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Abstract

It has been shown in a previous work (Kapaklis ef al 2005 J. Appl. Phys. 98 044319) that
whereas the alloy composition PdoCusoNijgPyg can be easily cast as a bulk metallic glass, a
partial replacement of Pd by Fe (PdssCusoNijgFesP,g) leads to a significant crystalline fraction
under the same casting conditions. In order to understand the formation and properties of these
precipitates, fully amorphous ribbons of both alloy compositions were also prepared by
conventional melt-spinning. Magnetic data reveal that doping with 5 at.% iron leads to the
formation of nanosized crystalline inclusions in the residual bulk amorphous matrix which are
completely absent in the ribbon melt-spun from the same ingot. In both types of Fe-containing
alloys the amorphous matrix contains giant moments. Their size is of a few hundred (ingot) and
a few tens (ribbon) of Bohr magnetons. The iron-free alloy corrected for the Langevin
diamagnetism shows Pauli paramagnetism with similar susceptibility values in both the ingot
and the ribbon. These values are close to the Pauli susceptibility of a control sample, a
melt-spun Pdg,P;g alloy which is expected to be as homogeneous as the typical binary
amorphous alloys. The possible origin of different, controversial magnetic behaviors reported in
the literature for Fe-doped Pd-based bulk and melt-spun alloys is discussed.

1. Introduction

Recently, there has been a growing interest in producing bulk
metallic glasses (BMG) because their shapes can be tailored
easily for various applications in contrast to other production
methods (melt-spinning, vacuum evaporation, molecular beam
epitaxy, etc) which offer amorphous alloys with limited
geometries (ribbons of around 10 um thickness, thin layers
several nanometers thick).  Moreover, the advantageous
magnetic properties of the bulk metallic glasses can be
combined with their good mechanical properties which
can be further strengthened by precipitating nanocrystalline
inclusions in the bulk amorphous matrix. While research has
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been mainly focused on identifying those factors controlling
glass formation, the possible influence of a small but
non-negligible quantity of crystalline precipitates usually
unavoidably present due to the limited cooling rates applied for
bulk glass formation is far from being understood. Therefore,
further studies are needed to reveal how the crystalline fraction
present in the amorphous matrix affects the structure and
various properties including also magnetic behavior.

The experimental detection of a small quantity of
(nano)crystalline precipitates in BMGs is by no means an
easy task. The magnetic properties, however, are extremely
sensitive to the presence of such precipitates, and therefore a
magnetic study provides a relatively simple and cheap method

© 2008 IOP Publishing Ltd  Printed in the UK
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to reveal some aspects of structural heterogeneity. Besides this
practical advantage, the study of the magnetic properties in
BMGs is also of theoretical importance. The very complex
magnetic behavior of some BMGs (e.g. Fe-containing Pd-
based alloys) is often interpreted as an intrinsic feature of
a structurally homogeneous amorphous alloy. In this paper
we will show that the presence of known nanocrystalline
precipitates in BMGs can lead to similar complex magnetic
behavior without assuming any exotic magnetic interactions
(peculiar magnetic phase diagrams) in the material.

