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Extended solubility and spin-glass behavior in a Ag-Gd solid solution prepared
by mechanical alloying
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The effects of mechanical alloying on the solubility in a Ag-Gd solid solution have been investigated. The
study shows that the solubility of Gd in Ag can be extended to about 5 at. % Gd by mechanical alloying from
the equilibrium solubility of less than 0.95 at. % Gd. Ag&5Gd» prepared by mechanical alloying exhibits a
spin-glass-type transition at -5 K. A Curie-Weiss behavior at higher temperatures and x-ray patterns of the

material indicate that Gd atoms are either dissolved in the Ag matrix or in the form of small clusters of
diameters of a few nanometers.

I. INTRODUCTION

It has been demonstrated that extended solubility in two
originally immiscible elements can be achieved by mechani-
cal alloying in transition metals. ' For example, a solubility
of 60 at. % of Fe in fcc Cu was found in the as mechanically
alloyed samples, while Fe and Cu are virtually insoluble in
each other at equilibrium. The study of metastable solid so-
lution formation by mechanical alloying in intermetallic sys-
tems containing rare earths, however, has been scarce. De-
composition of La-Ni, La-Co, and La-Ag intermetallic
compounds into the elements by ball milling was reported by
Loeff, Bakker, and de Boer, and no observable solid solu-
tion was found in the systems. On the other hand, ball mill-
ing of crystalline La-Au alloys resulted in an amorphous
alloy. In this paper, we report the observation of extended
solid solution (-5 at. % Gd in Ag) induced by mechanical
alloying of the starting powder elements. A spin-glass tran-
sition at -5 K is observed in this binary Ag-Gd system.

ducted on a Rigaku x-ray powder diffractometer with Cu
Kn radiation. During the experiments, samples were sealed
underneath an A1203 foil in order to prevent any possible
oxidation of the samples. Magnetic susceptibility of the 35-h
mechanically alloyed sample was measured as a function of
temperature under both zero-field-cooled (ZFC) and field-
cooled (FC) conditions using a Quantum Design supercon-
ducting quantum interference device susceptometer (model
MPMS-SS).

III. RESULTS AND DISCUSSION

Shown in Fig. 1 are the x-ray-diffraction patterns of
samples ground for 2.5, 15, and 35 h. Also shown in Fig. 1 is
the x-ray pattern of the 35-h mechanically alloyed sample,
which was subsequently heat treated at 550 'C for 10 min.
The pattern for the 2.5-h mechanically alloyed sample was
essentially that of a mixture of Ag and Gd. As the grinding

II. EXPERIMENTAL DETAILS Annealed

Samples were prepared by mechanical alloying using a
high-energy Spex 8000 mixer/mill. The starting materials
were fine powders of silver and gadolinium of 99.9% purity.
The starting composition of the Ag-Gd mixture was Ag&5

Gd]5, which was sealed in a grinding vial made of hardened
steel under argon atmosphere. Also sealed in the vial were
hardened steel balls. The sticking of metal powders to the
walls of vial and balls, which often occurs during milling,
was avoided by the addition of small amount of ethanol to
the initial mixture. Samples were obtained after 2.5, 15, and
35 h of mechanical alloying. They were dried under vacuum
at room temperature. The vacuum dried samples contained
no ethanol as indicated from the ir spectroscopy. The weight
of the balls was measured before and after mechanical alloy-
ing, and there was no weight loss of the balls (less than 0.01
g), which indicated that the samples (-7 g) were essentially
Fe free (less than 0.1 wt. % Fe). X-ray diffraction was con-
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FIG. 1. X-ray-diffraction patterns of samples mechanically al-

loyed for 2.5, 15, and 35 h and that of the 35-h sample that was
subsequently annealed at 550 C. The intensity is in arbitrary units
and 20 in degrees.
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time increased, the intensities of the Gd peaks decreased and
became very broad at 35 h, and, at the same time, the inten-
sities of the Ag peaks increased, which might be caused by
the presence of heavier Gd atoms in the fcc Ag matrix. A
more direct evidence for the formation of a solid solution of
Gd in Ag was that the positions of the Ag peaks were shifted
toward lower angles for the 15- and 35-h mechanically al-
loyed samples because of the substitution of the larger Gd
atoms for Ag.

