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Abstract. Single-phase quasicrystalline alloys of the series Alyg_Mn5Pd;sB, (0 < x < 10)
prepared by the melt spinning method have been shawn to be of the icosahedral structure,
Ferromagnetic resonance (FMR) studies have been undertaken in order to characterize the
magnetic behaviour of these materials. The alloy with x = 0 exhibits a single resonance
peak and does not exhibit spontaneous magnetic order. Alloys with x 2 1 show the existence
of two resonances due to two distinct Mn environments in the icosahedral structure. One
resonance, resulting from non-magnetic Mn jons, shows FMR parameters which are temperature
independent. The resonance resulting frorm magnetically ordered Mn ions shows an amplitude
and field which is a function of terpperature, and disappears above a critical temperature. FMR
measurements are supplemented with x-ray diffraction, calorimetry and magnetization data. The
magnetic behaviour of this alloy system is explained on the basis of Anderson’s theory of
moment formation and the indirect coupling of 3d moments.

1. Iniroduction

Since the first report of icosahedral order in the Al-Mn alloy system {[I], a variety
of Al-based ternary and quaternary systems possessing forbidden symmetry have been
investigated. Of these, Al-Mn based icosahedral alloys have been particularly fascinating by
virtue of a large variation in magnetic properties [2-6]. For a host, such as Al, the possibility
of local moment formation on an impurity ion is at a maximum for impurities near the centre
of the 3d transition metal series. For Mn in Al, a weak coupling between the sp and d
electrons results in a marginal case for moment formation [7-8]. Therefore, with small
variations in composition or the method of synthesis, large variations in moment formation
capabilities have been reported for Al-Mn based systems. For example, a combination of
Curie-like behaviour and Pauli paramagnetism has been reported in some systems indicating
two kinds of Mn sites; the former being representative of localized behaviour, while the
latter is representative of collective electron behaviour [5,9]. The presence of two kinds
of sites in such icosahedral alloys has been corroborated through several studies on the
- structural and electronic properties [2, 10-12].

Evidence for magnetic ordering in such icosahedral alloys has recently been reported in
several systems. Some of the noteworthy systems are (a) Al-Mn—Si with high silicon content
[13], (b) Al-Cu-Mn—Ge alloys [6,12] and (c) the Al-Mn-Pd-M system where M = Sb,
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Bi, Ge, Si and B [14-15]. These systems are metastable and are typically produced by
rapid solidification methods. They generally possess small magnetic moments but show
large coercivities and high Curie temperatures. Recently, Yokoyama et a! [14] reported
the synthesis, structural and magnetic characterization of Alyg_ Mn;sPd\sB, icosahedral
alloys. These alloys exhibited moments up to 18 emn g~ in the icosahedral phase which
disappear after crystallization at around 1000 K. The magnetic moment seems to increase
with boron content up to 10 at.% B. Also noteworthy is the report by Shinohara et al [16)
on AlysPdisMnyg and AlysPdisMnys icosahedral alloys. While the former exhibits Pauli
paramagnetic behaviour the latter shows a typical Curie—Weiss law. It is interesting that
such a small change in composition could give rise o such a remarkable change in magnetic
properties, varying from localized to itinerant electron behaviour.

In light of the above, an investigation of the icosahedral system Aly_,MnsPdisB;
with 0 € x < 10 using the ferromagnetic resonance (FMR) technique has been undertaken.
This method provides a variety of information regarding magnetic interactions, number
of magnetic sites, magnetic transitions and magnetic anisotropy and supplements our
previous investigations of tansport phenomena in these materials [15]. Magnetization
measurements, differential scanning calorimetry (DSC) and x-ray diffraction (XRD) studies
are also reported.