Pd-Ni—P-based amorphous alloys have good glass-
forming ability and have been produced since the 1980s.
Drehmann and Greer described the kinetics of crystal
nucleation and growth in a PdsoNigoPy glass [1]. Bulk
glassy Pd4oNijgCusoPy alloys were prepared in the form
of ingots [2, 3] and their thermal behavior was also
investigated [4]. Bulk glass formation was studied in the Pd—
Ni-P system produced by a flux-melting and water-quenching
method in a wide concentration range [5-7]. Among these
alloys the magnetic [8], magnetocaloric [9] and structural [10]
properties of 7 mm diameter glassy rods of Pd4oNiyy_,Fe, Py
(0 < x < 20) were investigated in greater detail. These
latter bulk alloys were shown to be x-ray amorphous in all
cases, except for x > 20 where crystalline inclusions were
found [8, 10]. The magnetic properties of these bulk alloy
series are very similar to those of our PdssCusgNijgFesPag
and PdsoCuszoNijgPy0 ingots. Shen et al found [8] that
Fe-free amorphous PdsoNigPy (x = 0) is paramagnetic
at all temperatures. The low-field magnetization of bulk
Pd4oNig_, Fe,Pyy (5 < x < 17.5) alloys showed a cusp
as a function of temperature, which was attributed to a
transformation from paramagnetic to superparamagnetic to
spin-glass states with decreasing temperature. Moreover, these
authors also stated that bulk amorphous Pd4oNiy; sFe;7.5P20
exhibits a field-induced ferromagnetic-like state that separates
the superparamagnetic state at higher temperatures and
the spin-glass state at lower temperatures.  Later, the
Pd4oNiyy_ Fe,Pyy (5 < x < 20) series including the
above discussed composition was also prepared as melt-spun
ribbons and their magnetic properties were investigated mainly
by Mossbauer spectroscopy [11, 12]. The bulk magnetic
properties were mentioned only briefly without showing any
figures and were claimed to be similar to those of the bulk
amorphous ingot. Very recently [13] neutron depolarization
studies on the same ribbon revealed a correlation length of
200 A (20 nm) between the magnetic moments.

In a recent publication [14], Hsiao et al have pointed
out that the same alloy (Pd4oNiy sFe;75P2) produced by
melt-spinning using a high quenching rate shows evidence of
chemical segregation on the nanoscale in the as-solidified state.
They claim that for the melt-spun alloy the non-saturating
M(H) curves and the complex set of magnetic transitions
similar to those observed in the bulk ingot [8] must have their
root in its nanoscale structure. The diameter of the spherical
superparamagnetic cluster of a hypothesized (Pd, Fe, Ni);P
structural unit containing © = 7700 ug at T = 50 K was
estimated to be D = 3.4 nm which is too small to be detected
by x-ray diffraction methods and may be difficult to detect by
electron microscopy [14].

We have recently reported [15] on the formation
and the structural, thermal and elastic properties of Pd-
based bulk amorphous (Pd4Cu3oNijoP20) and nanostructured
(Pd3sCusgNijgFesPyy) alloys.  Element-specific near-edge
x-ray absorption fine-structure spectroscopy (NEXAFS)
provided information on the electronic structure and local
symmetry properties of these samples [16]. These
investigations [15, 16] found small nanocrystalline inclusions
in the bulk alloy containing 5 at.% Fe and revealed that
the most probable crystalline phases are a (Fe;_xNi,),P
hexagonal structure and a Cu-rich face-centered-cubic solid
solution. Whereas the actual composition of the (Fe;_,Ni,),P
precipitates could not be clarified, it was established that about
40% of Cu is in the Cu-rich phase that may contain about
2 at.% Pd as well.

In this paper, we report on the magnetic properties of
bulk Pd4()Cll30Ni1()P2() and Pd35CU30Ni]0Fe5P20 alloys. In
order to clarify the complex magnetic nature found in these
alloys, the ingots were also melt-spun on a rotating copper
wheel. The resulting ribbons, with a thickness of around
10 pm, are expected to have a fairly homogeneous amorphous
structure. The magnetic properties of an amorphous Pdg,Pg
ribbon prepared by melt-spinning were also investigated. This
metallic glass does not contain either Fe or Ni atoms which are
inclined to polarize surrounding Pd atoms and, therefore, it is
considered as a completely homogeneous, amorphous control
sample.

