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The alloy AlsoMn2sFe3CusGess has been prepared by rapid quenching from the melt. This al-
loy is shown to be a single-phase icosahedral quasicrystal and is ferromagnetic at room tempera-
ture. S’Fe Mossbauer-effect spectra have been obtained at 110 and 293 K. A spectrum was also
obtained at 293 K in an external magnetic field of 4.8 kOe in order to obtain the sign of the
hyperfine magnetic field. These results show a mean Fe hyperfine field of +17 kOe and suggest
an average Fe magnetic moment of 0.11u5. These results are discussed in terms of recent magne-
tization measurements on other ferromagnetic quasicrystals and possible models for the magnetic

structure.

L. INTRODUCTION

Since the first report of quasicrystals by Shechtman
etal. ' in 1984, the magnetic properties of these materials
have attracted considerable interest.>™* A variety of
magnetic behaviors have been reported ranging from
diamagnetism® to paramagnetism® and spin-glass behav-
ior.” Recently, ferromagnetism has been reported in
icosahedral Al-Ce-Fe by Zhao et al.,® in icosahedral Al-
Mn-Si by Dunlap etal.,® and in icosahedral Al-Mn-Ge
based alloys by Tsai etal. '° The availability of such fer-
romagnetic quasicrystals allows for the comparison of ex-
perimental results with theoretical predictions on the
effects of icosahedral symmetry on magnetic order-
ing.!'”! In the present work we report on °'Fe
Mossbauer-effect measurements in an icosahedral quasi-
crystal which exhibits ferromagnetism at room tempera-
ture: AlsoMn;sFe;Cu;Gess. This alloy is an extension of
the ferromagnetic Al-Mn-Cu-Ge alloys reported by Tsai
etal. ' We have chosen to substitute Fe into this system
rather than the simpler AlI-Mn-Ge system because of the
larger saturation magnetization.

II. EXPERIMENTAL TECHNIQUES

An alloy of AlsoMn;sFe;Cu;Ge,s was prepared by rapid
quenching from the melt onto the surface of a single Cu
roller with a surface velocity of 60 m/s. A Cu Ka x-ray-
diffraction pattern was obtained using a Siemens scanning
powder diffractometer. As illustrated in Fig. 1, this alloy
was found to be a well-ordered single-phase icosahedral
quasicrystal. The figure shows the indexing of the
diffraction peaks according to the scheme of Bancel
etal. 'S This pattern yields a quasilattice constant'” of
4.488 A, in good agreement with the value of 4.504 A re-
ported for Al4oMn,sCu9Ge;s by Tsai et al. 10 The present
alloy is found to be clearly ferromagnetic at room temper-
ature as expected on the basis of a value of T¢ of 467 K
reported for icosahedral AlyoMn,sCu;oGess. '©

Fe Mossbauer-effect spectra were obtained at 110+ 5
K (liquid-nitrogen cold finger) and 293 *+ 2 K (room tem-
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perature) using a Pd>’Co source and a Wissel System II
Mossbauer spectrometer. Spectra were collected using a
conventional constant acceleration mode and the spec-
trometer was found to have an intrinsic line width for a
thin a-Fe absorber of 0.24 mm/s full width at half max-
imum (FWHM). Room-temperature spectra were also
obtained in an external magnetic field of 4.8 kOe for the
purpose of determining the sign of the internal hyperfine
field.

II1. RESULTS AND DISCUSSION

3TFe Mossbauer-effect spectra obtained at 110 and 293
K are illustrated in Fig. 2. These spectra are clearly dis-
tinct from the quadrupole-split doublets with ~0.4 mm/s
previously reported in all cases for paramagnetic Al-based
quasicrystals.'8 720 Acceptable computer fits to these
spectra could not be obtained on the basis of a Lorentzian
doublet or a distribution of Lorentzian doublets [e.g., the
shell model or a similar distribution (Refs. 5, 21, and
22)]. The spectra could, however, be satisfactorily fit to a
Zeeman-split Lorentzian sextet with broadened lines or to
a distribution of Lorentzian sextets. To illustrate this
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FIG. 1. Cu Ka x-ray-diffraction pattern of icosahedral Also-
Mn;sFe3CusGezs. Indices of the major peaks are given accord-
ing to the scheme of Ref. 16.
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FIG. 2. *'Fe Mdssbauer-effect spectra of icosahedral Also-
Mn;sFe3CusGeas obtained for zero external magnetic field at (a)
110 K and (b) 293 K. Solid lines represent fits according to
method 2 described in the text.

