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Abstract. Various magnetic properties of amorphous Fe–Y alloys at finite temperatures such
as the densities of states, local magnetic moments, susceptibilities, and the magnetic phase
diagram have been investigated on the basis of the finite-temperature theory of amorphous
magnetic alloys. It is found that the calculated magnetization, distribution of local moments,
susceptibilities, and magnetic phase diagram in the most random atomic configuration show
a spin-glass phase, a re-entrant spin-glass phase, ferromagnetism, and paramagnetism with
reducing Fe concentration. These results describe qualitatively the experimental data for the
melt-spun Fe–Y alloys. It is verified that the nonlinear magnetic couplings between Fe local
moments and the large-amplitude fluctuations of local moments due to structural disorder result
in the spin glass in the Fe-rich region. The decrease of the average coordination number of the
Fe atom due to the large difference in atomic size between Fe and Y atoms, on the other hand,
stabilizes the ferromagnetism at lower Fe concentrations. The difference in magnetic phase
diagram between the melt-spun and the sputtered Fe–Y alloys is interpreted in terms of that
between the atomic short-range orders.

1. Introduction

The magnetic properties of Fe-rich amorphous alloys containing early transition metals or
rare-earth metals have been much investigated experimentally since the beginning of the
1980s [1–13]. Their magnetic phase diagrams have been established as shown in figure 1.
These phase diagrams show a characteristic feature of the magnetism: the Curie temperatures
rapidly decrease with increasing Fe concentration, and the spin-glass (SG) phase is found
beyond 90 at.% Fe. The SG transition temperatures (Tg) obtained take approximately the
same value of about 110 K irrespective of the choice of second element. The SG, therefore,
is considered to be intrinsic to amorphous pure Fe.

A theory which explains the SG in amorphous pure Fe has been presented by Kakehashi
on the basis of the functional integral method and the distribution function method [14]. He
showed that the SG in amorphous Fe is caused by nonlinear magnetic couplings between Fe
local moments (LMs) and the large fluctuations of the amplitude of LMs due to structural
disorder. This feature has recently been examined in more detail by varying the volume
[15] and the degree of structural disorder [16], and even by improving the theory in such a
way that the amplitude fluctuations on the nearest-neighbour (NN) shell are selfconsistently
taken into account [17].

When the Fe concentration is decreased, the phase diagrams in figure 1 show common
features: the SG phase beyond 90 at.% Fe, the re-entrant spin-glass (RSG) behaviour,
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Figure 1. Magnetic phase diagrams of Fe-rich amorphous alloys containing the early transition
metals and rare-earth metals. The Curie (spin-glass transition) temperatures are shown by solid
(dashed) curves. The data for amorphous Fe–Lu (�), Fe–Ce (N), Fe–Zr (•), and Fe–La (◦)
are taken from [11, 13], while the data for amorphous Fe–Y (melt-spun:O; sputtered:�) are
taken from [1] and [5], respectively.

the appearance of ferromagnetism (F), and the transition to paramagnetism (P), although
the critical concentrations for the F–P transition strongly depend on the choice of second
element. This feature has recently been explained by the authors on the basis of the finite-
temperature theory of amorphous magnetic alloys [18, 19, 20]; the transition from the
SG phase to ferromagnetism is caused by the enhancement of Fe local densities of states
(DOS) at the Fermi level due to the decrease of average coordination number of the Fe
atom via the atomic-size effect. The RSG in the Fe-rich region is realized by the thermal
spin fluctuations of amplitude of Fe LMs, which violate the detailed balance between the
short-range ferromagnetic interactions and the long-range antiferromagnetic interactions.

An exception is found in amorphous Fe–Y alloys, where the sputtered Fe–Y alloys do
not have the ferromagnetic phase, but show SG behaviour over the whole concentration
range [1]. The SG behaviour was first attributed to a characteristic interatomic distance
between nearest-neighbour Fe atoms, because the observed value of 2.54Å beyond 67 at.%
Fe [21] is close to the empirical critical value 2.5̊A at which the magnetic couplings
between Fe LMs change from ferromagnetic to antiferromagnetic couplings [22]. Later,
Croat [2], Ishioet al [3], and Tangeet al [4, 5] found that the melt-spun Fe–Y alloys show
ferromagnetism at finite Y concentrations, with the maximum of Curie temperatures (TC)
at about 270 K around 80 at.% Fe. RSG behaviour has also been found recently by Tange
et al [4, 5] for the range 50–80 at.% Fe, which is very similar to that for the other Fe-rich
amorphous alloys shown in figure 1. Moreover, Fukamichi [23] observed the appearance
of ferromagnetism when the sputtered Fe–Y alloys were annealed.