2. Experimental details

The preparation of bulk Pd40CLl30Ni 10P20 and Pd35 CU30Ni 10F65
Py alloys in the form of ingots was described in detail
elsewhere [15]. The ribbons were prepared from the same
ingots by melt-spinning under vacuum. A Pdg,P;g alloy
was also melt-spun into a ribbon 1.9 mm wide and 22 um
thick. All the samples were shown to be amorphous by x-
ray diffraction, differential scanning calorimetry (DSC) and/or
Maossbauer spectroscopy, except the Pd-based ingot doped with
5 at.% Fe which contained nanosized crystalline inclusions in
the amorphous matrix.

The calorimetric measurements were performed in a
Perkin-Elmer DSC-2 based differential scanning calorimeter
with home-made electronics in the temperature range of 350—
1000 K. The magnetic properties were measured with the help
of a Quantum Design MPMS 5S superconducting quantum
interference device (SQUID) magnetometer in a temperature
and field range of S K < 7 < 300 Kand 0 < H < 5T,
respectively. For the magnetic measurements, an ingot sample
with a mass of around 20 mg was placed in a gelatin capsule,
while for the ribbon samples several pieces with a total mass of
less than 1 mg were mounted on the surface of a silicon wafer
using vacuum grease. The mass of the Pdg,P;g ribbon used as
a control sample was 16.61 mg. For the iron-free alloys, the
signal of the sample holder constituted a considerable fraction
of the total signal (~90%), therefore the sample holders were
measured separately with the highest available precision for
correction. The ZFC (zero-field cooled) magnetization was
measured on warming the sample at a given applied field
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Figure 1. Magnetization as a function of applied field measured at
various temperatures for the bulk Pd;sCusoNijoFesP,g ingot. The
solid lines are fits to equation (1).

after the sample had been cooled from 7 = 300 to 5 K
in the remanence field of the superconducting magnet (less
than H,, = —1 Oe). The field-cooled (FC) magnetization
was measured in the same way, except that the cooling was
performed in a magnetic field equal to the measuring field.

3. Results

The calorimetric results are summarized in table 1. The
addition of 5 at.% iron does not alter significantly the glass-
transition temperature. The calorimetric data of the iron-free
Pd-based alloy agreed well with the literature [2, 3, 17, 4].
The small enthalpy value for the crystallization of the bulk
Pd35Cu30NijgFes Py ingot with respect to the ribbon of the
same composition reflects our previous findings [15, 16] in that
the ingot contains nanosized crystalline inclusions embedded
in the amorphous matrix.

Figure 1 shows the magnetization of the Pd3;sCu3gNijoFes
Py ingot as a function of the applied magnetic field. No
saturation is observed even at our highest applied field of
H = 50 kOe. This behavior is very similar to that found in
the literature for similar compositions (but without Cu) [8, 14].
The magnetization can be adequately described as a function
of the applied field (H) and temperature (7)) by the sum of
a Langevin function, a term of high-field susceptibility and a
constant:

M(H,T)=N, th ke T + xneH + My, (1)
, = coth — — — ,
nh ksT  uH Anf 0

where w is the average magnetic moment of magnetic clusters
to be specified later, N, is the density of the clusters, xnr is
a high-field susceptibility component and kg is Boltzmann’s
constant. M, is a constant (less than 5% of the saturation
magnetization in the Fe-containing alloys) and is attributed
to a small amount of ferromagnetic Ni(Fe)-rich precipitates.
The fitted magnetic moment, 4, shows a sharp temperature
dependence: it has a maximum around 77 = 23 K, varying

Figure 2. Magnetization as a function of applied field measured at
various temperatures for the melt-spun Pd;sCuzoNi;oFesP,g ribbon.
The solid lines are fits to equation (1).

from u = 274 to 192 up between T = 20 and 40 K. At
T = 5 K p is much smaller (w = 78 up), indicating that
some of the magnetic clusters are blocked. Above T = 40 K
the total magnetization of the clusters, N, i, decreases rapidly
and becomes zero at around 77 = 100 K, suggesting that this
temperature is close to the Curie point of the clusters. The
fitted curves for two temperatures are shown in figure 1 and
from the fits with one of the highest u, the values of the fitted
parameters, N, i, xnr and My, are given at T = 40 K
in table 1. The value of u = 192 up obtained for the
Pd35Cu30NijgFesPy ingot hints at the presence of magnetic
clusters which determine the high-field behavior of the alloy.

