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Nonuniform local magnetism in Al-Mn qnasicrystals
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The distribution of local magnetism in Al-Mn quasicrystal alloys has been studied by NMR
spin-echo techniques. The 5Mn resonance is found to be close to the position observed in non-

magnetic orthorhombic A16Mn and u-A173SiloMnl7 despite large paramagnetic susceptibilities in

the quasicrystals. Analysis of spectral intensities shows that the paramagnetism is due to a class

of Mn sites having local environments which do not occur in the crystals.

Since the initial discovery of icosahedral symmetry in
the diffraction patterns of rapidly quenched Al-Mn al-
loys, ' attention has been focused primarily on the structure
of these unusual materials. There was little indication of
interesting electronic properties in the so-called quasicrys-
tals until the recent discovery by Hauser, Waszczak, and
Chen that quasicrystalline alloys of the type Ali, Mn,
and (A1Si)i „Mn, show strong Curie-Weiss paramagne-
tism and, in low fields, spin-glass behavior. In contrast the
equilibrum crystalline phases orthorhombic(o) -AlqMn
and a-A173SiipMni7 exhibit only weak, temperature-
independent paramagnetism. In quasicrystalline and
amorphous alloys the average moment per Mn atom,
characterized by an effective number of Bohr magnetons,
(p,rr), increases systematically with Mn concentration in
the range 14-22 at. 9o Mn. In this paper we describe nu-
clear magnetic resonance (NMR) results for quasicrystal-
line alloys which show that the paramagnetism of the
quasicrystalline phases is distributed nonuniformly among
the Mn sites. In particular, we find a large fraction of Mn
sites which are magnetically similar to those in the crystals
and carry no moment. The magnetism is provided by a
subset of sites having moments substantially larger than
the average value (p,rr). An increasing proportion of mag-
netic sites at higher Mn concentrations explains much of
the apparent increase in (p,ff).

Alloy ribbons with compositions AlgsMni4, AlspMii2p,
AlqsMn22, and A172SiqMn22 were prepared by spin quench-
ing and gently crushed to form powdered samples of
50-100 mg for NMR studies. Electron diffraction exam-
ination of these ribbons revealed the characteristic
icosahedral (i) symmetry except for AlspMn2p which also
contained an appreciable amount of the decagonal "T"
phase (referred to as i/T), and A17sMnzz which was pure
T phase. A 20-h anneal of an AlssMni4 ribbon at 825 K
yielded the orthorhombic phase sample. After crushing
the ribbons, we checked the powders by x-ray diffraction
to confirm that no phase changes (i.e., recrystallization)
occurred during the powdering process. The so-called a
phase (a-A173SiipMni7) (Ref. 4) was prepared as a bulk,
polycrystalline ingot and subsequently powdered. NMR
spin-echo spectra were obtained by integrating the echo
with a boxcar integrator and recording the boxcar output
while sweeping the magnetic field. We averaged repeated
sweeps to obtain adequate signal-to-noise ratios. For a
measurement at 300 K, for example, the data-acquisition

time was about 30 h while at 4.2 K, less than an hour was
required for typical measurements. All data reported in
this paper were obtained using a fixed frequency of 18.3
MHz.

Spin-echo spectra of crystalline and quasicrystalline
Al-Mn alloys at 4.2 K are compared in Fig. 1. The spectra
show the dominant m + —,

' transition of 2 Al and, in
some cases, the 55Mn resonance at higher field. An under-
lying quadrupolar satellite structure extends over 4-5 kG.
The low-field quadrupolar structure evident in the spec-
trum of i-AlgsMni4 and discussed in a previous paper is
absent in the quasicrystals having higher Mn content.

The 55Mn resonance is relatively narrow in the crystal-
line phases, broadens in i-Als6Mni4, and can be discerned
in i/T-AlspMn2p and i-A172Si6Mn22 only by the asym-
metry of the spectra. While this broadening might be at-
tributed to increased disorder in the local electric field gra-
dient distribution in the higher-Mn-content alloys, it is sig-
nificant that it correlates with the increasing Curie-Weiss
paramagnetism in these alloys. In fact, it is clear from the
temperature dependence of the spectra shown in Fig. 2,
that the 5Mn line is subject to magnetic broadening at low
temperatures. Spectra for i/T AlspMn2p a-t 4.2, 77, and
300 K show a striking narrowin of the Al central line
and improved resolution of the 5 Mn line which correlates
with the strong decrease in susceptibility at higher tem-
peratures. Yasuoka, Soyama, Kimura, and Takeuchi6 re-
cently reported that the Al linewidth scales with the sus-
ceptibility in the range 2-160 K although they were un-
able to resolve the 55Mn resonance at the lower magnetic
field they employed. By folding the 27A1 spectrum symme-
trically about the central transition, we were able to
separate the ssMn spectra at 77 and 300 K [insets, Figs.
2(a) and 2(b)]. These show that the ssMn linewidth is
essentially unchanged above 77 K with a residual
linewidth appreciably broader than in the crystalline
phases. Thus, after removal of the low-temperature mag-
netic broadening, there remains evidence of a relatively
broad distribution of local electric field gradients in the
AlspMn2p quasicrystal. The spectrum of T-A17sMn22 at
77 K was found to be similar to that of i/T-AlspMn2p but
with a somewhat broader Mn peak.