The experimental results mentioned above reveal that the magnetic properties of
amorphous Fe–Y alloys are extremely sensitive to the different preparation conditions, which
may cause changes in electronic structure, and spin fluctuations, as well as a distribution
of magnetic interactions via structural and configurational disorders. Therefore, more
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detailed investigations, in particular concerning the influence of the degree of disorder,
are indispensable if one aims to clearly understand the different magnetic properties of
amorphous Fe–Y alloys.

To elucidate the mechanism of the magnetism in amorphous Fe–Y alloys, we investigate
in more detail, in this paper, various magnetic properties of amorphous Fe–Y alloys on the
basis of the finite-temperature theory [18]. Moreover, we study the influence of the degree
of disorder in this system and explain the difference in magnetic phase diagram between the
melt-spun and the sputtered Fe–Y alloys from the viewpoint of the atomic short-range-order
(ASRO) effect.

We first review in the next section the finite-temperature theory for amorphous magnetic
alloys. Then, we investigate in section 3 various magnetic properties and the electronic
structure of amorphous Fe–Y alloys in the most random atomic configuration, and clarify
the differences between and the similarities of the magnetism behaviours exhibited by Fe–Y
and Fe–Zr alloys. The latter has been regarded as a prototype of Fe-rich amorphous alloys
containing early transition metals and rare-earth metals [13].

We present in subsection 3.1 the spin-polarized local DOSs, which show a double-peak
structure in the Fe-rich region and a Lorentz-like structure in the Y-rich region at the Fe
site. The calculated concentration dependences of various LMs and the broad distributions
of LMs are presented in subsection 3.2. They are discussed from the viewpoint of electronic
structure. Subsection 3.3 is devoted to the temperature variations of LMs and susceptibilities.
The SG for concentrations near that of amorphous pure Fe, the RSG behaviour at around
86.5 at.% Fe, and the ferromagnetism at finite Y concentrations are found there. The
calculated magnetic phase diagram for the most random atomic configuration is presented
in subsection 3.4. A SG–F–P transition is found with decreasing Fe concentration, which
explains qualitatively the behaviour of the melt-spun Fe–Y amorphous alloys. To clarify
the origin of the two kinds of magnetic phase diagram for amorphous Fe–Y alloys shown in
figure 1, the ASRO effects on the magnetization and the Curie temperatures are investigated
in subsection 3.5. A phase transition from the F to the SG regime is found in the Fe-rich
region when the number of Fe–Fe neighbouring pairs increases. This may explain the fact
that a single SG phase is found for sputtered Fe–Y alloys. The conclusions are given in
section 4. The preliminary results of this paper were reported in the proceedings of the
International Conference on Magnetism, held in 1994 [24].

2. Theory for amorphous magnetic alloys at finite temperatures

We consider the binary amorphous alloys described by the degenerate-band Hubbard model
with Hund’s rule coupling, and take into account the thermal spin fluctuations by means
of the functional integral method [25, 26, 27]. The interacting electron system is, then,
transformed into a one-electron system with time-dependent fictitious fields acting on each
site. Within the static and molecular-field approximations [28, 29, 30], the thermal average
of the LM for atomα on site 0 is given in a classical form as follows [18, 31]:

〈m0〉 =
∫

dξ ξe−β90(ξ)
/∫

dξ e−β90(ξ) (1)

90(ξ) = E0(ξ) +
∑
j 6=0

8
(a)
0j (ξ) −

∑
j 6=0

8
(e)
0j (ξ)

〈mj 〉
xj

. (2)

