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Magnetic properties of Al-Ge-Mn and Al-Cu-Ge-Mn icosahedral alloys

Z. M. Stadnik' and G. Stroink
Department ofPhysics, Dalhousie University, Halifax, nova Scotia, Canada B3H 3J5

(Received 4 June 1990)

A152. 5Ge22. sMn25, A152.sGe22. sMn24. 8sFeo», A14oCuioGe2sMn2s and A14QCU9 94Feo.o6Ge2sMn2s
icosahedral alloys and AlGeMn and A1GeMnQ 995FeQ QQ5 crystalline alloys have been studied with x-

ray diffraction, differential thermal analysis, magnetization, and "Fe Mossbauer spectroscopy. It is
found that A1GeMn, a ferromagnet, is the major second phase present in the samples of icosahedral
Al-Ge-Mn and Al-Cu-Ge-Mn systems, and is thus partially responsible for the observed fer-
romagnetism in these alloys. This ferromagnet is also the main crystallization product of these sys-
tems. Room-temperature Fe Mossbauer spectra show that Fe atoms in these systems bear no
magnetic moment and are distributed among a multiplicity of sites, which is interpreted as evidence
of intrinsic disorder present in icosahedral alloys. Analysis of 4.2-K Mossbauer spectra shows that
less than half of the Fe atoms possess a very small magnetic moment in both systems, which is the
first direct evidence supporting the notion of two classes of transition-metal sites in Al-based
icosahedral alloys. It is argued that the magnetic moment of Mn atoms in these systems as well as
the Curie temperatures must be very small. It is noted that annealing of rapidly quenched Al-Ge-
Mn and Al-Cu-Ge-Mn alloys leads to the occurrence of high values of coercive force and saturation
magnetization.

I. INTRODUCTION

Icosahedral alloys studied so far exhibit diamagnetic,
paramagnetic, and spin-glass properties. ' Recently, fer-
romagnetism has been reported in the icosahedral
A18 8Fe3 7Ce alloy, Al-Ge-Mn and Al-Cu-Ge-Mn alloys,
and Si-rich Al-Mn-Si alloys. The common characteristic
of these alloys is a very small value of their magnetization
M, which changes from a few tenths of emu/g for Al-
Ge-Mn and Si-rich Al-Mn-Si alloys ' to a few emu/g for
Alg 8Fe3 7Ce and Al-Cu-Ge-Mn alloys. ' The reported
Curie temperatures T, are 533 K for Als2. sGezz. sMn2s
467 K for A14pCu&pGe2sMn2s, and around 110 K for Si-
rich Al-Mn-Si alloys.

Fe Mossbauer-effect (ME) spectra of the icosahedral
A14pCu, p „Fe Ge2sMn2s series were interpreted in
terms of a distribution of a hyperfine magnetic field. As
we briefly indicated elsewhere, and as will be discussed
in detail in this paper, the analysis of Fe ME spectra
conducted in Refs. 5 —7 is incorrect.

The surprisingly small values of M suggest the possibil-
ity that the weak ferromagnetism of these alloys may
arise from a small amount of ferromagnetic second phase
(or phases) present in the samples studied. This is not in-
compatible with x-ray diffraction spectra, since the
amount of magnetic second phase required to explain the
small values of M may be below the resolution of detec-
tion by an ordinary low-resolution x-ray diffraction tech-
nique. The low-resolution x-ray diffraction spectra of
icosahedral alloys are not, contrary to the claims
made, single phase: Either the icosahedral lines [see,
for example, the (110000) line in Fig. 2 in Ref. 3j have a
visible structure or there are many low-intensity peaks
which are not due to the icosahedral structure and which

are usually ignored (see, for example, Fig. 1 in Ref. 4 and
Fig. 1 in Ref. 5). Furthermore, the two strongest
icosahedral lines (100000) and (110000) of Al-Ge-Mn and
Al-Cu-Ge-Mn alloys, ' ' as opposed to the correspond-
ing lines of, for example, the A16sCu2pFe» alloy, ' are
located on a rounded maximum centered at 28=43' (for
Cu Ka radiation). Since the strongest diffraction lines of
various crystalline alloys also occur around this value of
28, the occurrence of the rounded maximum indicates the
presence of some impurity in the icosahedral samples.
Thus the second phase (phases) is present in a small quan-
tity in the discussed icosahedral alloys, and if magnetic, it
can account, at least partially, for their weakly ferromag-
netic behavior. A careful analysis of x-ray diffraction
spectra is therefore required.

A strong argument for the presence of a magnetic
second phase in Si-rich Al-Mn-Si, Al-Ge-Mn, and Al-
Cu-Ge-Mn icosahedral alloys is based on the comparison
of their values of T~ with the T& values of the corre-
sponding crystalline alloys expected to be present in these
icosahedral alloys as the second phases. The value of T~
observed in Si-rich, melt-spun amorphous Al-Mn-Si al-
loys of various compositions is around 110 K. '"
However, ferromagnetism almost disappears in a sput-
tered amorphous A136Mnz4Si4p film. " In order to explain
the source of the ferromagnetism in Si-rich Al-Mn-Si
amorphous ribbons, and its lack in an amorphous film,
Hauser et al. ' studied magnetic properties of various
crystalline and amorphous Si-rich Al-Mn-Si systems.
They showed in an elegant way that ferromagnetism also
exists in a Si-rich crystalline phase which was identified
with P-A1-Mn-Si, '5 and which was magnetic with
T& =110 K. Combining this important finding with the
fact that ferromagnetism almost disappears in an amor-
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phous A136Mn24Si4p film, Hauser et al. ' concluded that
the ferromagnetism observed in Si-rich Al-Mn-Si amor-
phous ribbons of various compositions may be an extrin-
sic effect; i.e., it may arise from a small amount of Al-
Mn-Si microcrystallinity with T, =110K. As mentioned
earlier, the values of T, of Si-rich icosahedral Al-Mn-Si
alloys are also around 110 K. ' ' It would be very
unusual for all Si-rich Al-Mn-Si alloys of different com-
positions and structure (amorphous, icosahedral, and
crystalline) to have practically the same value of Tc
around 110 K. The clue to this unusual behavior lies in
the work of Hauser et al. ,

' which was not referred to in
the reports claiming ferromagnetism in Si-rich amor-
phous and icosahedral alloys. ' ' ' Namely, the fer-
romagnetism in Si-rich Al-Mn-Si amorphous ribbons and
icosahedral alloys may be not an intrinsic property of
these materials, but is most probably due to a small
amount of magnetic Al-Mn-Si microcrystallinity with
T~ =110K. In view of this, the description in recent re-
view articles, ' ' which do not refer to the crucial work
of Hauser et al. , ' of the apparent ferromagnetism of Si-
rich Al-Mn-Si icosahedral alloys as a well-established fact
seems to be premature.

