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Magnetic properties of various crystalline phases and amorphous Al-Si-Mn and Al-Mn alloys
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The present study examines the magnetic properties of four distinct magnetic systems. First, the
range of amorphous Al-Mn films was extended down to 7.5 at. %%ucMn from th epreviou s limi t of 14
at. % obtained on both amorphous films and icosahedral ribbons, such films still exhibiting a local
magnetic moment ( 0.54@&). Second, quenched supersaturated fcc Al-Mn alloys in the form of
film and melt-spun ribbons display a local magnetic moment similar to that observed in amorphous
and icosahedral phases. Third, the a-Ali3siioMni7 phase, similarly to orthorhombic A16Mn, does
not exhibit a local magnetic moment. Finally, the ferromagnetism discovered in amorphous Al-Si-
Mn melt-spun ribbons has now been observed in crystalline alloys with a structure similar to P—Al-
Mn-Si.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

The magnetic properties of Al-Si-Mn and Al-Mn quasi-
crystals and amorphous films were recently reported. '

The most important result of this study was the existence
of a local magnetic moment in the quasicrystalline phase
of Als6Mniq which disappears after annealing into the
crystalline orthorhombic phase. Furthermore, the effec-
tive local magnetic moment increases with Mn content up
to (1.5+0.5)pa in both Al-Mn and Al-Si-Mn alloys. A
more recent investigation by the NMR spin-echo tech-
nique has established that there is a distribution of both
magnetic and nonmagnetic Mn sites. At low Si content
( & 6 at. %) the magnetic properties of the amorphous and
icosahedral phases are similar' ' and the moments seem
to order in a spin-glass state. ' At high Si levels (e.g.,
A136814cMnz4) ferromagnetism prevails but the source of
ferromagnetism remains unidentified.

Since single-phase icosahedral samples cannot be
prepared with less than 14 at. % Mn and since the
icosahedral and amorphous phases are magnetically simi-
lar, ' one of the goals of the present study is to extend the
magnetic measurements to amorphous alloys with less
than 14 at. % Mn. On the other hand, it has been known
and ignored for a long time that Al can dissolve consider-
ably larger amounts of Mn than the equilibrium if melts
are rapidly water or air quenched. The supersaturation
as indicated by lattice-parameter measurements can be as
high as 4.7 at. % or 6.7 times higher than the maximum
equilibrium solubility (0.7 at. %). However, the magnetic
properties of such crystalline supersaturated alloys are un-
known and will be examined in the present study. It has
also been suggested both theoretically and by recent ex-
tended x-ray absorption fine-structure (EXAFS) measure-
ments that the structure of the icosahedral phase is
similar to that of the a—Al-Mn-Si phase. We will exam-
ine this suggestion by measuring the magnetic properties
of the a phase. Finally, the present study will be conclud-
ed by an attempt to explain the source of the ferromagne-
tism discovered in amorphous Al-Si-Mn ribbons with
high Si contents.

The Al-Mn films were sputtered at 260 K onto Mylar
(polyethylene terephthalate) and the supersaturated Al-Mn
alloy ribbons were prepared by melt spinning. The mag-
netic susceptibility of films and ribbons was measured in a
low-field (4 Oe) ac susceptibility apparatus at 10 kHz and
in a high-field (10.6 kOe) susceptibility apparatus using
the Faraday method. The ferromagnetic Al-Mn and Al-
Si-Mn alloys were prepared following Kono's original
work' by inductively melting in alumina crucibles the
desired proportions of electrolytic manganese (99.9%%uo

pure) and aluminum (99.99% pure). These melts were
then crushed and remelted in a glow-bar furnace and
cooled from the melt to 600'C in approximately 1 min.
The structure of all the samples was determined by x-ray
diffraction.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