Hereβ is the inverse temperature. The field variableξ can be regarded as an adiabatic LM
on site 0 according to equation (2). The energy90(ξ) consists of the single-site energy
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functional on site 0 (E0(ξ)), the atomic pair energy between sites 0 andj (8(a)
0j (ξ)), and the

exchange pair energy (8
(e)
0j (ξ)) between the central LMξ and the neighbouring LM〈mj 〉

with average amplitudexj .
The central LM〈m0〉 is then given by the surrounding LM{〈mj 〉}, the coordination

numberz, the atomic configuration{γj }, the squares of transfer integrals{yj = t2
0j } for

amorphous pure metals, the effective mediumLσ for electrons describing the effects of
random potentials and the thermal spin fluctuations in the energiesE0(ξ), 8

(a)
0j (ξ), and

8
(e)
0j (ξ), and the effective self-energySσ describing the structural disorder outside the NN

shell (see [18] for further details). These variables randomly change in amorphous alloys.
Therefore, we treat them by introducing the distribution functiongα(〈mj 〉) for the LM of
atomα, the distributionpα(z) for the coordination number of atomα, the probabilitypαα of
finding an atom of typeα on the NN site of the central atomα, and the distributionps(yj )

for squares of the transfer integrals. Since the distribution for the central LMgα(〈m0〉)
obtained from equation (2) should be identical to those for the neighbouring LMsgα(〈mj 〉),
we obtain an integral equation for the distribution of LMs as follows:

gα(M) =
∑

z

pα(z)

z∑
n=0

0(n, z, pαα)

∫
δ(M − 〈mα〉)

×
n∏

i=1

[
ps(yi) dyi gα(mi) dmi

] z∏
j=n+1

[
ps(yj ) dyj gᾱ(mj ) dmj

]
. (3)

We adopt here a simple form for the distributionpα(z):

pα(z) = (z∗
α − [z∗

α])δz[z∗
α ]+1 + ([z∗

α] + 1 − z∗
α)δz[z∗

α ]

where [ ] is Gauss’s notation, so that the average coordination number

z∗
α =

∑
z

pα(z)z

is described correctly.0(n, z, pαα) in equation (3) is a binomial distribution function given
by

0(n, z, pαα) = (pαα)n(1 − pαα)z−nz!/n!(z − n)!

in which pαα is written in terms of Cowley’s ASRO parameterτα and concentrationcα as
pαα = cα + (1 − cα)τα. Note that the suffixα denotes the type of atom on the central site.

Making use of the decoupling approximation for bothps(yj ) and g(mj ) on the right-
hand-side of equation (3), which is correct up to the second moments, we reach the final
expression for the self-consistent equations for the average LM

[
[〈mα〉]s

]
c of atom α and

the SG order parameter
[[〈mα〉2

]
s

]
c

as follows:[ [
[〈mα〉]s

]
c[[〈mα〉2

]
s

]
c

]
=

∫ [
M

M2

]
gα(M) dM

=
∑

z

pα(z)

z∑
n=0

0(n, z, pαα)

n∑
i=0

0

(
i, n,

1

2

) z−n∑
j=0

0

(
j, z − n,

1

2

)

×
i∑

k1=0

0(k1, i, qα)

n−i∑
k2=0

0(k2, n − i, qα)

j∑
l1=0

0(l1, j, qᾱ)

×
z−n−j∑
l2=0

0(l2, z − n − j, qᾱ)

[ 〈ξα〉(z, n, i, j, k1, k2, l1, l2)

〈ξα〉(z, n, i, j, k1, k2, l1, l2)
2

]
(4)
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qα = 1

2

1 +
[
[〈mα〉]s

]
c[[〈mα〉2

]
s

]1/2

c

 . (5)

Here[ ] s ([ ] c) denotes the structural (configurational) average, and

〈ξα〉(z, n, i, j, k1, k2, l1, l2) =
∫

dξ ξe−β9α(ξ,z,n,i,j,k1,k2,l1,l2)
/∫

dξ e−β9α(ξ,z,n,i,j,k1,k2,l1,l2)

(6)

where

9α(ξ, z, n, i, j, k1, k2, l1, l2) = Eα(ξ, z, i + j) + i8
(a)
αα+(ξ, z, i + j)

+ (n − i)8
(a)
αα−(ξ, z, i + j) + j8

(a)
αᾱ+(ξ, z, i + j)

