly concentrated in
spins ZrgFe;s (Ref. 36), which is a paramagnet
(Rg=4.310.1X10"7" m*/C). In the latter case, Rg has
been attributed to side jump effect. We finally comment
on the sign of Rg. These spin-orbit contributions (side
jump effect or skew scattering) depend on the band struc-
ture. For instance, for ferromagnets the sign of Ry is
predicted and observed to change depending on the loca-
tion of the Fermi level in these bands.?® But in our case,
the band structure is not known up to now, which
prevents any prediction about the sign of Rj.

VI. MAGNETORESISTANCE

Another way to investigate the scattering of electrons
by magnetic moments is to measure the magnetoresis-
tance (MR). the MR Ap/p is plotted as a function of
magnetic field H (up to 8 T) at different temperatures
(0.3-60 K) in Fig. 11. For both samples, no difference

0.75 . ——
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—~ | OC'. |
g 0° 12 17K
as 2s 35K
& 025 47K]
= 66K
<
o O 6K |
S —— 4K
—
-0.25 1.5K |
0.6K
_05 . N . . . 03K
0 2 4 6 8
H(T)
0.8 ‘ e —
0% (b) T-AL M
0w - n
f%\ 0.6 | (\\-0.5% 80 Z(;(_
T - 17K
N’
a 0.4 g
= 4K
Q
o 1.5K
0.3K
-0.2 .
0 6 8

4
H(T)
FIG. 11. Longitudinal magnetoresistance measurement in 7-

Al;sMn,, and T-AlgMn,,., In the inset is shown
Ap=p(H=TT)—p(H=0) vs T.

was observed between the longitudinal and transverse
MR (within our accuracy). At the lowest temperature
(0.3 K), the MR for both alloys in negative. T-Al,;sMn,,
presents stronger negative MR than T7-Alg,Mn,, and
keeps negative contributions at higher temperatures. We
also note that at low temperature the MR increases with
temperature (from negative to positive values), while it
decreases and vanishes at higher temperature (see the in-
sert of Fig. 11).

The measured MR results from competing positive and
negative contributions. First of all, we can neglect the
positive normal MR Ap/p, a1 due to the Lorentz force.
Indeed, at high temperature (7 > 70 K), the MR vanishes
for both samples, and also we estimate Ap/p, ma
<107 19, which is 107 times lower than our data. Here

Ap/pnormalz( 1/ne )Z(H/p)z 4

with n being the density of carriers that we deduce from
the Hall effect measurements (n > 102 cm?®). A positive
MR has been reported in some amorphous magnetic al-
37.38 and interpreted in terms of magnetic origin. Due
to the difficulties to know accurately the small variation
of p with field (Ap/p <1072 in 8 T), we did not succeed
in quantitatively correlating the magnetization and MR
data.

The negative part of the MR may be associated with
magnetic contributions. The negative contribution of the
MR observed at low temperature for both T phases is
similar to that measured in canonical spin glasses for
which the MR is found to be negative at all temperatures
(1.5-77 K) and fields.®> Moreover, as in our case, the
magnitude |Ap /p| increases with field and decreases with
temperature, and |Ap| increases with impurity (Mn) con-
centration. Based on an Edwards-Anderson-type model,
Mookerjee*® calculated the MR in spin glasses, and most
of the characteristic features of the canonical spin glasses
have been qualitatively explained.

CONCLUSION

In summary, the measured magnetic susceptibility,
specific-heat, and transport properties of the pure Al-Mn
T-phase AlgaMn,, and Al,;Mn,, are consistent with the
presence a low fraction of magnetic Mn sites that in-
crease with the Mn concentration and interact through
RKKY interaction. These behaviors are very similar to
that of the corresponding icosahedral and amorphous
phases but in striking difference with the crystalline
phases of the same composition, which show no moment.
The origin of local magnetic moments in QC phases is
still unanswered, but it may be due to Mn clusters as pro-
posed in Ref. 12.

The Hall coefficient Ry =py/H of both decagonal
phases is linear with M /H. This anomalous Hall contri-
bution is unexpectedly strong. The order of magnitude of
the linear coefficient Rg is comparable to that of amor-
phous paramagnetic Zr-Fe highly concentrated in spins,
while our T phases contain a small number of moments.
This value can be associated with a strong spin-orbit
scattering unexpected in such alloys.
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FIG. 2. Electron diffraction pattern taken along a twofold
zone axis for decagonal T-Al;;Mn,, phase.



FIG. 3. Microstructure of decagonal T-Al;;Mn,, phase ob-
served by transmission electron microscopy.