The reported Tz value of 533 K for A152 sGe22 5Mn25
(Ref. 3) is in good agreement with the value of 529(5) K
determined by us. The latter value was also found for
icosahedral Alss 5Ge21Mn23. 5 and Als7 5Ge2QMn22. 5

loys. ' The Tc value of 467 K for A14QCu&QGe25Mn25 is
lower than the value of 528(10) K determined by us. '

The above values of Tc are very close to Tc =519 K of a
crystalline ferromagnet A1GeMn whose saturation mag-
netization is about 62 emu/g. ' This indicates that the
A1GeMn crystalline phase may be present in Al-Ge-Mn
and Al-Cu-Ge-Mn icosahedral alloys, and it may be par-
tially responsible for the observed ferromagnetism of
these alloys. More detailed studies, using x-ray
diffraction, transmission electron microscopy, and other
magnetic probes, of these alloys are necessary to eluci-
date the source of their apparent ferromagnetism.

Another indication of the presence of a magnetic
second phase in Al-Ge-Mn and Al-Cu-Ge-Mn
icosahedral alloys is based on comparing their values of
M with the values of the coercive force H„which is
about 2 kOe. ' ' One would hardly expect such a value
of 0, and a minute value of M for a homogeneous mag-
net with a high value of Tc.

The ME technique has proved to be very useful in
studies of magnetism of various materials. Unfortunate-
ly, because of methodological errors, which are discussed
in this paper, in the analysis of complex Fe ME spectra,
previous Fe ME studies ' of the A14QCu» Ge25Mn25
series contributed to the confusion in the field of magne-
tism of icosahedral allgys.

The purpose of this paper is to elucidate the source of
the observed ferromagnetism in Al-Ge-Mn and Al-Cu-
Ge-Mn icosahedral alloys. We combine x-ray diffraction,
differential thermal analysis, Fe ME, and magnetization
techniques to study these alloys and also a crystalline
Al-GeMn alloy. To perform Fe measurements on these
systems, an impurity concentration of Fe enriched in a

Fe isotope was introduced to the alloys.

II. EXPERIMENT

Ingots of A152. 5Ge22. sMn25,
A152. 5Ge22. 5Mn24. 85Fep & 5, A14oCu &QGe25Mn25

A14oCu9 94Feo.o6Ge25Mn25, A1GeMn, and
A1GeMnQ 995Fep Qps were prepared by arc melting in an
argon atmosphere of high-purity elemental constituents.
The iron metal used was enriched to 95% in the Fe iso-
tope. The ingots corresponding to icosahedral composi-
tions were melt spun in air by ejecting molten alloy at a
temperature estimated with a pyrometer to be in the
range 1373—1423 K through a 0.7-mm-diam orifice in a
quartz tube onto the surface of a rotating copper wheel
15 cm in diameter. The tangential velocity of the wheel
was 70(1) m/s, and the ejection pressure of argon was
about 55 kPa. The resulting alloys were in the form of
brittle Aakes. The A1GeMn and A1GeMnQ995Feppps in-
gots were vacuum annealed at 973 K for 24 h.

Room-temperature x-ray diffraction (XRD) measure-
ments were performed on a Siemens 0500 scanning
diffractometer using Cu Ke radiation. The contribution
to the spectra from the Cu Ko.'2 radiation was subtracted.
X-ray scans were carried out with a 26 step of 0.05' and a
time per step of 5 s. The alloys were gently powdered for
x-ray measurements.

Fe ME measurements were performed at room
temperature and 4.2 K using a Wissel MSII Moss-
bauer spectrometer operating in a sine or triangular
mode. The spectrometer was calibrated with a 12.7-pm-
thick Fe foil, and the spectra were folded. The sur-
face densities of the A152 5Ge22 5Mn24 85FeQ }5,
A14QCu9 94Feo Q6Ge25Mn25, and A1GeMnQ 995Fep Qps

Mossbauer absorbers were respectively 12.6 X 10
4.0X10, and 47.6X10 mg Fe/cm . The source
used was Co(Rh).

Magnetization measurements at room temperature
were conducted in fields up to 9 kOe using a vibrating-
sample magnetometer.

Differential thermal analysis (DTA) measurements
were carried out under an argon atmosphere on a Fisher
260F thermal analyzer using a heating rate of 20
K min

III. RESULTS AND DISCUSSION

A. Differential thermal analysis
and x-ray difFraction data

A DTA curve of an Als2Ge22. sMn24. 8sFep & 5
icosahedral alloy exhibits an exothermic peak resulting
from the transformation of icosahedral to equilibrium
crystalline phases at temperatures ranging from the onset
for the crystallization temperature T, 719 K, to 745 K.
For an A14QCu994Fepp6Ge»Mn25 icosahedral alloy, the
corresponding temperature range is 592—643 K. These
values of T are in reasonably good agreement with the
values of 685 K for A152 5Ge225Mn25 and 608 K for
A14QCu, pGe25Mn» icosahedral alloys rePorted by Tsai
et al. for a heating rate of 40 Kmin ' and unspecified
quenching rate parameters.
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The XRD patterns of crystalline A1GeMn and
A1GeMno 995Feo oo, are shown in Figs. 1(a) and 1(b). All
lines present in the patterns could be indexed on the basis
of a tetragonal cell, in agreement with previous structural
studies of the AlGeMn alloy. ' The values of lattice con-

stants, a and c, obtained from least-squares fits of the ob-
served XRD line positions are 3.926(2) and 5.962(3) A for
A1GeMn, and 3.919(1) and 5.946(2) A for
A1GeMnp 995Feppp5. The smaller values of a and c for
A1GeMnp $95Fep ppg than for A1GeMn are in accordance

3200
I I I I I I I I I I I I I I I I I I I

I
I I I I I I I I I

I
I I I I I I I I I

I
I I I I I I I I I I I I I I I I I I I

O
O

1600

O
O

O
C4

O
CV
CV

O
CV
O
O

O
CV O O

O

CV

CV

O

4140

2070

0

5310

2655

I

() + ~~L)(J I

I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I

20 30 40 50 60
28 (deg)

70 80

FIG. 1. X-ray-diffraction patterns obtained with Cu Kal radiation of (a) crystalline AlGeMn, (b) crystalline AlGeMnQ 995FeQ QQ5,

and (c) icosahedral A152 5Ge22 5Mn24»FeQ» heated up to 799 K at a rate of 20 K min ' in a DTA analyzer.
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with what can be expected on the basis of the atomic ra-
dii of Mn and Fe.

