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Magnetic properties of Al-Si-Mn and Al-Mn quasicrystals and amorphous films
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Unlike the orthorhombic phase, the icosahedral phase of Als6Mnl4 exhibits a local magnetic moment.

The effective moment of icosahedral-phase Al-Mn and Al-Si-Mn alloys increases with Mn concentration up

to a maximum of (1.5+0.5}p,~. The amorphous and icosahedral phases of Al-Si-Mn have similar magnetic

properties for Si concentrations 6 at. '/o, and the moments seem to order in a spin-glass state. For Si

concentrations p 30 at. 'fo, amorphous Al-Si-Mn orders ferromagnetically.

Shechtman, Blech, Gratias, and Cahn' have observed
long-range icosahedral orientational order in rapidly
quenched A186Mni4. More recently, superlattice structures
with icosahedral point-group symmetry (so-called quasicrys-
tals) have been observed in melt-quenched A174Si6Mn20 and

A172Si6Mn22 alloys. Mathematical models' ' based on
three-dimensional Penrose tilings can accurately reproduce
the diffraction patterns from these quasicrystals and also
predict two types of Mn sites for them. The results of a re-
cent Mossbauer study are consistent with two sites, but a

still more recent Mossbauer study' obtained data more con-
sistent with a distribution of Mn sites. Also, a recent NMR
study' indicates that the quadrupolar structure of the ' Mn
resonance which one would expect based on two Mn sites is
absent. Both Refs. 7 and 8 conclude that there is no signifi-
cant difference between the relative broad electric-field-
gradient (EFG) distributions at the Mn sites in icosahedral
(I ) and amorphous (a) Alg6Mnt4, and Ref. 8 further estab-
lishes that the EFG distributions for both Al and Mn sites
are broader in I -A172Si6Mn22 than in either I - or a-
A186Mnl4. Such structural differences could give rise to dif-
ferent magnetic properties; hence we report here a magnetic
study of Al-Mn and Al-Si-Mn alloys in both icosahedral and
amorphous forms.

The quasicrystal samples were prepared from alloys melt-
ed inductively in a boron-nitride crucible under an argon at-
mosphere and subsequently made into ribbons approximate-
ly 1 mm wide and 30 p, m thick by the melt-spinning tech-
nique. The amorphous films were sputtered from the corre-
sponding induction-melted alloy onto a sapphire substrate.
The film was then scraped from the substrate with a sap-
phire slide to avoid magnetic contamination. The resulting
flakes were measured in a low-field (4 Oe) ac susceptibility
apparatus at 10 kHz and in a high-field (12.8 kOe) suscepti-
bility apparatus with the Faraday method. The magnetiza-
tion was obtained by integrating the ac-susceptibility versus
magnetic field curve. The structure of the samples was
determined by transmission electron microscopy (TEM),
electron diffraction, and by x-ray diffraction. The TEM and
electron-diffraction studies were performed either on
thinned-down 30-p, m-thick ribbons or on free-standing
films, or directly on 1500 A free-standing films obtained by
deposition on a NaC1 substrate which was subsequently dis-
solved.

Before discussing their magnetic properties, we will make
a few remarks on the structure of these alloys. %bile melt-
spun A186Mnl4 ribbons are icosahedral for 6-at. '/0 Si or less
and amorphous for ~ 20-at. 'lo Si, A186Mn~4 films are always

amorphous even for deposition temperatures as high as 780
K. This is surprising since the icosahedral phase of
Alq6Mn~4 ribbons quickly transforms" ( = 10 min) into a
stable A16Mn orthorhombic (0) phase when heated at 680
K. Furthermore, film deposition at 880 K yields 0-A16Mn
and consequently, the icosahedral structure is never ob-
served in films. The greater stability of a-A186Mni4 films is

not due to argon inclusions since the films deposited at high
temperatures are essentially argon free.