As a matter of fact one can estimate the number of Gd
atoms dissolved in the Ag matrix by determining the lattice
constants of the samples. The lattice constant of pure fcc Ag
a=4.086 A was determined from the Ag powders used in
this study. The lattice constant of the 35-h mechanically al-
loyed sample had a lattice constant n of 4.100 A. If one
assumes that the linear relation between the lattice constant
and Gd concentration in fcc Ag under equilibrium conditions
for concentrations less than the maximum solubility of 0.95
at. % Gd is valid in our case, a lattice constant a=4.100 A
of the mechanically alloyed sample corresponds to a solubil-
ity of -5 at. % Gd in fcc Ag. This extended solubility was a
direct result of mechanical alloying, in which intimate con-
tacts between Gd and Ag and subsequent imbedding of Gd
into Ag might have been brought by the high-energy ball-
sample-container collisions. ' It should be noted that the re-
ported maximum equilibrium solubility of 0.95 at. % Gd is at
a eutectic temperature of 805 C, the equilibrium solubility
at room temperature is even lower (—0.1 at. % Gd). This is
not hard to understand if one considers the fact that the me-
tallic radius of Gd is 25% larger than that of Ag. The 15-h
mechanically alloyed sample showed a lattice constant that is
very close to the 35-h sample, which suggested that much of
the 5 at. % of Gd atoms were already dissolved in the Ag
matrix at 15 h and the solubility of Gd in fcc Ag may not be
extended much further by simply extending the grinding
time. The Gd atoms in the 35-h mechanically alloyed
"Agz&Gd»" sample were either dissolved in the Ag-Gd solid
solution (-5 at. % Gd), or in the form of small clusters of
average diameter of 2—3 nm as determined from the broad-
ening of Gd x-ray peaks using the Scherrer formula.

After 10 min of annealing at 550 'C, the metastably dis-
solved Gd atoms in the 35-h sample precipitated out of the
fcc lattice, and the fcc Ag peaks in the x-ray pattern returned
to their original positions of pure Ag (Fig. 1).

Magnetic susceptibility of the 35-h mechanically alloyed
sample was measured as a function of temperature under
both ZFC and FC conditions. Shown in Fig. 2 is the ZFC and
FC susceptibilities measured with magnetic fields of
H=20, 100, 1000 G. The spin-glass transition at Tf=5 K is
clearly seen in the ZFC and FC susceptibilities at a measur-
ing field of H= 20 G. Tf was reduced to 3.5 K for H= 100 G
and further reduced to below 2 K, which is the lowest tem-
perature our instrument can reach, for H= 1000 G. A spin
glass transition was observed in a Ag-Gd solid solution.

The magnetic properties of Ag-Gd, mostly amorphous,
have been studied extensively. ' ' Amorphous Gd Ag, oo
for x~20 were prepared and exhibited ferromagnetic order-
ing with a transition temperature proportional to the Gd con-
centration, although alloys for x(30 displayed some of the
features normally associated with spin glass. The amorphous
Ag-Gd system for smaller Gd concentration was difficult to
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prepare, and Y was used to dilute the Gd concentration by
Mohammed and Lanchester. ' Their study indicated that
amorphous GdIOY20Ag70 and Gd2oYIOAg70 are spin glasses
with freezing temperatures of -6 and —13 K, respectively.
The spin-glass behavior observed in our study is of signifi-
cance in that the Ag-rich fcc Ag-Gd (5 at. %) system is a true
binary alloy and is crystalline rather than amorphous. As far
as we know, the only other study on the crystalline fcc
Ag-Gd alloy was that of Sugawara et a/. , where a sharp
maximum in resistivity and change of slope in magnetic sus-
ceptibility were found at about 3 K in quenched dilute
Ag-Gd alloys between 0.3 and 0.5 at. % Gd. ' However, no
anomaly was found in the heat capacity of these alloys,
which was expected for either a spin glass or for other mag-
netic phase transitions. ' The extended solubility of -5
at. % Gd in Ag achieved by mechanical alloying has made
possible the direct observation of the spin-glass behavior in
this true binary system. Experiments are being planned to
prepare samples with varying initial Gd concentration near 5
at. % to obtain complete alloying. Magnetic study on such a
pure solid solution sample will shed more light on the nature
of the spin-glass transition and Ruderman-Kittel-Kasuya-
Yosida interaction.