The M(H, T) curves for the Pd;5Cu3oNijgFesPyy ribbon
are plotted in figure 2. At low temperatures, they saturate in an
even lesser degree than for the ingot of the same composition
(see figure 1). The fits to equation (1) are shown for three
temperatures in figure 2. The temperature dependence of the
fitted magnetic moment, 14, shows a much sharper maximum at
T = 20 K compared to that of the ingot. The Curie point of the
magnetic clusters (where the total magnetization of the clusters
disappears) is also much lower (T ~ 50 K). The parameters
of the fit (N, u, xnt and My) to equation (1) at T = 20 K
are given in table 1. Note that the average magnetic moment
of © = 23 pp obtained from the fit is almost one order of
magnitude smaller than that for the ingot.

In figure 3 the (identical) ZFC and FC magnetizations
for the PdssCusgNijgFesPy ribbon are shown as a function
of temperature measured at a constant applied field of H =
5 kOe, together with the magnetization versus temperature
(shown as an inset in figure 3) taken at H = 6 kOe from
the M(H, T) curves of the ingot of the same composition
displayed in figure 1. For both samples, the M(T) curve
could be described (see solid lines in figure 3) in the whole
temperature range by the sum of a Curie-Weiss term and a
small constant. The Curie—Weiss temperature is close to zero
(of the order of a few K). From the fits, the molar Curie
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Table 1. Thermal and magnetic characteristics of the alloys investigated: M’, molar mass; Ty, glass-transition temperature; 7, onset of
crystallization; A H, crystallization enthalpy; , magnetic-cluster moment from equation (1); N, mass density of magnetic clusters from
equation (1); xn, high-field susceptibility from equation (1); M,, magnetic moment of impurities from equation (1); u.g/Fe, effective
magnetic moment per Fe atom from equation (2); u.g/cluster, effective magnetic moment per magnetic cluster; yqi,, diamagnetic
susceptibility of the ion cores; Xfxp» susceptibility calculated by fitting to the high-field portion of the M (H) curve and extrapolated to 7 = 0;

Xebnd = Xexp — Xaia» conduction electron susceptibility.

Material Pd35 CLl30Ni 10F€5 on Pd40CU30Ni 10P20 Pdgzpl 8
M'’, molar mass (g) 71.16191 73.689 56 92.823284
Form Ingot Ribbon Ingot Ribbon Ribbon
T, (K) 577 593 578 586 —
T, (K) 640 620 657 660 582
AH (Jg™) 23.5 67 50.5 50.8 49
u(us) 1928 23b 5.8¢ — —
N, (10'7 g7 2.01*° 4.9° 1.0¢ — —
Xne (1076 emu/gOe) 770 4.0° —0.14¢ — —
My (1072 emu g™!) 0? 3.1° 0.062°¢ — —
Heit/Fe (up) 4.50 1.41 — — —
Mege/cluster (ug) 207 43 — — —
Xdia (107% emu/molOe) — — —20.95 —20.95 —26.83
ngp (107% emu/molOe)  — — —11.8 2.61 > —4.79
% a0 (107 emu/molOe)  — — 9 23.6 22
*AtT =40 K.
PAtT =20K.
CAtT =5K.
constant 5 , , , . , , ,
Nu 0.16 -
C — eff 2 - T T T T T T
M= (2) |

can be deduced where e is the effective moment and N is
Avogadro’s number. The g values per iron atom calculated
from Cy are given in table 1. The figure of wes = 4.50 up per
Fe atom found in the ingot is almost equal to that deduced for
the Pd4oNiy, sFej75P»o bulk metallic glass in [8]. It suggests a
strong spin polarization of neighboring Pd atoms around Fe
atoms. In crystalline Pd(Fe) solid solutions, the Fe atoms
cause an even stronger spin polarization of the Pd matrix atoms
with . per Fe atom of the order of 12 up [18]. In the
Pd35Cu30NijgFesPy ribbon, a smaller value of e = 1.41 g
per Fe atom is deduced, which is in line with the smaller degree
of inhomogeneity in the ribbon.