The magnetic properties of Al-Mn films and ribbons
are summarized in Table I. Starting with the films and
using the similarity' between amorphous films and
icosahedral ribbons, one would expect based on the plot of
the local magnetic moment per Mn atom, p,tr, versus
manganese concentration CM„(Fig. 3 of Ref. 1) that
amorphous alloys with 10 and 7.5 at. % Mn should be
characterized by p,rr values of, respectively, 0.25@a and
0.14JM~. These values are appreciably smaller than those
shown in Table I, and a further inconsistency is shown by
the fact that the 7.5 at. % Mn film has a larger p,rr value
than the 10 at. % Mn film. Since a crystalline 5 at. % Mn
film displays a fairly large magnetic moment of 1.55@a,
one may think that these discrepancies are caused by the
presence of some rnicrocrystallinity. The amount of mi-
crocrystallinity must be very small since the diffraction
pattern shown in Fig. 1 for the 7.5 at. %%uoMn(whic h is
identical to that for the 10 at. % Mn film) is typical of a
truly amorphous film: the rounded maximum centered at
28=43' occurs where the strongest diffraction peaks of
both orthorhombic and icosahedral A16Mn are situated
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TABLE I. Magnetic properties of amorphous and crystaHine Al-Mn alloys.

Sample

AlgpMnio

Alg2 sMn7 s

Alps Mns
A19g sMn7' s

A19sMns

A197 sMn2 s

Type

fihn
film
film

ribbon
ribbon
ribbon

Structure

amorphous
amorphous
crysta Dine

crystalline
crystalline
crystalline

Jeff
units of (q, )

0.46
0.63
1.55
0.97
1.06
0

8
(K)

2
11
3

15
22

10 go
(emug ')

0.39
2.5
1.76
2.34
2.61

10 +4.2 K
(emu g ')

13.3
14.8
55
25.2
18
5.3

(emug ')

0.7
2.8
3.5
3.3
3.4
2.3

and there is a complete absence of intensity in the regions
of the (111) and (200) Al diffraction peaks which appear
very strongly when CM„ is reduced to 5 at. %. This result
is remarkable in itself since Mn is not a glass farmer such
as P or Si, and it is therefare surprising, that such a small
amount of Mn (7.5 at. %) stabilizes a thick amorphous
film deposited at essentially room temperature. Anyhow,
the p~r values for the 10 and 7.5 at. % Mn amorphous
films can be rationalized by assuming that they contain,
respectively, 6.6 and 12.1 wt. %%uoof crystallin eA195Mns
clusters. Such a small amount of microcrystallinity could
indeed be missed in the x-ray diffraction and is consistent
with the appearance of crystallinity at 5 at. %%uoMn . The
existence of a magnetic moment in these amorphous al-
loys is cansistent with a recent NMR spin-echa study2
which concluded that in Ali, Mn, icosahedral ribbons
there is a constantly rising fraction of magnetic sites in
the range 0.14(x &0.22. Furthermore, the estimate of
the nonmagnetic mole fraction xNM was obtained on
icosahedral ribbons and despite the approximate similarity
previously mentioned between the amorphous and

icosahedral phases, one would expect amorphous films to
have a larger magnetic moment because of their large in-
herent disorder. The relationship between magnetic mo-
ment and disorder will be further discussed with the mag-
netic properties of the a phase. Althaugh these amor-
phous films display a local magnetic moment, the Curie-
Weiss law [X=XO——Cl( T —8)] is obeyed down to 1.5 K;
the absence of spin-glass interaction is consistent with its
disappearance' in the icosahedral and amarphous phases
for x (0.16.

We shall now turn our attention to supersaturated fcc
Al-Mn ribbons and 61ms. One difference between the two
mades of preparation is revealed in the 7.5 at. %%uoMnal-
loy: the ribbon is crystalline while the film is amorphous„
undoubtedly as a result of the faster quenching rate of the
latter. On the other hand, there is no appreciable differ-
ence between the two modes of preparation when both
samples are crystalline as shown in Fig. 2 which displays
the variation of the lattice parameter with CM„. As

500—

4IO—

320—

250—

lep—

I30-
CO

50 Q~ LJ
o p!p' 'FHP
O

20—

cn Ip—

80

{200)

A)9~ Mrl~

[i alii. g g i 4 iii g 1 i, + '~-

M~~~ yap P'I%PA r'l P

l.000 y

0999—

0.99S—

0.997—

0.996
O

O

0.995
X

I

0.994

MELT- SPUN RIBBONS

SPUTTERED - FILM

o AIR-QUENCHED SAMPLES (REF.6)

o

50— Atsz s Mlles

is~
Ip— 0.99I—

l

40 45
28{deg)

l

50
l

55 60
l l

4 5
CM„(Qt /o)

l X l

6 7 8

FIG. 1. X-ray dif'fractometer traces taken eath Cu ECa radia-
tion: top, 9.8 pm thick Al9sMns film deposited at 260 K; bot-
tom, 10.4 pm thick Al92 sMn7 s film deposited at 260 K.