In the 35-h mechanically alloyed sample, about one-third
of the Gd atoms were dissolved in the Ag-Gd solid solution
(5 at. % Gd) and two-thirds of the Gd atoms were in the form
of nanoparticles 2—3 nm in size. It should be pointed out that
superparamagnetisrn arising from these Gd nanoparticles
cannot be accountable for the peak in susceptibility at 5 K.
The blocking temperature T& of superparamagnetic particles
is proportional to EV, where K is anisotropy constant and V
the particle volume. ' The anisotropy constants K are
-5 X 10 and —1 X 10 erg/cm for Fe and Gd,
respectively. ' The blocking temperatures of systems con-
taining Fe particles of a few nanometers have been found to
have a typical value of T~~10 K, which suggests that the
T~ of the Gd nanoparticles of similar size should be at least
twice that ()20 K). In addition, a recent study on small Gd
clusters has suggested that the blocking temperature of Gd

FIG. 2. Zero-field-cooled (ZFC) and field-cooled (FC) suscepti-
bilities of the 35-h sample measured with magnetic fields of
H = 20, 100, and 1000 G.
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FIG. 3. Inverse susceptibility I/(g —yo) of the 35-h sample
measured at 1000 G, where F0=0.000 058 emu/g.

clusters containing 10—35 atoms has typical values between
100 K and room temperature. Thus the peak at -5 K could
not be associated with the blocking temperature of Gd nano-
particles. However a broad maximum between 15 and 30 K
in low-field susceptibility (ZFC and H = 20 G) might be re-
lated to the blocking of the Gd superparamagnetic nanopar-
ticles. Compared to the nanoparticles of transition metals
(Fe, Co, and Ni), the magnetic behavior of Gd nanoparticles
is far less understood and needs to be further investigated.
Additional experiments will be conducted in order to study
the superparamagnetic properties of Gd nanoparticles pro-
duced by mechanical milling.

Figure 3 shows the inverse susceptibility I/(y —ye) mea-
sured at 1000 G, where constant F0=0.000058 emu/g. It
follows the Curie-Weiss law, with a small and negative
0= —0.5 K. If one assumes that the Gd atoms dissolved in
the Ag-Gd solid solution have effective moment
p, ,ff= 7.9pe (expected for a free-Gd ion), the saturation mag-
netization M, of the Gd nanoparticles can be calculated from
y=M, VI3ke(T 8), where V—is the average Gd particle
volume. t9= —0.5 K and V=(4—14) X 10 m (particle di-
ameter d=2 —3 nm) were used in the calculation. Such a
calculation resulted in an average saturation magnetization ofI, between 3 and 5p, ~ per Gd atom for Gd particles. The
reduced magnetization (compared to 7p, e) in small Gd par-
ticles has been observed in a few cases and may be attributed
to the possible presence of antiferromagnetic coupling within
the particle. ' ' The reduced moment can also be seen in the
magnetization curve (Fig. 4), which shows that the magneti-

FIG. 4. Magnetization and hysteresis loop for the 35-h sample.
The inset shows the region of smaller fields (H(4000 G).

zation does not saturate at 2 K and a field of 5 T. The highest
value obtained was 4.9p,z/Gd. The inset of Fig. 4 shows the
hysteresis normally associated with spin glass or superpara-
magnetic particles below the critical temperature. The low-
field susceptibilities (H= 20 and 100 G) could not be fitted
into a Curie-Weiss law, which is attributed to the enhanced
effect at low fields by residual ferromagnetic Gd existing in
the sample. This is also seen as the difference in susceptibili-
ties between different measuring fields (Fig. 2) at high tem-
peratures.

IV. CONCLUSIONS

An extended solubility (5 at. % Gd) was induced by me-
chanical alloying in an Ag-rich fcc solid solution. A spin-
glass freezing temperature of 5 K was observed in this sys-
tem. A Curie-Weiss behavior at higher temperatures and
x-ray patterns of the material indicate that Gd atoms are ei-
ther dissolved in the Ag matrix or in the form of small clus-
ters of diameters of a few nanometers.
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