The calculation of the effective moment per Fe atom is,
however, misleading because it suggests that individual Fe
atoms and their polarized Pd neighbors carry independent
magnetic moments. In fact, the concentration of the magnetic
clusters responsible for the slowly saturating M (H) curves
(figures 1 and 2) is much smaller. It is calculated to be x =
23.7 and 57.7 ppm for the ingot and the ribbon, respectively,
as deduced from the fitted parameter N, (table 1) by xq =
N, M'/N where M’ is the molar mass. Assuming that these
clusters carry the magnetic moments instead of individual Fe
atoms, e = 207 and 43 up per cluster is obtained for the
ingot and the ribbon, respectively. These values (also given in
table 1) are very close to those calculated from the Langevin
fit of the respective M (H) curves (u = 192 and 23 ug for
the ingot at T = 40 K and for the ribbon at T = 20 K,
respectively). This consistency strongly suggests that the high-
field behavior of both the ingot and the ribbon of the Fe-
containing Pd-based alloy is determined by these magnetic
clusters.
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Figure 3. ZFC and FC magnetization as a function of temperature
measured at H = 5 kOe for the melt-spun Pd35CusoNijgFesPag
ribbon. Inset: magnetization versus temperature measured at

H = 6 kOe for the bulk Pds5CuzNijoFesP,g ingot. The solid lines
are fits to the Curie—Weiss law (plus a constant).

It is evident from the above observations that the overall
(high-field) magnetic behavior of the fully amorphous ribbon
and the partly crystalline ingot is very similar. Consequently,
if a BMG ingot contains some crystalline fraction it should
not have a significant influence on the high-field magnetic
characteristics. As we shall see, the crucial point will be the
low-field magnetic behavior at low temperatures.

Figure 4 shows the ZFC and FC magnetization of both
the Pd3sCusgNijgFesPy ingot and ribbon as a function of
temperature measured at low applied fields (H = 10 QOe).
For the ingot, a cusp-like ZFC curve can be observed with
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Figure 4. ZFC and FC magnetization as a function of temperature
measured at H = 10 Oe for the bulk Pd35CusNijoFesP,, ingot and
the melt-spun ribbon of the same composition.