2. Experimental methods

Alloys of the series Aly—MnysPd;sB, with 0 < x < 10 were prepared by quenching from
the melt onto the surface of a single copper roller with the surface speed of 60 m s~!. X-ray
diffraction measurements were performed on a Siemens D-500 scanning diffractometer using
Cu Ko radiation. Differential scanning calorimetry (DSC) measurements were made on a
Dupont 9900 differential scanning calorimeter. Magnetization measurements were carried
out on a conventional Faraday balance in applied fields of up to 4.0 kOe. Ferromagnetic
resonance (FMR) spectra were recorded between 120 ¥ and 500 X with a Varian associates
EPR. spectrophotometer operating in the X-band at 9.07 GHz. Samples used for FMR
studies were in the form of thin foils (1 mm x 1 mm x 1 #m) and were mounted at the
centre of a TE g, rectangular waveguide cavity. The steady magnetic field was applied both
in parallel and perpendicular to the plane of the foil. The plot of dp/dH against H gave
the information regarding the position and width of the resonance lines.

3. Results

X-ray diffraction results show that all the samples between O < x < 10 are single-phase
icosahedral alloys. Figure 1 shows a typical x-ray diffraction pattern for the alloys in this
series. The quasilattice constant obtained from these patterns decreases monotonically as
x is increased from O to 10. Figure 2 shows a DSC scan for a typical sample (x = 2).
Generally, three thermal features are seen in the DSC of each sample. These are: (a) a
very weak transition varying between 330 K and 630 K as x is varied between 1 and 10,
{b) a very broad and large exothermic transition with the maximum temperature varying
between 650 K and 700 K with x and (c) a large sharp exothermic transition occurring
at yet higher temperatures. The first, (a), and the third, (¢}, transitions could be identified
with the magnetic transition temperature and the crystallization transition of the icosahedral
phase, respectively. The enthalpy associated with the larger peak (corresponding to the
quasicrystalline to crystalline transformation) is fairly large for samples with a small boron
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Figure 1. Room. temperature Co Ko x-ray diffraction pattern of icosahedral AlggMnsPdisBo.
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Figure 2. Differential scanning calorimetry (DSC) curve for icoszhedral AlggMn sPd sBs.

concentration while it is much smaller for samples with higher boron concentration. Typical
_ values of enthalpy for samples with x = 2 and 6 are 24.4 and 2.4 kI kg~ ', respectively. The
origin of the second broad transition, (b), is not so clear. However, on the basis of previous
reports [12, 17] for quasicrystals, this can most likely be attributed to structural relaxation
of disorder and phason strains introduced in the system during the quenching process.
Recently, there has been a number of reports of such a broad transition, particularly in the
samples synthesized through non-equilibrivin methods [9,12, 17].

The magnetization measurements show some interesting features. For the sample with
x = 0, there is no indication of magnetic order. With 1 at.% boron introduced into the
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Figure 3. Reduced magnetization, M (x)/M (xo), as a function of (x/xp)} with xg = 10 measured

at room temperature for icosahedral Alyg_.MnisPdisB,. The theoretical curve is shown by the

solid line. The inset shows the magnetization value at 4.2 X as a function of boren concentration,

systern, a spontaneous magnetic moment is observed which increases with increasing boron
concentration. Figure 3 shows M (x)/M(xo) as a function of (x/xg) for 0 € x < 10 with
xp = 10. The inset shows the magnetization measured at a field of 4 kOe as a function of
boron concentration. As the boron concentration increases, the magnetization increases for
samples with x up to at least 10. A similar observation has been made by Yokoyama et al
[14]. This indicates that the number of Mn atoms contributing to the magnetic interaction
increases with boron content up to x = xp. In figure 4 the magnetization is shown as a
function of applied magnetic field for samples with x =8 and 10. These data do not show
evidence of saturation up to a field of 4 kOe. Also, the magnetization measurements show
some hysteresis with a sizable remapance indicating the hard magnetic character of these
materials. The unusual magnetic properties are somewhat similar to the weak ferromagnetic
behaviour of disordered NizMn which shows field-dependent magnetization that does not
saturate at 4 K [18]. Among Al-Mn-based quasicrystals, such behaviour is often observed
{12,13].