+ (z − n − j)8
(a)
αᾱ−(ξ, z, i + j)

−
[
(2k1 − i)8

(e)
αα+(ξ, z, i + j) + (2k2 − n + i)8

(e)
αα−(ξ, z, i + j)

]

×
[[〈mα〉2

]
s

]1/2

c

[xα]s
−

[
(2l1 − j)8

(e)
αᾱ+(ξ, z, i + j) + (2l2 − z + n + j)

× 8
(e)
αᾱ−(ξ, z, i + j)

][[〈mᾱ〉2
]

s

]1/2

c

[xᾱ]s
. (7)

In equation (7), the subscripts+ and − denote the contracted([R]s − [(δR2)]1/2
s ) and

stretched([R]s + [(δR2)]1/2
s ) pairs for interatomic distanceR.

In the present method, the structural disorder in the transfer integrals{t0j } in a cluster is
described by the numberi (j) of contracted atomsα (ᾱ) amongn (z−n) atoms of typeα (ᾱ)

via the fluctuation of the interatomic distance([(δR2)]1/2
s /[R]s), and the spin configuration

on the NN shell is described by the numberk1 (l1) of up spins among thei (j) contracted
atomsα (ᾱ) and the numberk2 (l2) of up spins among then − i (z − n − j) stretched
atomsα (ᾱ). The effective mediaLσ and Sσ are obtained by solving the self-consistent
CPA (coherent-potential approximation) and Bethe-type equations (see equations (49) and
(82) in [18]), in which we need the average DOS for amorphous pure metals.

The atomic-size effect is taken into account via the average coordination numberz∗
α,

which is given by

z∗
α = z∗

α(0) + pαα[z∗
α(1) − z∗

α(0)]. (8)

Here the average coordination numbersz∗
α(0) and z∗

α(1) are the values forpαα = 0 and
pαα = 1, respectively, which are estimated approximately from the model of dense random
packing of hard spheres (DRPHS; see appendix B in [18]). This relationship means that the
coordination number of an atom with larger atomic size increases linearly with decreasing
number of the same type of neighbouring atoms. It should be noted that the atomic-size
effect causesτα 6= τᾱ because of the sum rule for theα–ᾱ pair:

z∗
α(1 − τα) = z∗

ᾱ(1 − τᾱ). (9)

We determine these parameters from the condition for the most random atomic configuration
(see appendix A in [18]):

cατᾱ + cᾱτα = 0. (10)
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Figure 2. The input densities of states (DOSs) for amorphous Fe [33] (solid curve) and
amorphous Y (dashed curve). The latter is obtained from that of amorphous Zr [18] by scaling
its bandwidth.

Figure 3. The concentration dependence of the atomic short-range-order parameters{τα} (solid
lines) and the average coordination numbers{z∗

α} (dashed lines), which are obtained from the
condition for the most random atomic configuration (equation (10)) and equation (8), where
z∗

Fe(0) = 7.0, z∗
Y(0) = 18.0, andz∗

Fe(1) = z∗
Y(1) = 11.5.

3. Numerical results

3.1. Choice of parameters and densities of states

The theory contains several parameters describing the amorphous and electronic structures
in binary amorphous alloys. We adopt the same input DOS for amorphous Fe [33] as
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used in the calculations for amorphous Fe and Fe–Zr alloys [14, 15, 18, 20]. The DOS
for amorphous Y is obtained from that of amorphous Zr [32] by scaling its bandwidth
with the same ratio as in their fcc counterparts (i.e.W amor

Y = W amor
Zr W fcc

Y /W fcc
Zr ) (see

figure 2). The d-electron number and effective exchange energy parameter for amorphous
Fe are chosen to be the same values as those for amorphous Fe–Zr alloys [15, 18, 20]:
nFe = 7.0+ (1− cFe) × 0.5 andJ̃Fe = 0.064 Ryd; while those for amorphous Y are chosen
as nY = 1.7 and J̃Y = 0.048 Ryd. The latter is taken from Janak’s calculation [34]. The
choice of d-electron numbers has been discussed in our previous paper [18]. The fluctuation
of interatomic distance([(δR2)]1/2

s / [R]s) is chosen as 0.06 which is estimated from both
experimental [35] and calculated [36] pair distribution functions for amorphous Fe. We first
adopt the ASRO parameters{τα} determined from the most random atomic configuration
(see equation (10)). The large difference in atomic size between Fe and Y atoms is taken
into account:z∗

Fe(0) = 7.0, z∗
Y(0) = 18.0, z∗

Fe(1) = z∗
Y(1) = 11.5. The values of{τα} and

{z∗
α} are shown in figure 3.