a maximum at 14 K. Above this temperature the FC and
ZFC curves coincide, below 14 K the FC curve deviates
from the ZFC one and saturates after a small maximum
with decreasing temperature. Similar behavior was reported
for bulk amorphous Pd-Ni—Fe-P alloys [8] and also for a
Pd4oNiy; sFej7.5P20 melt-spun alloy [14]. In contrast, the
ribbon produced from the ingot of the same composition shows
no effect in the same temperature range (zero magnetization,
see triangle symbols in figure 4). The cusp-like feature found at
small fields is, therefore, not an intrinsic feature of the studied
Fe-containing Pd-based ingot but it is a consequence of its
excessive heterogeneity (large crystalline fraction). It is known
that the ingot contains a large quantity of nanocrystalline
precipitates inside the amorphous matrix [15, 16]. As
the amorphous melt-spun ribbon does not show a cusp-like
behavior, this feature of the bulk alloy is a manifestation of
the thermal blocking of the superparamagnetic precipitates
present in the amorphous matrix of the ingot. Using the
observed blocking temperature of 75 = 14 K, the diameter
of the assumed spherical precipitates can be estimated from
the balance of the thermal and anisotropy energy (KV ~
25kgTg, where V is the average volume of the precipitates).
Since the precipitates consist in fact of the (Fe;_,Ni,),P
phase [15, 16], an estimate for D could be obtained knowing
the anisotropy constant for this phase. The magnetic properties
of (Fe;_,Niy),P compounds are well documented in the
literature. It was shown [19] that Fe;,P (x = 0) is a
ferromagnet with a Curie temperature 7c = 209 K and there
is a Tc maximum (7¢c = 342 K) versus x at x = 0.08
while the dominant magnetocrystalline anisotropy constant,
K, decreases rapidly with increasing x from an unusually
large value, K; = 2.32 x 107 ergem™ at x = 0 and
T = 4.2 K, and becomes almost zero near x = 0.3. TEM
observations [15] indicated the actual size of the precipitates
between D = 10 and 50 nm. From these values, anisotropy
constants of K ~ 9.2 x 10* and 740 erg cm >, respectively, can
be deduced. Taking into account the composition dependence
of K; and T¢ for the (Fe;_,Ni,),P compound [19], the
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Figure 5. Magnetization as a function of applied field measured at
various temperatures for the bulk Pd4oCusoNi;oPyo ingot. The solid
line at 7 = 5 K is a fit to equation (1) while that at 7 = 200 K is a
linear fit between H = 20 and 50 kOe.

Ni content of the (Fe;_,Ni,),P precipitates can be roughly
estimated to be between 0.4 < x < 0.6. Independently of
these precipitates, the amorphous matrix of both the ingot and
the ribbon of the Fe-doped Pd-based alloy contains magnetic
moments which are responsible for the non-saturating feature
of the high-field magnetization curves (figures 1 and 2). These
magnetic units are the giant moments well known from dilute
PdFe alloys (see [18] and references therein).

A completely different magnetic behavior is found for the
Fe-free Pd-based alloy (Pd4oCusoNijgP2g). Figure 5 shows the
magnetization as a function of the applied field for the bulk
amorphous ingot. Except at T = 5 K, a nearly temperature-
independent signal is only observed giving a susceptibility of
ngp = —11.8 x 107 emu/molOe (table 1). Here Xé)xp is the
susceptibility calculated by fitting the high-field portion of the
M (H) curve and extrapolated to 7 = 0.

For non-magnetic metals, when neglecting spin—orbit
coupling, the total magnetic susceptibility, xr, consists of a
spin and an orbital term. Both terms are usually temperature
independent, although the spin susceptibility originating from
the Pauli paramagnetism (xp) of conduction electrons may
exhibit a weak quadratic temperature dependence. The
orbital susceptibility, xorm, Was shown [20] to contain three
contributions. The first one is the Langevin diamagnetic
susceptibility, xqia, calculated [21] for metals up to the atomic
number 46 and we have used these values here for Pd, Cu,
Ni and Fe, whereas for P we have taken the ionic value as
given by Selwood [22] for the P3* ion. The second orbital
term, the Van Vleck paramagnetic susceptibility, and the third
term, the Landau-type orbital susceptibility of the conduction
electrons, can be safely neglected here. It is perhaps a more
appropriate approach here just to define a conduction electron
Susceptibﬂity’ Xcond by Writing Xexp = Xtot = Xdia 1 Xcond- Thus
the susceptibility, xcond, may be considered as corresponding
mainly to the Pauli susceptibility, xp, at least apart from some
small unknown orbital corrections which, nevertheless, can be
considered practically the same for all the alloys we investigate
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here and therefore allow for a proper comparison of the various
alloys.

When corrected for the diamagnetic susceptibility as
described above, we obtain a conduction electron susceptibility
of 2.4 = 9 x 107% emu/molOe (extrapolated to 7 = 0,
table 1) for the amorphous Pd4oCusoNi;oP,g ingot.