Ferromagnetic resonance studies have been carried out (both in parallel and
perpendicular configurations) as a function of temperature and composition. Typical FMR
spectra obtained at 173 K for the icosahedral system Alzp— Mn;sPd)sB; with 0 < x < 10 are
illustrated in figure 5. Figure 6 shows FMR spectra for both the parallel and perpendicular
configurations for the alloy with composition with x = 8 at temperatures of 273 and 298 K.
In figures 7(2) and (b), typical FMR spectra for alloys with compositions x = 2 and 10,
respectively, are illustrated for different temperatures. A comparison of figures 5 through

to 7, which are typical of all the FMR results for all samples studied here, allows for the
following important conclusions.
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1cosahedral Alyp_xMnysPdisB, (x = 8, 10) showing hysteresis.

{(a) As seen in figure 5, there are two lines for 0 < x < 10 for which the first resonance
field H, = 3000 Qe, while for the other H. <« 3000 Oe. The position and the intensity of
the low-field line is a sensitive function of the temperature and it disappears above a certain
temperature which is considered to be the critical temperature T, of the sample. Also, for
x = 0, only a single resonance is observed at a field of 3040 Oe for temperatures above
77 K. For x = 2, as shown in figure 7(a}, where the spectra are plotted for various values
of the temperature, the low-field line disappears at T, = 350 X similar to that reported by
Misra et al in case of Al-Mn-Si alioys [19]. Table 1 gives the values of T, determined
in this way for different values of x. The transition temperatures estimated from DSC
measurements for these samples are also given in the table.

Table 1. Transition temperatures estimated from FMR and DSC data for icosahedral
Alzy-xMnysPd 5B, (0 < x < 10).

" x  T.fromFMR(K) T, fom DCS (K)

1 320 325
2 350 340
6 410 415
g8 450 470
10 500 490

(b) All the spectra are taken at 9.07 GHz and the DPPH line is at 3240 Ge. The line
close to 3000 Oe which is present for all values of x and T has a free spin g-value close
to 2. From figure 5, it is seen that the intensity of this line varies with x and for the larger
values of x it tends to decrease. It is also observed that the intensity of this increases
significantly when the boron concentration is increased from x = 0 to x = 1. On further
increase of x, the low-field line grows at the expense of the high-field line. This may be
accounted for by assumuing that at x = 0, most of the spins are in an ifinerant state and
these become localized as soon as boron is introduced, With the increase in x, the pair
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Figure 5. Ferromagnetic resonance {FMR) spectra Figure 6. FMR spectra recorded in parallel (]])
recorded in the perpendicular configuration at 173 K and perpendicular (1) configurations for icosahedral
for icosahedral Alzg_xMnpsPdisBy (0 € x £ 10). AlgzMnysPd;5Bg at 273 K and 298 K.

interaction presumably grows and the low-field line begins to dominate,

{c) In figure 6, the resonance field H, is larger than H) in each case. The difference,
H\| — H), as shown later is proportional to 47w 3. As x is increased, the difference increases,
reaches a maximum of 200 Oe and decreases again for x = 10. These differences for
samples with x = 8 and 10 are illustrated in figure 8.

(d) As shown in figures 7(a) and (b), the Jow-field line is highly asymmetric, With
increasing temperature, its intensity is observed to decrease and its line position shifts to
higher fields. The high-field line with g ~ 2 is essentially independent of temperature in
the range 130 to 500 K. It is shown later that the shift of the Jow-field line is due to the
presence of the anisotropy field.

The FMR. lineshapes shown in figures 7(a) and (b) are highly asymmetric. Spano
and Bhagat [20] have made a detailed study of ferromagnetic resonance in amorphous
transition metal-metalloid alloys. They have concluded that the experimental lineshapes are
not reproducible and the frequency dependence of linewidths indicates that the amorphous
materials are magnetically inhomogeneous regardless of spin concentration. This would be
equally applicable to the present jcosahedral compounds, particularly since the magnetic
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Figure 7. FMR spectra recorded in the perpendicular configuration at different temperatures for
icosahedral (a) AlggMnisPdysBs and (b) AlgoMnysPdisBg.
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Figure 8. Resonant field (for the first resonance) for parallel () and perpendicular (L)
configurations as a function of temperature for icosahedral Alzg_,MnsPdysB; (x =8, 10),

component is only 15%. Since the magnetization is field dependent, the line width is
observed to be dependent on the field.
An anisotropy field, H,,, may be included in Kittel’s equation. For the parallel and
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perpendicular resonance, this gives the resonance fields as [21,22]:
w\2
() = b+ Hon)y + Hun + 40 M