The major results of the present study are shown in Fig.
1. (The 0 -A186Mnt4 was obtained by heating the I
A186Mni4 ribbon for 10 min at 780 K under an argon atmo-
sphere. ) Figure 1 shows that the susceptibility (X) of 0-
A186Mni4 is temperature independent and therefore that 0-
A186Mni4 does not exhibit a local moment. On the other
hand, the susceptibility of I-A186Mnl4 displays a pronounced
temperature dependence which implies the presence of a lo-
cal magnetic moment. This temperature dependence in-

creases with increasing Mn content, as shown by the curves
for 18- and 20-at. '/0 Mn and the X„curve for AlspMn2p

quite similar to that measured for A172Si6Mn22. Conse-
quently, all the binary and ternary icosahedral alloys with

Mn concentrations «14 at. '/0 are magnetic, and a Curie-
Weiss fit of the susceptibility between 10 and 300 K yields
an average antiferromagnetic interaction and the magnetic
moments p, ff listed in Table I, which shows that p, ff in-
creases with increasing Mn content in both the binary and
ternary alloys. One should, however, be careful not to con-
fuse the values of p, ff obtained in the high-field measure-
ment with those obtained in the low-field ac measurement:
The latter were fitted to a Curie-gneiss law between 10 and
40 K and, as shown in Table I, are systematically higher.
Furthermore, there are deviations from the Curie-%eiss law

below 10 K (x is lower than the Curie-Weiss value) which

suggests the presence of a magnetic transition. Indeed, a
low-field (4 Oe) ac-susceptibility measurement of I
AlsoMn2O (upper curve with solid dots and inset curve in

Fig. 1) reveals a susceptibility peak not seen in the high-
field (12.8 kOe) dc-susceptibility measurement. However,
the difference between ~d, and x„ for I-AlgpMn2p may arise
not only from the differences in applied fields but also be-
cause the ac susceptibility was measured on half the mass
used in the dc-susceptibility measurement.

Figure 2 sho~s the ac susceptibility for I-A172Si6Mn22, and
compares it to the susceptibilities of an amorphous film of
the same composition and an icosahedral ribbon with lower
Mn content. The susceptibility of a-A172Si6Mn22 is similar
to the susceptibilities of both I -A172Si6Mn22 and I-
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F16. 1. The curves refer to the temperature dependence of the high-field (12.8 kOe) dc susceptibility for icosahedral (I) quasicrystals and
the orthorhombic (0) crystal; the solid dots represent the low-field (4 Oe) ac susceptibility for I-AistiMnqo which is extended in the inset for
T~10 K.

AlqqSi6Mni6 (the small increase in x below 2.5 K for a-
A17~Si6Mn~~ may arise from a small amount of intrinsic or
extrinsic ferromagnetism). The susceptibilities of a-
Alg6Mni4 and a-Alg5Mni5 are also similar to that shown in
Fig. 1 for I-Alg6Mni4. Furthermore, the application of in-
creasing dc magnetic fields leads to the progressive elimina-
tion of the susceptibility peak of a-A17qSi6Mnzq (Fig. 2) and
the same effect has been observed for icosahedral ribbons.
This suggests that the susceptibility peak arises from a spin-
glass interaction with spin freezing at a temperature (Tso)
corresponding to the maximum in g. As summarized in

Table I, this spin-glass interaction has been observed for
icosahedral ribbons and amorphous films with Si concentra-
tions «6 at. % and 16 at. % ~Mn concentration ~22
at. %. The similarity between the magnetic properties of
icosahedral and amorphous phases for Si concentrations
~ 6 at. % (Fig. 2) agrees with the similarity observed
between these phases in Mossbauer' and NMRg studies.

%e shall now study the increase of p,g with increasing
Mn content in greater detail. Figure 3 displays the concen-
tration dependence of p, iT as obtained from a Curie-%eiss
fit of the high-field susceptibility between 10 and 300 K (the

TABLE I. Magnetic properties of Al-Mn and Al-Si-Mn alloys (Si ~ 6 at. %).

Sample Type Structure
TSG
(K.)