A comparison between the XRD pattern of crystallized
A1~2 5Gezz, Mnz4 s~Fep» [Fig. 1(c)] and the pattern of Al-
GeMn [(Fig. 1(a)] clearly shows that the main crystalliza-
tion product of icosahedral Als2 sGe22 sMn24 8sFeo &s is
the A1GeMn alloy. Other minor peaks in Fig. 1(c) could
not be assigned unambiguously to a specific aHoy. They
are most probably due to some compositions of the
binary Mn-Ge system in which various magnetic aHoys
are known to be formed. The XRD pattern of crystal-
lized A14pCu9 94Fep p6Gez~Mn2~ [Fig. 2(b)] is very similar
to that in Fig. 1(c). We thus conclude that the main cry-
stallization product of Al-Ge-Mn and Al-Cu-Ge-Mn
icosahedral alloys is a tetragonal A1GeMn alloy.

The XRD pattern of icosahedral
A14pCu9 94Fep p6Gez5Mn25 shown in Fig. 2(a) is similar to
the patterns observed earlier ' for icosahedral
A14pCu, pGe2~Mnz~ and A14pCuiFe3Ge2~Mn~~ [the line
with the indices (110001) at 28=27 in Refs. 5 and 6
should have the indices (111010)]. The indexing of the
icosahedral XRD lines in Figs. 2(a) and 3(a) is according
to the scheme of Bancel et al. The "quasilattice con-
stant" az (the edge length of the rhombic dodecahedron
cells that make up the three-dimensional Penrose til-
ing ' ) was calculated from the formula
13.308/Q(100000), where Q(100000) is the scattering
wave vector (Q =4' sing/A, ) corresponding to the
(100000) line. The values of aR are 4.550(2) and 4.526(2)
A for A14oCu&oGe2sMn2s and A140Cu9 94Feo.o6Ge2sMn2s
respectively. The observed decrease of a~ associated
with the substitution of Cu by Fe is expected on the basis
of atomic radii of Cu and Fe. The positions of all
icosahedral lines indicated in Fig. 2(a) [and also in Fig.
3(a)] were calculated from the position of the (100000)
line. The centers of the labels of the icosahedral Miller
indices in Figs. 2(a) and 3(a) [except the labels (100000)
and (110000)] correspond to the calculated positions of
the icosahedral lines.

It is clear from Fig. 2(a) that, in addition to icosahedral
lines, there are also other lines due to small amounts of
second phases. The centers of the symbols e correspond
(in an increasing 29 sequence) to the positions of (101),
(111),and (200) lines and to the average position of nar-
rowly separated (203) and (220) lines of an
A1GeMnp 995Fep pp5 ferromagnet from Fig. 1(b). The
(101) line of A1GeMn [the first e symbol in Fig. 2(a)]
strongly overlaps with the icosahedral (111010)line and
therefore is not seen separately. The overlap of the (111)
line [the second e symbol in Fig. 2(a)] with the (211001)
line is smaller, and the former line can be distinguished
from a much weaker (211001) line present to its right.
The strongest line of AIGeMn [(112)],which is not indi-
cated in Fig. 2(a), coincides with the (110000) icosahedral
line. The most visible proof of the presence of A1GeMn
as a second phase in the A14OCu9 94Feo 06Ge2sMn2s
icosahedral sample is the occurrence of a well-separated
(200) line [the third e symbol in Fig. 2(a)] and the
(203)—(220) lines [the fourth e symbol in Fig. 2(a)]. One
can also clearly see the A1GeMn (200) and (203)—(220)
impurity lines in the XRD patterns of an

A140Cu, o Fe Ge2sMn2s icosahedral system published in
the literature. ' It should be emphasized that we used
different quenching rates (by changing the tangential ve-
locity of the wheel, the diameter of the orifice, the ejec-
tion pressure, and the temperature of the molten alloy) in
order to try to eliminate the presence of any A1GeMn
second phase. In spite of this, it was not possible to pro-
duce A14OCu, o Fe Ge2sMn2s icosahedral samples with
less impurity than for the sample whose XRD pattern is
shown in Fig. 2(a). We thus conclude that the
major second phase present in an icosahedral
A14OCu&o Fe Ge2sMn2s system Produced by the raPidly
quenched technique is an A1GeMn ferromagnet, which
must be responsible, at least partially, for the observed
ferromagnetism in the icosahedral A14oCu&oGe2sMn2s al-
loy.

As mentioned in the Introduction, the two strongest
icosahedral lines (100000) and (110000) are located on a
rounded maximum [Fig. 2(a) and figures in Refs. 5 and 6],
which must be due to the presence of overlapping lines of
other second phases. The presence of other minor peaks
present in Fig. 2(a) could not be associated unambiguous-
ly with a specific alloy (alloys), although the two strong-
est XRD lines of Ge2~Mn5 (Ref. 26) match reasonably
well with two of the three features seen between the
(100000) and (110000) lines in Fig. 2(a).