(%) = (Hy + H,y — 47 M) @)

where o is the angular microwave frequency and y is the gyromagnetic ratio. As
discussed by Jackson ef al [22] for amorphous TM-metalloid systems, Hj, is not the
magnetocrystalline anisotropy field and the applied field direction is the easy direction in
every case. This is observed in the present icosahedral system also. In the present case,
Hyp 23000, Ce and 47w M ~ 100 G and it can easily be shown that

H, — Hy = 2(4n M). (3)

Since the sample is unsaturated, 4w M denotes the magnetization at the mean field
$(H. + Hy). From the high-field resonance, the g-value for x = 10 is found from figure
7(b) to be 2.14 and is independent of temperature between 133 and 475 K. It is assumed that
the low-field resonance line also has the same g.sr-value. From figure 3, the g.¢s-values
were obtained for different values of x at 173 K and are given in tablé 2. It appeass that
there is no simple systematic dependence of g.rr on boron concentration, x. However, as
gseen from figure 7, for a given value of x, g.sr is independent of temperature,
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Figure 9. Variation of the anisotropy feld as a function of temperature for icosahedral
Alzg—xMnsPd1sB, (x =6, 8, 10).
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Table 2. Values of g.ry obtained for different values of x at 173 K.

x 0 1 2 6 3 10
gy 213 203 202 216 223 214

For different values of x and T, values of H,, are obtained using equation (2), w/y
is given by v = 9.07 GHz and g.sr is given above. The values of H,, so obtained are
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plotted in figure 9 as a function of temperature for some typical values of x. The lineshape
in figure 7(b) is approximately given by a Lorenizian function

dp _ A(H— H)AH

dH  [(H — Hy)? + AH?)? “)

where Hp is the resonance field, A is a constant for a given temperature and the apparent
linewidth A H has a constant value of large magnitude of the order of the anisotropy field. In
figure 10, equation (4) is plotted for two temperatures, 173 and 298 K, for x = 10 with the
parameters given in table 3. The experimental values agree well over most of the resonance
except at high fields. This deviation may be due to the incomplete saturation of the sample.
This is clear from the magnetization curve given in figure 4 where it is seen that the sample
is not saturated in the resonance region. The 4w M value which is obtained from equation
(3) is the value of the magnetization at %(H ' + Hy). It is worthwhile examining whether
the values obtained through the resonance data agree with the magnetization data. Since the
magnetization measurements ate taken at room temperature, the resonance fields A, and H)
for x = 8 at T = 298 K are considered. These data give 4n M = %(1150 —910) = 160 G.
On the other hand, from figure 4, for the field %(1 150 + 910) = 1030 Oe, a value of
M = 3.85 emu g~! is obtained for x = 8. The density of this alloy is 4.78 g cm™> and
this gives 4w M = 231 G. In view of the uncertainty of Kittel’s equation describing the
resonance condition for the unsaturated samples, this agreement is not vnsatisfactory. In
fact, this agreement is poorer for x = 10 for which 4 M at 298 K is found to be 80 G by
resonance and 330 G by the magnetization measurements.
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Figure 10. Plot of dp/dH versus field at (a) 173 and (b) 298 K for icosahedral
Aljp_xMn)5PdysBy (x = 10).
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Table 3. Parameters for equation (4) as plotted in figure 10 ac temperatutes of 173 and 298 K
forx = 10.