FIG. 2. Ratio of the lattice parameter of the Al-Mn alloy to
the lattice parameter of pure Al as a function of Mn concentra-
tion.
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shown in Fig. 2 the data obtained on ribbons and on a
sputtered film are in good agreement with those previous-

ly obtained on air-quenched samples. 6 We observe similar
deviations from the dashed line at higher CM„which were
attributed to a phase separation which was actually ob-
served in the x-ray diffraction pattern of the 7.5 at. % Mn
sample. As summarized in Table I, one finds that for
CM„& 5 at. % both ribbons and films display a local mag-
netic moment while the ribbon with 2.5 at. % Mn has no
local magnetic moment. This latter result is in agreement
with the magnetic state of equilibrium solid solutions
(CM„&0.32 at. %) where it is known that Mn has a non-
magnetic localized d state. "'2 The appearance of the lo-
cal magnetic moment for CM„&2.5 at. '%/can be ex-
plained with a similar rationale to that used for the in-
crease in p,rr with CM„ in icosahedral ribbons: the local
moment arises as a result of a pair interaction between
Mn localized d-wave functions. On the other hand, since
as in icosahedral ribbons not all Mn sites may be magnet-
ic and the number of magnetic sites may increase with in-
creasing CM„, the data shown in Fig. 2 could be interpret-
ed by assuming that the local moments are carried by Mn
atoms which are not in the ordered fcc lattice. Indeed, the
2.5 at. % Mn alloy, in which essentially all the Mn is in
solid solution, displays no moment and the moment ap-
pears for CM„& 5 at. % where a small amount of Mn is
precipitated out on such defects as grain boundaries. At
any rate, whatever the microscopic differences may be,
the magnitude of p,rf is essentially the same in the three
phases (fcc, amorphous, and icosahedral) and it most
probably has a common origin: disorder.

The close structural relationship between the
icosahedral and a phases of Al-Mn-Si suggests measuring
the magnetic properties of the a phase: they are displayed
in Fig. 3. Consequently, contrary to the structural simi-
larity, the magnetic properties of the icosahedral and a
phases are dissimilar since the latter has no local magnetic
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moment. Indeed, as shown in Fig. 3, the magnetic prop-
erties of the a phase are quite similar to those of the
orthorhombic phase with approximately the same Mn
content which in turn are simIlar to those shown in Fig. 1

of Ref. 1 for o-A1~6Mni4 (one should note that the X scale
in that figure is 100 times larger than that used in Fig. 3
of the present study). The discrepancy between structure
and magnetic properties can be elucidated by some recent
EXAFS measurements which argue that while the a
phase is simply a bcc packing of Mackay icosahedra, the
connections between icosahedra are more disordered in the
icosahedral phase. One could therefore speculate that the
magnetic Mn sites are located in these disordered connec-
tion regions. Consequently, the magnetic moment ob-
served in fcc supersaturated solutions and in the
icosahedral and amorphous phases is the result of disor-
der. This is why the moment is absent in the fully or-
dered a and orthorhombic structures. As previously men-
tioned, one would expect the amorphous phase, which is
the most disordered as a result of the largest quenching
rate, to exhibit the greatest number of magnetic sites.

This study will now be completed by an analysis of the
ferromagnetism previously discovered' in amorphous
A136Si40Mn24 ribbons. A possible source for the fer-
romagnetism was thought to be a Heusler alloy composi-
tion of the type CuzMnAI, however the corresponding
amorphous alloy A12sSi50Mn25 was only weakly ferromag-
netic (Curie temperature Tc ——12 K) ruling out such an
explanation. Another possibility may be the metastable
tetragonal phase A150Mn50 discovered by Kono. ' The
ferromagnetic phase can only be obtained by air cooling
the hexagonal )'i phase' from 950'C. Indeed, if one either
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FIG. 3. Temperature dependence of the high-field (10.6 kOe)
susceptibility of orthorhombic (0)A182Mnis obtained by crystal-
lizing the icosahedral ribbon and of bulk polycrystalline
a-A173Si ioMn I7.
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FIG. 4. Temperature dependence of the ac susceptibility of
various Al-Mn alloys with compositions close to those of fer-
romagnetic samples.
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FIG. 5. Left: temperature dependence of ihe susceptibility and inverse susceptibility for Al»Mn33Si40 and A130Mn30S~ near the
Curie temperature 110 K. Right: dependence of the Curie temperature on Si content for the two ferromagnetic compositions
A4qMnss and A40Mn50