The XRD patterns of Als2 sGe22 sMn24 8sFeo» pro-
duced in three diA'erent squirts, each with a dift'erent melt
temperature, are shown in Fig. 3. The values of a~ for
Als2. sGe22. sMn2s and Als2. sGe22. sMn24. 8sFeo 0» are
4.543(3) and 4.551(6) A, respectively. Although there
seems to be a slight increase of a~ with the substitution
of Mn by Fe, which is contrary to what is expected on the
basis of atomic radii of Mn and Fe, this increase cannot
be given any significance since it lies within experimental
error. Since all the lines in the XRD pattern in Fig. 3(a)
can be assigned to suitable icosahedral Miller indices, a
sample with such an XRD pattern could be declared a
single-phase icosahedral alloy. However, a closer
analysis of the XRD pattern in Fig. 3(a), which corre-
sponds to the best, i.e., with the smallest amount of
second phases, Als2 sGe22 sMn2s Fe„alloy we could
produce, shows that the broad (111010) line consists in
fact of two strongly overlapping lines: an icosahedral
(111010)line of larger intensity and a (100) line of small-
er intensity due to an A1GeMn second phase. This is
clearly demonstrated in Figs. 3(b) and 3(c), which are the
XRD patterns of A1,2 sGe22 sMn24»Feo» with progres-
sively increasing content of the second phases. It can be
seen that the intensity ratio of the (111010)line and the
(100) line [the first e symbol in Fig. 3(c)] is reversed in
Fig. 3(c) as compared to this ratio in Fig. 3(a). Further-
more, the (200) line due to an A1GeMn ferromagnet,
which contributes to the hump at the right side of the
(110000) icosahedral line in Fig. 3(a), is clearly visible in
Fig. 3(c) [the third e symbol in Fig. 3(c)]. Additionally,
the two strongest icosahedral lines in Fig. 3 are located
on a rounded maximum, which arises from overlapping
lines of other impurity phases. Similarly to the
A14oCu&o Ge2sMn2s system discussed above, the two
strongest XRD lines of Ge2Mns seem to contribute to the
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features between the two strongest icosahedral lines in
Fig. 3. However, an unambiguous determination of other
than AlGeMn phases was not possible. We thus con-
clude that in the rapidly quenched
A15z 5Gez2 5Mn» Fe„ icosahedral system, similarly to

the A14OCu&o „Fe Ge»Mn» icosaheral system, a small
amount of a ferromagnetic A1GeMn is present as a
second phase and therefore must be responsible, at least
partially, for the observed ferromagnetism in this sys-
tem."
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FIG. 2. X-ray-diffraction patterns obtained with Cu Ka~ radiation of icosahedral A14pCu9 94Fep «Ge»Mn» (a) in an as-quenched
state and (b) heated up to 798 K at a rate of 20 K min ' in a DTA analyzer. The centers of the symbols + in (a) correspond (in an in-
creasing 20 sequence) to the positions of (10}),(111),and (200) lines, and the average position of narrowly separated (203) and (220)
lines of A1CxeMnp 995Fep pp5 from Fig. 1(b).
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B. Magnetization data

The room-temperature values of magnetization mea-
sured in an applied field of 9 kOe, M9, for the samples
whose XRD patterns are shown in Figs. 3(a)—3(c) are, re-

spectively, 0.27, 2.98, and 4.1S emu/g [Figs. 4(a) —4(c)].
The value of 0.27 emu/g is close to the value of 0.33
emu/g (Fig. 3 in Ref. 3) found earlier for
Al&2 5Gez2 5Mn25. One can see that the measured values
of M9 correlate well with the content of AlGeMn and
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FIG. 3. X-ray-diffraction patterns obtained with Cu Ea, radiation of icosahedral A1» 5Ge» &Mn248&Feo» produced in three
separate squirts as described in the text. The centers of the symbols + in (c) correspond (in an increasing 20 sequence) to the posi-
tions of (101), (111),and (200) lines of AlGeMno 995Feo oo, from Fig. 1(b).
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FIG, 4. Room-temperature hysteresis curves for
Al», Ge», Mn24»Fep» icosahedral alloys whose x-ray-
diffraction patterns are shown in Fig. 3.
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FIG. 5. Room-temperature hysteresis curves for icosahedral
(a) A14pCu&pCxe»Mn25 and (b) A14pCu9 94Fep p6Ge25Mn25.

other second phases present in the XRD patterns in Fig.
3. A similar correlation was observed for the
A140Cu, o „Fe„Gez'Mnzs (x =0.0 or 0.06) icosahedral
system, for which M9 varied in the range 2. 3 —30.0
emu/g, depending on the amount of A1GeMn and other
second phases present. This correlation confirms the
conclusion made earlier on the basis of the XRD patterns
about the presence of A1GeMn and possibly other mag-
netic second phases in melt-spun samples of
A152.5Ge22. sMn2s —,Fe and A14OCu, o „Fe„Ge2sMn2s
icosahedral systems.

Substitution for Cu in icosahedral A14OCu20Ge2sMn2s
by even a very small amount of Fe leads to a noticeable
decrease of I (Fig. 5). This has been also found for
icosahedral Als2 sGe22 sMn2s Fe with x =0.0 and

0.15. Similar behavior was observed earlier in Mn-rich
crystalline alloys.

It was observed that after a DTA treatment these
icosahedral alloys increase significantly their values of
M9 and, rather unexpectedly, also their values of H, .
For example, the values of M9 and H, for the crystallized
sample whose XRD pattern is shown in Fig. 1(c) are, re-
spectively, 10.3 emu/g and 3.4 kOe. The corresponding
values for the crystallized sample whose XRD pattern is
shown in Fig. 2(b) are 18.5 emu/g and 5.3 kOe. This sug-
gests that melt-spun icosahedral Al-Ge-Mn and Al-Cu-
Ge-Mn alloys subjected to suitable thermal processing
conditions have the potential for being used as materials
for producing hard magnets.

C. ' Fe Mossbauer eÃect data

It is clear from the analysis presented above that the
A1GeMn ferromagnet is the main second phase present in
melt-spun Al-Ge-Mn and Al-Cu-Ge-Mn icosahedral al-
loys. Its presence is clearly visible in XRD patterns of
the best samPles of A14OCu&0 Ge2sMn2s icosahedral al-
loys we could produce, whereas it is less visible in XRD
patterns of the best samples of Als2 sGe22 sMn2s Fe„
icosahedral alloys. A1GeMn must be then partially re-
sponsible for the observed ferromagnetism of these alloys.
This, however, does not prove that these icosahedral al-
loys are not magnetically ordered. One thing seems to be
evident: If they are magnetically ordered, their M values
must be very small indeed (smaller than the values found
in this paper for the best samples and in the literature ' ),
and one would therefore expect that their values of Tc
will be significantly smaller than those reported. ' The
question of whether these alloys are or are not magneti-
cally ordered cannot be decided unambiguously by mag-
netization measurements alone since the contributions to
M from A1GeMn impurity and from a possibly magneti-
cally ordered icosahedral alloy cannot be separated. This
question, however, can be elucidated by Fe ME mea-
surements because of a very favorable, although quite for-
tuitous, coincidence. Normally, one observes for a fer-
romagnet at temperatures below T& a magnetically split