T (K) 173 298

Hy (Oe) 700 1300
A(x107T) 1202 487
AH (Os) 2390 1400

These results indicate that due to variation of exchange and anisotropy energies arising
from the random distribution of Mn ions, non-saturation of magnetization oceurs. Unlike
the ferromagnetic case, the spins are non-collinear and it is difficult to achieve saturation.
This may also account for inhomogeneous broadening of the lines. A detailed analysis is
not possible due to uncertainties in the site occupation of Mn ions as well as the existence
of Mn-B-Mn configurations. The discussion in the following section may account for the
magnetic coupling between the pairs of Mn atoms.

4. Discussion

In the context of the results presented above, the following conclusions may be drawn.

The Mn atoms exist in two magnetic states when boron is introduced into the icosahedral
alloy, AlsgMny;Pd;s. These states are as free Mn lons in the paramagnetic state and as
pairs of magnetically coupled Mn—Mn ions which experience a large local anisotropy field
whose origin is not yet understood. This type of anisotropy field, whose easy direction
always coincides with the external field, has been observed in amorphous ailoys and is
very different from magnetocrystalline anisotropy energy. As the concentration of boron
atoms is increased, the pair interaction of the Mn—B~Mn configuration leads to spontaneous
magnetization which is proportional to the square of the boron concentration. The random
distribution of such magnetically coupled pairs within the icosahedral structure results in
a large distribution of exchange energies leading, not only to the magnitude, but also to
sign variation of these interactions among the magnetically coupled pairs. This leads to
the dependence of the magnetization on the field even at very large fields and hence to
incomplete saturation. The present results show that the ferromagnetic resonance lineshape
for the partially magnetized system can still be adequately described as a Lorentzian. The
applicability of Kittel’s resonance condition, in this case, is questionable since the roles of
the demagnetizing and the anisotropy fields in the partially magnetized systems can not be
properly analysed.

A simple model for the magnetic coupling of Mn atoms through boron may now
be proposed. Considering the fact that without boron the sample does not exhibit any
magnetic order and that even 1 at.% of boron induces magnetic interaction, it is unlikely
that the magnetic ordering of the Mn atoms originates from the RKKY interaction. On
the basis of the electronic configuration of boron (2522p') compared with that of aluminom
(3s*3p') or on the basis of the change in the measured lattice parameter it would be difficult
to justify the importance of the RKKY interaction in this system. Yokoyama et af [14]
have also concluded that the RKKY interaction is unlikely and suggest that the origin of
magnetic interaction appears complicated. The dependence of the magnetic properties (i.e.
the spontaneous magnetization and transition temperature) on the concentration of boron
suggests local moment formation as is prevalent in many Mn-containing icosshedral alloys.
Since the tendency for local magnetic moment formation on an impurity ion in an Al host
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Figure 12. Structural mode] showing two types of edge-sharing icosahedra {adapted from [24]).

alioy is maximum for Mn [7, 8], the magnetic order in the present alloys presumably arises
as a result of local Mn moment formation. As the magnetic behaviour is found to be strongly
dependent on the boron concentration, it is likely that the boron sp electrons coniribute to
the magnetic interactions between the 3d electrons of neighbouring Mn atoms.

In the quasicrystal Alyg—;MnisPdisB;, B may be treated as 2 non-magnetic impurity
and Mn and Pd as magnetic impurities in the Al matrix. As discussed by Anderson [23],
there is a splitting of the d shell of the transition metal atom in an sp matrix of a metal
like Al or Cu into two virtual bound levels of opposite spin direction as a result of the
s—d interaction. The s and p levels of boron in aluminum can be assumed to behave as
virtual bound states located close to the Fermi level, Eg, as illustrated in figure 11. The
position of these levels with respect to Er depends on the site that the B atom occupies in
the icosahedral structure and the nature of its nearest neighbours.,

Following Higara et al [24] the quasicrystalline structure may be modelled using a
fundamental icosahedral unit of edge length of gy which consists of a central Mn atom and
twelve surrounding atoms, which, in the present case, are 9 — x/7.5 Al, I Mn, 2 Pd and
x/7.5 B atoms. A larger icosahedron with an edge length of a; is constructed by aggregating
twelve ap icosahedra, This structure is illustrated in figure 12.