point, a fit to the room-temperature spectrum to an asym-
metric Lorentzian doublet (seven fitting parameters) gave
a misfit?3 of 1.34 while a fit to a Lorentzian sextet (six
fitting parameters) gave a misfit of 0.52. For the fit to the
sexet, all linewidths were constrained to be equal and the
relative line amplitudes were constrained to be symmetric
and of the form 3:5:1:1:5:3, where b was a free-fitting pa-
rameter. As well, the fit to a doublet yielded anomalously
broad lines (~0.47 mm/s FWHM at room temperature)
and this width was found to be temperature dependent.
Results of the computer fits to Lorentzian sextets for
the three spectra are given in Table I (method 1). The
following observations can be made on the basis of these
results: The isomer shift becomes less positive with in-
creasing temperature as is expected on the basis of the
second-order doppler effect. The room-temperature iso-
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mer shift, however, does not seem to be a function of ap-
plied field. The value of b changes slightly between 110
and 293 K indicating a partial realignment of domains.
This effect is commonly observed in amorphous materi-
als?* and results from thermally induced strains in the
sample. This effect is highly dependent on the method of
mounting the sample (in this case on cellophane tape).
The introduction of a magnetic field in the plane on the
ribbons significantly increases b, indicating a partial align-
ment of the domains by the external magnetic field. On
the basis of coercive forces in excess of 2 kOe reported by
Tsai et al. '° for a similar alloy, it is not surprising that the
domain alignment is not complete (b =4). The linewidth,
as expected, is independent of both temperature and ap-
plied field. The linewidth values obtained here, ~0.37
mm/s, are essentially identical to those typically observed
for fits to the asymmetric Lorentzian doublets seen in Fe
Mossbauer spectra of paramagnetic Al-based quasicrys-
tals. This excess linewidth is undoubtedly due to a distri-
bution of Fe sites within the icosahedral structure. The
details of such distributions in paramagnetic quasicrystals
has been somewhat controversial (Refs. 3, 5, 18, and
19-22). However, the linewidths obtained from the
Lorentzian sextet fits to the present spectra indicate that
this ferromagnetic quasicrystal has a degree of Fe site dis-
order which is consistent with that seen in paramagnetic
icosahedral alloys. The change in the hyperfine field ob-
served here between 110 and 293 K is consistent with a
value of the Curie temperature 7T¢ in the neighborhood of
500 K, as has been reported for similar quasicrystals by
Tsai etal. '° The observed increase in the room tempera-
ture H with the application of an external magnetic field
shows that the sign of the field is positive. This is in con-
trast to the sign of the Fe field in a-Fe but is the same as
that found in many Heusler alloys?® where the ferromag-
netic order is also the result of Mn-Mn coupling. Finally,
the quadrupole splitting observed in all of these fits is
essentially zero.

We have, as well, fitted these spectra to a distribution of
hyperfine fields, P(H), using the method of LeCaer and
Dubois?® (method 2). This method makes no a priori as-
sumptions concerning the functional form of P(H). In or-

TABLE I. "Fe Mossbauer-effect parameters for icosahedral AlgMn2sFe;CusGezs. Method 1 is a fit
to a Lorentzian sextet and method 2 is a fit using the method of LeCaer and Dubois (Ref. 26). H, is the
externally applied magnetic field. The isomer shift & is measured relative to room temperature a-Fe and
for method 2 is 8o from Eq. (1). b is the relative spectral line amplitudes given by 3:5:1:1:5:3, T is the
FWHM of the Lorentzian lines. For method 2 the FWHM was fixed to the intrinsic Fe linewidth for
our spectrometer, 0.24 mm/s. H for method 2 is the mean hyperfine field given by P(H). The quadru-
pole splitting A is given as A=[(L¢—Ls) — (L, —L,)1/4. Misfit is defined in Ref. 23. All velocities are
in mm/s and are & 0.01 mm/s, and a is given in mm/(skOe).