Fe ME Zeeman spectrum. However; in the specific
case of the A1GeMn ferromagnet, in spite of the fact that
the magnetic moment of Mn at 4.2 K is 1.70p&, ' the
hyperfine magnetic field at 4.2 K at Fe nuclei of Fe
atoms substituting in impurity concentrations for Mn
atoms is zero. This is demonstrated in Fig. 6, in which
one can see only an asymmetric doublet due to an electric
quadrupole interaction. Thus Fe atoms in impurity con-
centrations substituting for Mn atoms in the A1GeMn
ferromagnet do not carry a magnetic moment. This fact
was discovered earlier by Shinohara, Kurosawa, and Ono-
dera for the AloeMn, Fe„series with x ~0.01 in the
temperature range 86—516 K. Consequently, in spite of
the fact that A1GeMn(Fe) impurity is present in Al-Ge-
Mn(Fe) and Al-Cu(Fe)-Ge-Mn icosahedral alloys, its con-
tributions to a Mossbauer spectrum will not be in the
form of a Zeeman pattern. This means that, despite the
presence of the ferromagnetic A1GeMn, the occurrence
of a Zeeman pattern in Fe ME spectra of these alloys
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can indicate, as discussed below, that the icosahedral al-
loys themselves are magnetically ordered.

Room-temperature Fe Mossbauer spectra of
Also. soever. sMnz4. 8sFeo. is and A140Cu9 94Feo.o66ezsM zs
alloys were measured first using a large velocity range

(Fig. 7) in order to detect a possible Zeeman splitting.
The spectra in Fig. 7 show only an asymmetric doublet
due to an electric quadrupole interaction. The lack of a
Zeeman pattern proves that the hyperfine magnetic field
at Fe nuclei is zero, and consequently Fe atoms in these
alloys do not carry a magnetic moment at room tempera-
ture. The corresponding spectra at 4.2 K (Fig. 8) show a
hardly noticeable broadening caused by the occurrence of
a very small magnetic dipole interaction for
A15~ ~Gezz 5Mnz~ 8~Feo» [Fig. 8(a)] and a small, but
clearly visible broadening for A14oCu994Feoo6GezsMnzs
[Fig. 8(b)]. Thus the Fe Mossbauer spectra shown in
Figs. 7 and 8 prove that Fe atoms in these icosahedral al-
loys bear no magnetic moment at room temperature and
could bear a very small magnetic moment at 4.2 K.

In order to study in detail the hyperfine interaction in
these alloys, their room-temperature and 4.2-K Fe
Mossbauer spectra were remeasured using a small veloci-
ty scale. The room-temperature spectra [Figs. 9(a) and
9(b)] exhibit a quadrupole doublet structure. The full
linewidth at half maximum, I, of two Lorentzian lines
obtained from a fit with an asymetric doublet are 0.389(2)
and 0.412(3) mm/s for the experimental spectrum in Fig.
9(a), and 0.395(7) and 0.433(7) mm/s for the experimental
spectrum in Fig. 9(b). Such large broadening of com-
ponent lines as compared to the natural linewidth
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I „„=0.194 mm/s rejects the presence of a distribution
of quadrupole splittings, 6, as we discussed in detail else-
where. In order to take this distribution into account,
the spectra were fitted to a shell model, for which the
distribution function P(b, )=b" '/o "exp( —6 /2o. )

and by assuming a quadratic correlation between the iso-
mer shift 5 and 6 (6=5O+ah+bh ). The details of the
fitting procedure and its justification were described ear-
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FIG. 9. Room-temperature ' Fe Mossbauer spectra of
icosahedral (a) Als~. 5&e2z. sMn24. ssFep. I s and (b)
Al4pCu9 94Fep p6Ge»Mn2, fitted (solid line) to a shell model. The
velocity scale is relative to the ' Co(Rh) source. The resulting
distribution function P(b. ) corresponding to fits in (a) (solid line)
and (b) (dashed line).

lier. Attempts to include in the fits a doublet subspec-
trum due to the A1GeMn(Fe) second phase failed. This
indicates that its content is below the resolution of Fe
Mossbauer spectroscopy. The parameters from the fit of
the A1~2 5Gez2 ~Mnz4 s5Feo i5 spectrum [solid line in Fig.
9(a)], which are n =2.053(61), o =0.329(7) mm/s,
I =0.239(6) mm/s, 50=0. 145 mm/s, a = —0. 113(15)
(mm/s) ', and b =0.114(17) (mm/s), gave the average
values b, =0.418(5) mm/s and 5=0.122(2) mm/s. The
parameters f«m the fit of the A14ocu9. 94Fe0.066e25Mn25
spectrum [solid lline in Fig. 9(b)], which are
n =1.565(57), o. =0.396(12) mm/s, I =0.211(11)mm/s,
50=0. 178(4) mm/s, a = —0.095(19) (mm/s) ', and
b =0 087(2. 2) (mm/s), gave 6=0.426(5) mm/s and
5=0.159(2) mm/s. The fits describe well the experimen-
tal spectra [Figs. 9(a) and 9(b)], and the I values obtained
from the fits are, as expected, only slightly broader
than I „„. The distribution function P(b, ) is slightly
broader for A140Cu9. 94Fe0.06625Mn25 than fol
Al~z 5Ge2z &Mn24 s~Feo i5 [Fig. 9(c)]. However, the values
of 6 are practically the same in these two alloys. The
presence of a distribution of quadrupole splittings in Fe
Mossbauer spectra of icosahedral alloys observed here
and in other icosahedral systems' is evidence for a con-
tinuous distribution of transition-metal sites in these al-
loys. This rejects the intrinsic disorder present in
icosahedral alloys. ' '

Fits of the experimental spectra in Figs. 9(a) and 9(b) to
a two-site model ' gave unphysically broad component
lines. This is in accordance with our previous' and
literature studies, which showed that both zero-field
and in-field Mossbauer spectra are at variance with such
a model. In spite of this clear evidence, ' ' this model is
still being used to fit Mossbauer spectra of icosahedral al-
loys, which leads not only to unphysically broad com-
ponent lines, but also to values of I smaller than I „„(see
Table 1 in Ref. 32), which is unphysical.