On the basis of this model, the possibility of magnetic interactions between the central
Mn atoms of neighbouring icosahedra may be examined. Since the distance between Mn
atoms is large, direct overlap of wave functions is not possible, The coupling between the
spins at neighbouring Mn sites is, therefore, expected to arise from an indirect exchange
interaction. As discussed previously, the RKKY mechanism does not seem to agree with
experiment. Since, with only a small addition of boron, magnetic ordering occurs, it is
expected that the p orbital of boron plays a major role in the magnetic interactions. In
fisure 13, the two boron atoms located closest to the Mn—Mn bond axis in the RS and PQ
edge-sharing configurations of figure 12 are illustrated. These atoms have their p orbitals
oriented in the w-bonding configuration for maximum overlap with the d orbitals. Tt is
obvious that magnetic coupling can occur only in the RS configuration. The 2p, virtnal
bound molecular states of B?~ in this configuration may play the same role as the 2p states
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Fipure 13. Arrangement of Mn and B atoms in () RS and (b) PQ edge-sharing icosahedral
configurations as shown in figure 12. Only Mn atoms in RS configurations are magnetically
coupled.
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Figure 14. Transition temperature as estimated from FMR spectra as a function of quasilattice
constant for icosahedral Alyg— MnisPdisB, (0 € x £ 10).

of 0%~ for the superexchange interaction in MnO. An electron with minus spin is transferred
from p, to Mn(l) which is assumed to have five spins oriented in the plus direction. The
remaining spin in the doubly degenerate p, orbital is also pointing down and can lower its
energy through exchange with the spins of the 3d subshell on Mn (II). If this exchange has a
negative gign, the spin of Mn(II) should be pointing up. Consequently, spins on Mn(I) and
Mn(Il) are coupled ferromagnetically. As the concentration of boron atoms increases, its
p state will acquire a more itinerant character and will cease to provide magnetic coupling
between Mn atoms. On the basis of this model it is expected that beyond a certain value
of x in Alyg_Mn5Pd 5B, the magnetic properties would begin to diminish.

It is also possible to estimate the Mn magnetic moment as a function of the boron
concentration. The magnetic coupling between Mn atoms in the above model should be
proportional to the probability of the simultaneous occupation by boron atoms of sites 1
and 2 surrounding the two nearest neighbours located at the RS edge-sharing icosahedra.
Since this probability is proportional to x2, it is expected that for small values of x, M(x)
should vary as x2. As discussed above, this relation should hold only up to some value of
x, beyond which it should either remain constant or decrease. Figure 3 shows M(x)/M (xg)
ag a function of x/xg where xg is taken to be xp = 10 for the Alyp—.Mn;sPd;5B, series.
The solid line in the figure is the theoretical curve M (x)/M(xg) = (x/xq)%. The agreement
with the experimental points is seen to be satisfactory.

The relationship of the Curie temperature, T, and the quasilattice constant, ap, as
illustrated in figure 14, shows that as the boron concentration, x, is increased, ay decreases
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and T, increases due to larger overlap of the wave functions. Such a linear dependence
of T, is often observed in ferrimagnetic systems [25] where it is widely believed that the
superexchange mechanism is responsible for the spin ordering,

5. Conclusions

Ferromagnetic resonance studies of icosahedral quasicrystals in the melt-quenched Al-Mn—
Pd-B alloy system have indicated that local magnetic moments form on some Mn sites
and are coupled through boron atoms when neighbouring icosahedra are in a specific
edge-sharing configuration. The uncoupled Mn atoms behave as paramagnetic ions and
give a temperature-independent resonance peak with a free spin g-factor. Coupled spins
give a strongly temperature-dependent resonance whose intensity decreases with increasing
temperature and vanishes at the Curie temperature. The magnetic behaviour of this alloy
system has been explained on the basis of Anderson’s theory of moment formation and
indirect coupling of 3d moments through the induced polarization of the intervening p
shells. !
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