The magnetization curve measured at 7 = 5 K can
be described by equation (1) (solid line) giving a magnetic
moment of u = 5.8 pug. This small cluster moment can be
related to small conglomerates of Ni atoms which are inclined
to form giant moments [23]. The saturation magnetization of
these conglomerates (Mg ~ 0.005 emu g~ ') is less than the
magnetization change due to the diamagnetic component of the
amorphous matrix, which explains the negative magnetization
values measured at high fields. The Curie point of these
conglomerates should be much less than 7 = 100 K since
no sign of a Langevin-function component in the M (H) curve
can be seen at and above this temperature.

The Langevin-function component is absent even at 7 =
5 K for the Pd4oCusoNijgPyo ribbon made from the ingot
of the same composition as seen in figure 6, where the
magnetization is plotted as a function of the applied field
for various temperatures. The ferromagnetic component is
rather large partly because of the unavoidable Ni precipitates
always present in Ni-containing alloys [23] and partly because
of unknown ferromagnetic impurities since the signal of the
sample is small compared to that of the sample holder. This
ferromagnetic component (M = 0.04 emu g~ !) is almost two
orders of magnitude higher than that for the ingot (M =
0.0006 emu g~!, see figure 5 and table 1). This finding
contradicts the expectations that the ribbon produced by a
much higher quenching rate should contain less Ni precipitate
than the ingot. We explain this discrepancy by the much lower
signal-to-noise ratio for the ribbon because of the much smaller
sample mass compared to the ingot, giving a large error when
correcting for the Langevin diamagnetic component and for the
sample holder. By fitting to the high-field part of the curves
(solid lines), the susceptibility of the sample (xexp) can be
determined. The inset shows the temperature dependence of
Xexp from which the conduction electron susceptibility, Xconds
is calculated after correction for the Langevin diamagnetic
contribution (x4ia). These values are extrapolated to T = 0
and the result is summarized in table 1. The conduction
electron susceptibility, Xfond = 23.6 x 107® emu/molOe for
the Pd4oCusoNijoPy ribbon, differs by roughly a factor of two
from that for the ingot of the same composition (X((:)ond =
9 x 107® emu/molOe). Taking into account the huge error
for these figures (due to the very low absolute value of the
susceptibility, even the sample holder contribution, negligible
for the Fe-containing samples, is a source of considerable
correction), the conduction electron susceptibility can be
regarded as nearly equal in the bulk amorphous ingot and in
the amorphous melt-spun ribbon.

Since the susceptibility of the Fe-free Pd-based alloys is
quite near to the sensitivity limit of the SQUID magnetometer,
a melt-spun binary amorphous ribbon of the composition
Pdg,P;g was also measured as a control sample. This
alloy does not contain Ni atoms which are inclined to
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Figure 6. Magnetization as a function of applied field measured at
various temperatures for the melt-spun Pd4CusoNi;oP,o ribbon. The
solid lines are linear fits between H = 30 and 50 kOe. Inset:
measured susceptibility (xexp) versus temperature determined from
the fits, temperature-independent Langevin diamagnetic
susceptibility (xqi,) and conduction electron susceptibility

(Xcond = Xexp — Xdia) VETSUS temperature.

form giant moments [23], therefore it is expected to be the
magnetically most homogeneous alloy in this study. The
magnetization of the Pdg,P;g ribbon is plotted in figure 7 as
a function of the applied magnetic field. The susceptibility
(Xexp) obtained by fitting a straight line to the high-field
portion of the curves (solid lines) is shown in the inset
as a function of temperature, together with the conduction
electron susceptibility (xcond) after correction for the Langevin
diamagnetic susceptibility (xgia). The resulting conduction
electron susceptibility (extrapolated to 7 = 0, see table 1),
Xc?ond =22x107° emu/molOe, for the Pdg,P;g ribbon is very
close to that of the Pd4yCusgNioPyg ribbon (X((:)ond = 23.6 x
10~° emu/molOe). This value for Pdg,Pg coincides well with
the susceptibility value for amorphous PdgyP,y extrapolated
from the data for amorphous (Pd;_,Cu,)goP2o alloys to
x = 0124, 25].