C

(K)
jeff

(p,g)
10 &4.s K

(emu g ')

Alg6Mn, 4'
Al„Mn„'
AlggMn(6'

Alg4Mn&6

AlgpMnig

AlgpMnig
soMn~o'

AlgpMnpo

A17sSi6M n &6

A177Si3M n&o

AlppSl6Mnpp'

A17pSi6M npp

A 17~Si6M n~&

Ribbon
Ribbon
Ribbon
Ribbon
Ribbon
Ribbon
Ribbon
Ribbon
Ribbon
Ribbon
Ribbon
Ribbon
Film

Orthorhombic
Icosahedral
Icosahedral
Icosahedral
Icosahedral
Icosahedral
Icosahedral
Icosahedral
Icosahedral
Icosahedral
Icosahedral
kosahedra1
Amorphous

& 1.0

3
2.5
3.5

3.5
6

8.7
5

4
5

4
1

4.5
3.0

10
11
2.3

0
0.5
0.62
0.75
0.75
0.97
1.06
1.12
1.00
1.28
1.17
1.55
1.41

1.5
17.5
32.2
51.5
47.9
79.4
96.4

164
77

168
77

115
150

'High-field (12.8 kOe) dc susceptibility awhile all others are lo~-field (4 Oe) ac-susceptibility measurements.



33 MAGNETIC PROPERTIES OF A1-Si-Mn AND A1-Mn. . . 3S79

180

140— ~O

~ OQI
o 0 ~0 0

0

ogg so Q

QQ Q o ~
120

E 100—
4)

60—

J kg

ao f-

Q Ak 72 S 1 6Mfl22
~ Hdc= 0

Hdc = IkOe
~ Hdc = 3kOe
Q I- Ak72SISMP22

I- AIr78Si6Mrlq6
0
~ f ~

o ~~o, , Ri)
Qoo I IQooci

40—

20—
I I I

0 2 4 6

4
L 4

4 j
I I I I I I I I I

8 10 'l2 h4 'l6 18 20 22 24
T (K)

FIG, 2. Temperature dependence of the ac susceptibility for
icosahedral ribbons and an amorphous film.
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same data are listed in Table 1). The monotonic increase in

p, ff with Mn content shown in Fig, 3 leads to two important
conclusions: that the small moment seen in I-A186MnI4 is
an intrinsic property of the icosahedral phase and, since p, ff

for I-A172Si6Mn22 is in excellent agreement with the p, ff

values for the binary alloys that the Mn atoms occupy very
similar positions in the binary and ternary icosahedral
phases. Furthermore, Fig. 3 shows that p,ff CM„within
experimental error. This result agrees with the fact that the
small amount of equilibrium-dissolved Mn (up to 0.32
at. %) in Al has a nonmagnetic localized d state. '0 The
quadratic dependence on CM„suggests that the local mo-
ment in the icosahedral phase arises from a pair interaction
between the Mn localized d wave functions. It is also in-
teresting that the maximum p,ff=1.2p, g occurs at about
20-at. % Mn which has been suggested as the optimum
icosahedral concentration.

There are, however, obvious problems with the fit
presented in Fig. 3. First, one knocks that the icosahedral
phase cannot exist down to CM„= 0 and consequently, that
our conclusion of no moment at low CM„applies only to a
stabilized icosahedral phase with low CM„. Furthermore, a
few at. '/0 of free Al are always observed with x-ray diffrac-
tion and NMR in the binary alloys with low Mn content,
and a few at. % of secondary T phase is present in the
AlsoMn20 alloy. It is therefore possible that if one con-
sidered only the Mn present in the icosahedral phase that

p, ff ~ould have a less-pronounced dependence on CM„ than
that shown in Fig. 3. However, even if the exact amount of
free Al were known one could not correct the data shown in
Fig. 3 by assuming that all the Mn is present only in the
icosahedral phase. Indeed, although the amount of
equilibrium-dissolved Mn is small, rapidly quenched melts
can dissolve" up to 4.7-at. % Mn (and melt-spun ribbons
even more) and such metastable alloys could be weakly
magnetic. Despite these limitations, the quadratic fit sho~n
in Fig. 3 is most probably correct since the ternary alloy is
known to be single phased and its p, ff value is in excellent
agreement with those of the binary alloys.