The central point of this paper is that the position of the
Mn resonance is inconsistent ~ith a uniform distribution

of local magnetism in the quasicrystals. The Mn reso-
nance occurs at essentially the same position in both the
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FIG. 1. Field-swept spin-echo spectra obtainedtained at 4.2 K and
18.3 MHz (a) o -A46Mni4, (b) u-A173SiioMni7, c & -A46M»4
(d) i/T -AleoMn2o, (e) i Ab2Si6M n~2-Arrows.ws indicate reference
positions for 27A1 and 5~Mn resonances.
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ed. With these limitations, we estimated the intensity ra-
tio I(55Mn)/I(total) to roughly + 10% by integrating
separately the 55Mn peak and the combined spectrum.
This was done for i-Alg6Mn~4 at 4.2 K [Fig. 1(a)] and
i /T-AlseMn2o at 77 K [Fig. 2(b)] and 300 K [Fig. 2(a)I.
As a check we carried out the same analysis on o-
Alg6Mn~4 for which we expect that all Mn sites contribute
to the resonance. We obtained the expected mole fraction
within experimental error: x„0.15+'0.02. The result
for the quasicrystal phases yielded a roughly constant non-
magnetic mole fraction x„m=0.12+ 0.01 at all tempera-
tures and compositions measured except for T-A17sMn22
for which a somewhat lower value was obtained. Thus in
i -Alg6Mn~4 a small minority of sites is responsible for the
observed paramagnetism while in i /T- Alg oM n2o, the mag-
netic fraction x —x„ /x rises to about 40%. In T-
A17sMnz2 roughly 60% of the Mn sites are magnetic. Us-
ing this result, and interpolating the value of x, for alloys
with x 0.16 and 0.18, we can calculate the average mo-
ment p, tt of the magnetic sites between x 0.14 and 0.20
QS1Qg

(p,ff) - [(x —x.m)/» Ipeff
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FIG. 3. Effective Bohr magneton numbers for Al-Mn quasi-
crystalline alloys. Open circles: average values determined from
susceptibility (Ref. 2); triangles: inferred values for magnetic
sites.

where values of (p,tt) are taken from the work of Hauser
et al. The results plotted in Fig. 3 show that the p, ff
values of the magnetic sites are substantially larger than
(pzrt)'~2, as expected, and increase by only about 30% from
x 0.14 to 0.20. ' It is interesting that for AlgcMn2o, ar-
gued to be close to the ideal for formation of the quasicrys-
tal, " the p, tt value approaches the values (1.7ptt and
1.9ptt) found for the magnetic sites in elemental a-Mn.
Our observed shifts for the nonmagnetic sites in the quasi-
crystals are comparable with those of the least magnetic
sites in a-Mn.

To summarize, the crystalline phases o-AlgsMn14 and
a-A173S11QMn14 show no local moment paramagnetism
and NMR spectra of these materials exhibit typical quad-
rupolar structure with a relatively narrow central transi-
tion. The icosahedral phases, in contrast, contain a certain
fraction of magnetic Mn sites which increases at higher
Mn concentration. In the context of models based on clus-
ters found in the a phase, '2 '5 this means that the in-
creased disorder present in the quasicrystals permits Mn
environments which are favorable for moment formation.
We emphasize that the distinction between magnetic and
nonmagnetic sites does not necessarily imply the existence
of two unique structural environments. The residual

11new1dth of i/ TAl soMn 2oshows, for example, that there
remains a distribution of local environments among the
nonmagnetic sites. Rather, we suggest that there are two
classes of site, one group much more magnetic than the
other. The analogy of a-Mn with its two strongly magnet-
ic crystallographic sites and two weakly magnetic sites
may be helpful, but of course the details of the interactions
are quite different at the Mn-Mn separations found in the
elemental metal. Finally, we would like to note again the
similarity of the magnetic behavior of the icosahedral and
amorphous alloys. z This suggests strongly that the appear-
ance of magnetic sites in the quasicrystals is related to the
inherent disorder in these structures and is not a conse-
quence of icosahedral or decagonal symmetry.
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