The dominant feature of the 4.2-K Fe Mossbauer
spectrum of the Al, 2 5Ge22, Mnz4 s5Fe~i, ~ alloy [Fig.
10(a)] is a doublet feature significantly broadened, espe-
cially at the wings, as compared to the room-temperature
spectrum of this alloy [Fig. 9(a)]. The doublet structure
is less visible and the broadening is even larger in the
4.2-K spectrum of the A14QCU994Fe006Ge25Mn25 alloy
[Fig. 10(b)] as compared to the room-temperature spec-
trum of this alloy [Fig. 9(b)]. This broadening is the evi-
dence for the nonzero value of the hyperfine magnetic
field H„f in both alloys. For H„f=0 the experimental
spectra in Fig. 10 would have had the same structure as
the spectra in Fig. 9, with practically negligible line
broadening due to increase of the Debye-Wailer factor at
4.2 K [compare, for example, the spectrum in Fig. 2(a)
from Ref. 9 with the spectrum in Fig. 2 from Ref. 1].
Thus the spectra in Fig. 10 exhibit mixed hyperfine mag-
netic interactions of comparable strength; i.e., they result
from the presence of both an electric quadrupole interac-
tion E2 (as is obvious from Fig. 9) and of a magnetic di-
pole interaction M1. For the majority of magnetic sys-
tems, M 1 is much larger than E2, and therefore
Mossbauer spectra can be fitted using first-order pertur-
bation theory (FOPT), in which E2 is treated as a pertur-
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bation of the dominant M 1 (Ref. 29). However, for mag-
netic systems in which E2 and M1 are comparable in
strength, as is the case here, FOPT is invalid, and the ex-
act Hamiltonian method must be used.

Fe Mossbauer spectra of A14oCuio Fe Ge2sMn2s
icosahedral alloys with x =3, 6, and 10 measured at room
temperature ' and at 110 K (for composition x =—3, Ref.
5) were fitted using the FOPT to a six-line Zeeman pat-
tern. Such fits are erroneous for two reasons. First, as is
clearly shown in Fig. 9(b), the room-temperature
Mossbauer spectrum for the composition x =0.06 is due
to E2 only. Substituting more Fe for Cu merely intro-
duces more disorder, which is refiected in a slight line
broadening of the doublet pattern. ' Furthermore, E2 is
present in all Al-based icosahedral alloys studied so far.
Thus fitting room-temperature Mossbauer spectra which
are due entirely to E2 with a Zeeman pattern ' is un-
physical. It was assumed ' that since Tc of
A14oCu, oGe2sMn2s is 467 K, Fe Mossbauer spectra at
room temperature must be due to M1. But as was indi-
cated above, the high value of the reported Tc is due to
the presence of a A1GeMn second phase, and the real
value of Tc of A14oCuioGe2sMn2s, as is argued below,
must be much lower. Second, the spectrum of
A14oCu7Fe3Gez~Mn2~ at 110 K [Fig. 2(a) in Ref. 5] exhib-
its minute broadening as compared to the room-
temperature spectrum [Fig. 2(b) in Ref. 5], which seems
to indicate the presence of not only E2, but also M1,
with strengths of the same order of magnitude. Conse-
quently, one cannot fit such a spectrum to a Zeeman pat-
tern using the FOPT. Furthermore, it was claimed '

that the quadrupole splitting obtained from such fits is
essentially zero. This is not surprising since in the FOPT
method the shift of component lines of a Zeeman pattern
due to E2 is proportional to K, with
K =(3 cos 0—1+rl sin 8cos2$)/2, where g is the asym-
metry parameter, and 0 and P are the polar angles of Hi, f
with respect to the principal axis system of the electric-
field-gradient (EFG) tensor. For systems with disorder,
such as icosahedral alloys, 9 and P are randomly distri-
buted, and consequently the average of K is zero. Thus
there will be no shift of Zeeman lines due to E2
in spite of the nonzero E2. The above arguments also
hold for fits ' of Mossbauer spectra of the
A14oCuio Fe„Ge2sMn2s series using the method of Le-
Caer and Dubois. The distributions of IIhz obtained
from such fits are meaningless. We conclude that the
previous analysis ' of the Fe Mossbauer spectra of
A14oCuio Fe Ge2sMn2s is incorrect, and consequently
the conclusions based on it and reported in the litera-
ture' as established facts are invalid.

Since 4.2-K experimental Mossbauer spectra of
Als2. sGe22. sMn24. ssFeo. & s and A14oCu9 94Feo.o6GezsMnzs
icosahedral alloys show mixed hyperfine magnetic dipole
and electric quadrupole interactions of comparable mag-
nitude, they have here been treated using the exact Ham-
iltonian. Because of the presence of disorder, which is an
inherent property of icosahedral alloys, it was assumed
that there is no correlation between the EFG principal
axes and the direction of IIhz. We employed the al-

goirthm given by Blaes, Fischer, and Gonser, which is
suitable for such a case.

The fitting routine provides 6, Hh&, the quadrupole
couling constant QS=eQV„/2 (e is the electron charge,
Q is the quadrupole moment of the Fe nucleus, and V„
is the principal component of the EFG tensor), i), and a
(the angle between the gamma ray and the direction of
Hhr). Since in reality all the above parameters exhibit
some distribution, their values obtained from such a one-
site fit can be regarded as the average values, just as one
can treat a quadrupole splitting 6 obtained from an
asymmetric doublet fit to a spectrum exhibiting a distri-
bution of 6 values. Because of the smallness of the mag-
netic dipole interaction manifested in the broadening of
the 4.2-K Mossbauer spectra, it is impossible to fit such
spectra using a distribution of the various hyperfine pa-
rameters. However, this distribution has been taken in-
directly into account by fixing the value of I in the fits to
the weighted average of the linewidths of the two com-
ponent lines obtained from the fits of the room-
temperature spectra in Fig. 9 with an asymmetric dou-
blet. These values are 0.398 mm/s for
A152.5Ge22. sMn24. 8sFeo. is 0.416 mm/s for
A14oCu9 94Feo o6Ge»Mnzs. It should be emphasized that
the fitted parameters do not di8'er too much for other
choices of I values. Attempts to improve the fits by in-
cluding an additional spectrum due to A1GeMn(Fe) im-
purity (Fig. 6) resulted in zero intensity for such a spec-
trum. It shows that the amount of this impurity is below
the resolution of the Fe ME technique.