4. Discussion

The cluster size calculated in [14] for the melt-spun
Pd40Ni22.5F617'5P20 alloy, which is much larger than that of the
giant moments determined for both the Pd3sCusoNijoFesP
ingot and ribbon used in this study (table 1), is made [14]
responsible for the non-saturating character of the M(H)
curves. Also, these clusters are associated in [14] with the
cusp observed in the magnetization versus temperature curves
for low applied fields. The cusp is, however, completely
absent in our melt-spun Pd35CusoNijoFesPyg ribbon in contrast
to the ingot of the same composition (figure 4), while both
alloys show non-saturating magnetization for high applied
fields (figures 1 and 2). This observation excludes any direct
links between the clusters and the low-temperature cusp. The
cusp thus cannot be an intrinsic property of the amorphous
matrix; it should be connected with the precipitates observed in
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Figure 7. Magnetization as a function of applied field measured at
various temperatures for the melt-spun Pdg,P g ribbon. The solid
lines are linear fits between H = 30 and 50 kOe. Inset: measured
susceptibility (xexp) versus temperature determined from the fits,
temperature-independent Langevin diamagnetic susceptibility (xqia)
and conduction electron susceptibility (Xcond = Xexp — Xdia) VEISUS
temperature.

our ingot [15, 16]. These precipitates should be distinct from
the giant moments present both in the ingot and the ribbon, the
latter being responsible for the non-saturating character of the
magnetization as a function of the applied field.

The customary Arrott-plot analysis [26] for the determi-
nation of the Curie temperature (7¢) is known [27] to lead to
overestimated 7¢ values in spatially heterogeneous ferromag-
nets or in the presence of strongly magnetic precipitates in a
non-magnetic matrix. Therefore, the 7c = 60 K value deduced
from the Arrott-plot by Shen et al [8] for the Curie point of the
bulk Pd35CusgNijoFesPyg ingot can be misleading. Most prob-
ably, the alloy contains nanoscale ferromagnetic precipitates
inside a homogeneous paramagnetic matrix. The precipitates
could not be detected by routine x-ray diffraction and their ob-
servation represents a challenge even for high-resolution trans-
mission electron microscopy due to the low atomic number
contrast between particle and matrix.

5. Conclusions

The magnetic properties of Pd-based alloys with and without
iron in the form of bulk amorphous ingots and melt quenched
ribbons of the same composition were investigated. The Fe-
doped alloys, both the ingot and the ribbon, contain magnetic
inhomogeneities (giant moments) inside the paramagnetic
amorphous matrix, causing the non-saturating behavior of the
magnetization curves. In addition, nanocrystalline precipitates
are distributed inside the amorphous matrix of the ingot (in
contrast to the ribbon), leading to a cusp at low temperatures
in the temperature dependence of the low-field magnetization.
The iron-free Pd-based alloys remain paramagnetic down to
the lowest available temperature with a plausible value for the
conduction electron susceptibility when compared to binary
Pd-P amorphous alloys. It is pointed out that the complex

magnetic behavior of Fe-doped Pd-based bulk metallic glasses
can be misinterpreted if the presence of nanocrystalline
precipitates observed beyond doubt in the 5 at.% Fe content
alloy is not taken into account. In our case an explanation
of the cusp observed at low temperatures is not possible in
terms of a magnetic phase diagram including paramagnetic,
superparamagnetic, spin-glass and field-induced ferromagnetic
phases since the cusp disappears when the same BMG ingot is
quenched into a ribbon with a high cooling rate. Therefore,
the interpretation of a complex magnetic phase diagram in
terms of intrinsic, atomic-scale interactions in a homogeneous
material can only be justified if the presence of nanometer-
scale inhomogeneities in the alloy can be definitively ruled out.
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