We now examine the magnetic properties of amorphous
ribbons and films with high Si content. As shown in Fig. 4
by both susceptibility and magnetization curves, an a-
A126Si40Mn24 ribbon displays a ferromagnetic transition
between 100 and 110 K. Figure 4 also shows that this tran-
sition is unaffected by the quenching rate: Two ribbons
quenched at different rates have the same Curie tempera-
ture (T, ) of 110 K as determined by susceptibility measure-
ments. On the other hand, an amorphous film of the same
composition displays a completely different behavior: The
susceptibility data shown in Fig. 4 can be fitted between 10
and 160 K by a Curie-Weiss law with the parameters listed
in Table II. There is, however, a pronounced deviation
from the Curie-Weiss law below 10 K which, when coupled
with magnetization measurements indicates a weak fer-
romagnetic transition at T, = 6 K. Consequently, in con-
trast to the alloys with low Si content, where icosahedral rib-
bons and amorphous films had similar magnetic properties,
amorphous films, and amorphous ribbons with high Si con-
tent have different magnetic properties.

An attempt to understand the origin of the ferromagne-
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FIG. 3. Effective moment p«f as a function of Mn concentration
(dots} and as a function of the square of the Mn concentration
{squares); the open symbols refer to binary Al-Mn alloys and the
solid symbols to the Al-6-at. Io Si-Mn alloy.

FIG. 4. Temperature dependence of the ac susceptibility and
magnetization for amorphous (a) ribbons and an a-film. The solid
and open dots pertain to the same ribbon while the open squares
refer to another ribbon obtained by faster quenching.
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TABLE II. Magnetic properties of Al-Si-Mn alloys (Si ~ 20 at. 'lo).

Sample Type Structure
T

(K) {K)
jeff
(pg)

10 X42K
(emu g ')

A12sSispMn

A134Si4pMn26

A136S140M 24

A136Si40M n24'

A136Si40M n24

A138Sl4QM n22

A140S i4QM n20

A146Si40Mn&4'

AlspS l3QM n2Q

Als6Si3pM n)4
A 166Si20M n14

Ribbon
Ribbon
Ribbon
Ribbon
Film
Ribbon
Ribbon
Ribbon
Ribbon
Ribbon
Ribbon

Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous
Amorphous

12
43

105
105

6
105
105

120

41
38

—44
77
10

54
—30

1.27
1.53
1.83
1,42
1.96

1.73
2.23

82

94
412
460
400
154
157
155
354

38
8

'Ribbon was quenched faster than previous one (line above).
X is essentially temperature independent.

tism observed in the a-A136Si40Mn24 ribbon by varying the
Si and Mn content (summarized in Table II) failed to yield
any clue. Indeed, the various parameters listed in Table II
do not exhibit any specific trend and there is appreciable
scatter in the values of 9 (see A136Si40Mn2q and AI56Sl30Mnt4
in Tabie II). A possible source for the ferromagnetism of
A136SL40Mn24 might be that its composition closely resembles
that of a Heusler alloy" of the Cu2MnAl type. Ho~ever, as
shown in Table II, the corresponding alloy (A125SiqoMn25) is
only weakly ferromagnetic, ruling out such an explanation.
The only conclusion one can draw from Table II is that
amorphous ribbons with 30-40-at. % Si are ferromagnetic
for Mn concentrations between 20 and 26 at. %. It is also
~orth pointing out that, except for the sample with 30-at. %
Si, magnetism disappears for a Mn concentration of 14 at. %

(Table II), similar to the behavior of the low Si concentra-
tion ( ~ 6 at. %) samples.

In conclusion, while 0-A186Mn~4 does not exhibit a local
magnetic moment, the quasicrystalline icosahedral phase
does, and this moment increases with increasing Mn con-
tent. For Si concentrations ~ 6 at. % the magnetic proper-
ties of amorphous films and icosahedral ribbons are similar.
These moments seem to order in a spin-glass state for Si
concentrations ~6 at. % and into a ferromagnetic state for
Si concentrations ~30 at. %. The ferromagnetism is much
weaker in amorphous films than in amorphous ribbons.
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