The fits obtained using the above fitting procedure are
presented in Fig. 10. The parameters obtained from the
fit for Al~z 5Ge22 ~Mn2~ s5Feo» are 5=0.205(1) mm/s,
H„i =8. 8( 2) kOe, QS = —0.452(2) mm/s, il =0. 1( 1 ), and
a =90(20)'. The corresponding parameters for
Al~oCu9 94Feo o6Ge2~Mn2, are 0.234(4) mm/s, 11.8(5) kOe,—0.438(6) mm/s, i)=0. 1(1), and a=90(25)'. The fits
are very sensitive to the values of 5, Hhr, and QS, but
only marginally sensitive to q and u. Therefore, the
values of g and a are only estimations.

The temperature changes of 6 between room tempera-
ture (295 K) and 4.2 K are —2.85 X 10 and—2. 58 X 10 (mm/s) K for Al~z 5Gezz ~Mn24 s5Feo» and
A14oCu9 94Feo o6GezsMnzs, respectively. The decrease of
6 with temperature is due to the second-order Doppler
effect. The similar values of QS for both alloys are con-
sistent with the similar values of 6 obtained from the fits
of room-temperature spectra [Figs. 9(a) and 9(b)] with a
shell model. The predominant negative sign of QS is con-
sistent with the same predominant sign of QS obtained
from in-field Fe Mossbauer spectra of paramagnetic
Al-based alloys. It indicates that the local environment
around Fe atoms in these alloys is similar to the environ-
ment in other Al-based alloys. Because of the lack of
structural studies of the local environment of transition-
metal atoms in the studied alloys, it is not possible at
present to associate QS values with a particular local
structure model.

There are several contributions to Hh&. A quantita-
tive analysis of these contributions is very complex.
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velocity scale is relative to the ' Co(Rh) source. The fits (solid
lines) are explained in the text.

However, to the first approximation, the dominant con-
tributions in metallic systems are the contribution due to
the core electrons, Hhf, and the contribution due to the
conduction electrons, Hhf". On the basis of experimental
data for various Fe-based alloys, it was suggested that
Hhf Hhf+Hhf =apF, +bp, where pFe 's the magnetic
moment of Fe atoms in a given alloy, p is the average
magnetic moment per magnetic atom in the alloy, and a
and b are proportionality constants. There is a firm
theoretical basis for the proportionality between Hhf and

pF, . However, there is no such theoretical basis for
the assumption that H'„f" =bp. ' In fact, H'„f" may de-
pend in a complex way upon the electronic structure pa-
rameters of the alloy. Nevertheless, Hhf" in most cases
scales with H hf and usually H hf ))H hf", ' which ex-
plains the generally good agreement between p„, values
derived from Fe ME experiments and the values de-
rived, for example, from neutron scattering. Using
a =142 kOe/pii, which is a typical value found for
many alloys, ' ' and assuming b =0, one can estimate
from the measured values of Hhf that pF, at 4.2 K is
0.06p~ and 0.08p~ for A152. 5Ge22. 5Mn24 85Feo &5 and

A140Cu9 94Feo 06Ge25Mn25, respectively. Such small
values of pF, indicate that Fe atoms in the studied alloys
are slightly above the borderline between possessing and

not possessing a magnetic moment. Since Fe atoms in
the alloys are at the impurity concentration level, the
nonzero values of p„, suggest nonzero values of pM„.
Even if one assumes that all measured Hhf are due to the
conduction electrons (which means that p„,=0), which is
a much less probable situation, the presence of Hhf im-
plies nonzero value of pM„since conduction-electron po-
larization can be achieved only when pM„&0. The values
of pM„are expected to be very small: about a few hun-
dredths of p~ for A152. soe22. 5Mn248, Feo» and about
0. 1p~ for A140Cu994Feoo6Ge25Mn25 based on the esti-
mates of saturation magnetizations of these alloys and as-
suming that the measured values of M for the samples
with the least amount of second phases are due solely to
the icosahedral phase. The effective magnetic moment
per Mn atom, p,z, derived from the temperature depen-
dence of susceptibility data for many Al-based paramag-
netic icosahedral alloys is of the order of 1p~. It seems
not unreasonable to assume that p,z in the studied alloys
is of the same order of magnitude. Combining this as-
sumption with the fact of the very small value of the satu-
ration magnetic moment suggests, on the basis of the
Rhodes-Wohlfarth plot, a very small Tc. The analysis
presented above indicates that at 4.2 K both Fe and Mn
atoms in the studied alloys carry a very small magnetic
moment. It seems also that Tc of these icosahedral al-
loys is not much above 4.2 K, and that at 4.2 K they are
only slightly above the borderline between being and not
being magnetic.

There is another, equally valid possible interpre-
tation of the 4.2-K Mossbauer spectra of
A152. 5oe22. 5Mn24 85Feo» and A140Cu9 94Feo.o6Ge25Mn25
icosahedral alloys, which complements the above inter-
pretation. The fits shown in Fig. 10 are not satisfactory
at the wings and in the central part of the spectra. A fur-
ther improvement of the fits was possible by using two
subspectra. In the first subspectrum, H„f(1)=0 was set,
which corresponds to the assumption that at 4.2 K some
of Fe atoms are nonmagnetic, and the other parameters,
except 6& and the subspectrum relative area A &, were set
to the values obtained from an asymmetric doublet fit of
the room-temperature spectra (this is justified since the
temperature dependence of the quadrupole splitting is
negligibly small' ). All parameters of the second subspec-
trum, i.e., 52, H„f(2), QS2, i}2, a2, and A2, were fitted.

Similarly to the fits in Fig. 10, the value of I 2 was fixed.
The fits shown in Fig. 11 account well for the features at
the wings and in the central part of the experimental
spectra. Attempts to include a third subspectrum due to
the A1GeMn(Fe) second phase with parameters derived
from Fig. 6 did not produce a better fit. The fraction of
this subspectrum was below 1% and was not statistically
meaningful. It does not mean that this second phase is
not present in the studied samples. It only shows that its
content is below the resolution of Fe Mossbauer spec-
troscopy. The parameters obtained from the fit for
A15z 5Ge22 5Mn24 85Feo iz [Fig. 11(a)] are 5i =0.187(1)
mm/s, 2 I =0.69, 5&=0.239(1) mm/s, Hhf(2)=32. 2(l)
kOe, QSz=0. 000(2) mm/s, rjz=0. 0(1), a2=90(20)', and
3 2

=0.31. The corresponding parameters for
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Al~pCu994Fep p6Ge2~Mn2~ [Fig. 11(b)] are 0.195(5) mm/s,
0.54, 0.289(10) mm/s, 28.7(7) koe, —0.355(25) mm/s,
0.0(1), 90(25)', and 0.46. Freeing Hht(1) in the fit resulted
in a practically zero value, which justifies the assumption
made. The fits were practically insensitive to the values
of g2 and a2. Therefore, the values of these parameters
should be treated as only estimations. The values of p„,
estimated from the values of Hht(2), using the procedure
described earlier, are 0.23p~ for A152 5Ge22 ~Mn24 8~Fep»
and 0.20pz for A14pCu9 94Fep p6Gez&Mn2~.