quenches the h phase or allows the h phase to transform
to the equilibrium g and p hexagonal phases, ' the result-
ing sample is nonferromagnetic at room temperature. The
tetragonal phase has a Curie point of 643—653 K; the
magnetic moments per Mn atom (p,rf) estimated from the
lo~-temperature saturation magnetization and a Curie-
Weiss fit of the susceptibility were 2.18pz and 3.17pz,
respectively. In agreinnent with Kono's study we found
that A145Mn55 and AlsoMn5O with the tetragonal structure
are ferromagnetic with T, 's of 640 and 630 K, respective-
ly. Furthermore, similar cooling of Alz&Mn45 and of
A14cMn~ yields, resPectively, the g and P Phases which
are nonferromagnetic; as suggested by the susceptibility
maxima of Fig. 4 these alloys would seem to order in a
spin-glass state. On the other hand, sputtering at room
temperature the ferromagnetic compositions (50 and 55
at. % Mn} produces nonferromagnetic amorphous films
which again seem to order in a spin-glass state (Fig. 4).
This result is not surprising since one expects a film depo-
sition to yield similar results to the quenching of the
high-temperature h phase. In the amorphous state, the
spin-glass properties are quite similar whether the compo-
sition is in the ferromagnetic range {50at. % Mn) or not
(e.g., 45 at. % Mn). A small amount of ferromagnetism
could be responsible for the increase in g below 15 K
shown by amorphous films (Fig. 4). It is also interesting
that the p,rr values for the spin-glass samples described in
Fig. 4 are similar to those reported for the ferromagnetic
samples.

At this point one may question whether the magnetic
properties of these Al-Mn alloys provide a clue to the

understanding of the ferromagnetism of amorphous
A136Si~Mn24 ribbons. An obvious approach is to choose
the optimum ferromagnetic binary alloy and study the
dependence of T, on Si. This is shown in the right-hand
side of Fig. 5 and it is obvious that the metastable tetrago-
nal phase is not the proper explanation since the fer-
romagnetism disappears completely upon the addition of
a few at. % of Si. However, ferromagnetism reappears for
Si & 30 at. % and is strongest for Si=40 at. %. Although
the structure of these samples could not be unambiguously
identified, it seems closely related to that of p—Al-Mn-Si.
One notices again that ferromagnetism disappears close to
the Heusler composition (50 at. % Si); as a matter of fact,
the T, for this crystalline alloy (12 K} is the same as that
reported for the corresponding amorphous ribbon. ' The
ferromagnetic transition for the optimum composition
shown in the left-hand side of Fig. 5 is quite similar to
that reported in Fig. 4 of Ref. 1 for the amorphous
Alq6Si+P4n24 except for the magnitudes of the susceptibil-
ities. Indeed, the susceptibility of the crystalline alloy is
almost an order of magnitude larger than that of the
amorphous ribbon. Linking this result with the fact that
ferromagnetism almost disappears in an amorphous
A136Si40Mn24 film' would suggest that the ferromagnetism
observed in the ribbons may arise from clusters with a
structure similar to the p—Al-Mn-Si phase.

IV. CONCLUSIONS

The local magnetic moment previously disovered in
amorphous and icosahedral phases for Mn & 14 at. % per-
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sists in the amorphous phase for Mn & 7.5 at. %%uo . A local
moment was also observed in fcc supersaturated Al-Mn
alloys for Mn & 5 at. %. On the other hand, similar to the
orthorhombic phase, the o. phase does not possess a mag-
netic moment. These results suggest that the magnetic
moment is a consequence of structural disorder. Finally,
the ferromagnetism observed in amorphous A136Si40Mn24

ribbons may arise from a short-range order similar to the
P—Al-Mn-Si structure.
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