Method T (K) H. (kOe) é b r a H (kOe) A Misfit
1 110 0 +0.335 198 0.367 17.4 —0.005 1.84
293 0 +0.252 1.60 0.374 15.9 —0.007 0.52

293 4.8 +0.254 2.42 0.363 17.2 —0.002 1.52

2 110 0 +0.328 197 0.24 +0.007 18.8 —0.005 1.33
293 0 +0.243 1.59 0.24 —0.003 17.4 —0.006 0.49

293 4.8 +0.255 241 0.24 +0.01 18.9 +0.003 1.24
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der to account for any possible spectral asymmetry we
have, in the application of this method, included a correla-
tion between hyperfine splitting H and the isomer shift §
of the form

S(H) =8y+aH . 1)

The parameters resulting from these fits are given in
Table I. The hyperfine-field distributions observed for the
room-temperature spectra are illustrated in Fig. 3. The
P(H) obtained at 110 K is of the same general form as
the zero field P(H) obtained at 293 K. Values of &y ob-
tained here are in agreement with the average values
found using method 1. This is expected on the basis of the
reasonably symmetric spectra and the corresponding
small values (essentially zero) for the parameter a.
Asymmetry indicating both positive and negative, as well
as zero, values of a has been seen in the Fe Mdssbauer
spectra of Al-based quasicrystals,?*?’ showing that partic-
ular values of a are not an intrinsic property of the quasi-
crystalline structure. In the present case, the fitted values
of a are zero to within the anticipated accuracy of these
measurements. Values of the parameter b obtained from
method 2 for each spectrum are consistent with those
values found using method 1. Although the mean values
of H found using method 2 are higher than the average
values obtained with fitting method 1, they are systemati-
cally so, and the resulting H values follow the same trends

“as a function of both temperature and applied field.
Again, this fitting method gives a quadrupole splitting of,
essentially, zero. As we might anticipate, the misfit for
the fits to a distribution of hyperfine fields is, for each
spectrum, somewhat lower than that for the fit to a simple
Lorentzian sextet. The P(H) observed at room tempera-
ture as a function of applied field, as illustrated in Fig. 3,
shows a well-defined shift to higher H. This is consistent
with the conclusion based on fits using method 1 that the
internal Fe hyperfine field is positive.

On the basis of the measured magnitude of the Fe
hyperfine field, ~17 kOe, and the usual relationship for
Fe magnetic moment of 150 kOe/up, the present mea-
surements suggest an average Fe magnetic moment of
0.11up. The bulk magnetization measurements on the
closely related icosahedral alloy AlsoMn;sCu;oGeys by
Tsai et al. '° give an average Mn moment in the neighbor-
hood of 0.0615. While the small average Fe moment, as
indicated by the present Mdssbauer measurements, does
not necessitate a correspondingly small average Mn mo-
ment, it is certainly consistent with it. It is, on the other
hand, not uncommon for transferred Fe hyperfine fields to
be fairly small in systems which order ferromagnetically
as a result of large ferromagnetically coupled Mn mo-
ments (e.g., Ref. 25). In the present case, however, the
average Mn moment appears, on the basis of magnetiza-

tion measurements, to be very small. This is true not only -

in the related A1-Mn-Ge and Al-Mn-Cu-Ge alloys report-
ed by Tsai et al.,'® but in ferromagnetic Al-Mn-Si alloys
reported by Dunlap et al. ° as well. The reason for the rel-
atively high values of T¢ in alloys which show such small
average magnetic moments remains, at present, unknown.
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FIG. 3. 57Fe hyperfine-field distributions for AliMnasFes-
CusGe;s as obtained by the method of Ref. 26 (method 2) at
room temperature for (a) zero external magnetic field and (b)
an external magnetic field of 4.8 kOe.

The present Mdssbauer measurements are consistent with
the interpretation that these unusual magnetic properties
are intrinsic properties of ferromagnetic quasicrystals
rather than, for example, the result of a small quantity of
crystalline precipitate. The fact that the present
Mossbauer measurements are probing inherent properties
of the same phase which exhibits, in magnetization mea-
surements, an ordering of the Mn moments, is further evi-
denced by a consistent picture of the magnetic hardness in
the magnetization measurements by the large coercivity
and in the Mdssbauer measurements by the difficulty in
forcing b =4 in applied field. A possible interpretation of
the above facts along with the data of Table I, which
shows that less than half of the applied field is actually
seen at the Fe nuclei, is that the apparent small average
Mn moment results from a magnetic alignment which is
not true collinear ferromagnetism. In this context, it is in-
teresting to note that these systems show relatively large
effective moments [~1.3u5 in Al-Mn-Si (Ref. 7) and up
to 2.2up in Al-Mn-Ge (Ref. 28)] for stoichiometries
which are paramagnetic. This suggests as well the possi-
bility that the ferromagnetism is highly itinerant.

In conclusion, the present Fe Mdssbauer measurements
are consistent with the previously reported novel magnetic
properties of quasicrystalline ferromagnets, and em-
phasize the fact that considerable work is still necessary
for a full understanding of the magnetic properties of
these materials.
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