There are, in principle, two possible explanations for
the results of two-component fits. In the first explanation
one could interpret the nonmagnetic subspectrum as evi-
dence that the studied icosahedral alloys are not magneti-
cally ordered (provided that p„,=O implies that pM„=O),
whereas the magnetic subspectrum would be interpreted
as being due to 31% of Fe atoms for
A152 5Gez2 5Mn24 85Fep &5 and 46% of Fe atoms for
A14pCu9 94Fep p6Ge25Mn2~ substituting respectively for
Mn and Cu atoms not of icosahdral alloys, but of mag-
netic crystalline second phases. An argument against
such an explanation is as follows. As was shown with
XRD analysis, the main second phase present in the stud-

ied alloys is A1GeMn. Because the 4.2-K Fe Mossbauer
spectrum of this phase (in which Fe was substituted in
the impurity concentration for Mn) is a quadrupole dou-
blet (Fig. 6), its presence cannot thus be responsible for
the magnetic subspectrum. Fe atoms in other
unidentified phases could, in principle, contribute to this
spectrum. However, the large fraction of the magnetic
subspectrum is incompatible with XRD results, which in-
dicate the presence of a very small fraction of second
phases other than AIGeMn (Figs. 2 and 3). Such an ex-
planation seems therefore to be unlikely.

The second possible explanation is based on the hy-
pothesis of two classes of transition-metal sites in Al-
based icosahedral alloys, which was reviewed in Ref. 1.
Briefly, there is a strong experimental evidence' which
suggests that there are two classes (or two distributions)
of transition-metal sites in Al-based icosahedral alloys:
larger sites which allow moment formation and smaller
sites which are nonmagnetic. In the alloys studied so far,
Fe atoms seem to substitute only the latter, and conse-
quently they bear no magnetic moment. However, in a
recent study Eibschutz et ah. confirmed, using suscepti-
bility measurements, an earlier conclusion based on ex-
tended x-ray absorption fine structure studies of Al-
Mn-Fe and Al-Mn-Fe-Si icosahedral alloys that small
amounts of Fe atoms substitute randomly for Mn atoms:
i.e., they enter both magnetic and nonmagnetic classes of
Mn sites. As has been often stressed in the litera-
ture, ' '" the two classes of sites should not be confused
with the existence of two approximately well-defined
crystallographic sites. The two classes of sites imply the
presence of two distributions of sites. If one assumes that
in the studied alloys the local environment of transition-
metal atoms is similar to the environment in Al-Mn-Fe
and Al-Mn-Fe-Si icosahedral alloys (a negative sign of
QS, as discussed earlier, gives credence to such an as-
sumption), then one can also expect the presence of two
classes of transition-metal sites in these alloys. Because
of the low concentration of Fe atoms in the studied al-
loys, these atoms would then enter approximately ran-
domly ' these two classes of sites. One would thus ex-
pect to observe a nonmagnetic subspectrum due to the Fe
atoms entering the nonmagnetic class of sites and a mag-
netic subspectrum due to the Fe atoms entering the mag-
netic class of sites, which is consistent with our observa-
tions (Fig. 11).

IV. SUMMARY
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FIG. 11. 4.2-k ' Fe Mossbauer spectra of icosahedral (a)
A152. 5Ge22. 5MI124. 8sFeo. is and (b) A140Cu9 94Feo.o6&e2sMn2s. The
velocity scale is relative to the ' Co(Rh) source. The fits (solid
lines) with two subspectra, which are also shown (solid lines),
are explained in the text.

A critical review of magnetically ordered icosahedral
alloys has been presented. It has been argued on the basis
of literature data that ferromagnetism in Si-rich Al-Mn-
Si alloys is an impurity effect rather than an intrinsic
property. It has been shown with x-ray diffraction and
magnetization measurements that an A1GeMn ferromag-
net is the major second phases present in Al-Ge-Mn and
Al-Cu-Ge-Mn icosahedral samples and is partially re-
sponsible for their magnetism. It has been shown that
this ferromagnet is the main crystallization product
of Al-Ge-Mn and Al-Cu-Ge-Mn icosahedral alloys.
Room-temperature Fe Mossbauer spectra of
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A152. sGe22. 5Mn24. 85Feo. i s and A14oCu9 94Fe0.06Ge25Mn25
icosahedral alloys prove, contrary to previous erroneous
analysis of Mossbauer spectra, that Fe atoms do not car-
ry a magnetic moment. Their analysis shows that Fe
atoms are distributed among a multiplicity of sites, which
rejects intrinsic disorder present in icosahedral alloys.
Analysis of 4.2-K Mossbauer spectra of these alloys
shows that Fe atoms bear a small magnetic moment. We
show that this suggests that the magnetic moment of Mn
as well as Tz of Al-Ge-Mn and Al-Cu-Ge-Mn
icosahedral alloys should be very small. It has been
shown that, in agreement with other experimental stud-
ies, 4.2-K Mossbauer spectra indicate the existence of
two classes of transition-metal sites: a nonmagnetic class
of sites, in which Fe atoms bear no magnetic moment,
and a magnetic class of sites, in which Fe atoms possess a

magnetic moment. Al-Ge-Mn and Al-Cu-Ge-Mn
icosahedral alloys seem to be slightly above the border-
line between being nonmagnetic and magnetic. Finally, it
has been observed that annealing rapidly quenched sam-
ples of Al-Ge-Mn and Al-Cu-Ge-Mn icosahedral alloys
leads to a significant increase of the coercive force and
saturation magnetization. This suggests that these ma-
terials have the potential of being used as permanent
magnets.
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