Figure 4. Calculated spin-polarized local densities of states (DOSs) of amorphous Fe–Y alloys
in the most random atomic configuration at 75 K. The results for the ground state obtained
from the supercell approach are represented by dotted curves; (a)cFe = 0.89, (b) cFe = 0.83,
(c) cFe = 0.67, (d) cFe = 0.48 [37].

We illustrate in figure 4 the spin-polarized local DOS calculated in the most random
atomic configuration at 75 K. The Fe 3d bands beyond 87 at.% Fe in amorphous Fe–Y alloys
hybridize less with Y 4d bands as compared with those in amorphous Fe–Zr alloys [18].
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With decreasing Fe concentration, the bandwidth of the Fe local DOS gradually narrows,
and the local DOS polarizes with the appearance of ferromagnetism (see figures 4(b), (c)).
The down-spin bandwidth for the Fe local DOS is larger than the up-spin one, due to there
being more mixing of electrons between Fe and Y sites. More mixing of 4d state with 3d
states in the down-spin band also gives rise to more electrons with down spin below the
Fermi level on Y sites and leads to a formation of negative moments on Y sites. With further
decrease of the Fe concentration, the band splitting of the Fe local DOS decreases gradually
because of there being more holes in the up-spin 3d electrons above the Fermi level due to
hybridization with 4d electrons on Y sites. Below 50 at.% Fe, the Fe local DOSs form a
Lorentz-like narrow band located in the broad Y band, as seen from figure 4(d). Comparing
these results with the local DOS in amorphous Fe–Zr alloys (see figure 3 in [18]), we find
that the Fe local DOSs in amorphous Fe–Y alloys show narrower bandwidth in particular
below 65 at.% Fe because of less hybridization with 4d electrons, which makes amorphous
Fe–Y alloys more polarizable together with a larger value ofJ̃Y.

Figure 5. The calculated magnetization [[〈m〉]s]c

versus concentration curve for the most random atomic
configuration at 75 K. Experimental data for the
saturated magnetization of the melt-spun Fe–Y alloys
are shown by inverted triangles (O) [5]. The crosses
show the results for the ground state obtained from the
supercell approach [37].

Figure 6. The concentration dependences of
various local moments for the most random atomic
configuration at 75 K: [[〈m〉]s]c (solid curve), [[〈mα〉]s]c

(dashed curve), [[〈mα〉2]s]
1/2
c (dot–dashed curves), and

[[ 〈m2
α〉]s]

1/2
c (dotted curves).

It is found that our results for spin-polarized DOSs with the most random atomic
configuration reproduce well those obtained from the supercell approach [37] (dashed curves
in figure 4). This supports the validity of the finite-temperature theory. A serious difference
is found beyond 90 at.% Fe, because of the small unit cell in the supercell approach, as we
have discussed in recent papers [15, 18].
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3.2. The concentration dependence of various local moments

We have numerically investigated the concentration dependence of magnetic properties in the
most random atomic configuration. Figure 5 shows the calculated magnetization([[ 〈m〉]s]c)

versus concentration curve at 75 K. The result explains qualitatively the experimental data
for the saturated magnetization of the melt-spun Fe–Y alloys [5] as shown by inverted
triangles in figure 5. In our calculations, a net magnetization appears below 87 at.% Fe
and shows a maximum of 1.0µB at around 73 at.% Fe. With further decrease of the Fe
concentration, the magnetization gradually decreases until 15 at.% Fe is reached where the
paramagnetism appears.

The appearance of ferromagnetism is attributed to the large difference in atomic size
between Fe and Y atoms; as the Y concentration increases, small Fe atoms on the NN
shell of an Fe atom are replaced by large Y atoms, so the average coordination numberz∗

Fe
is reduced according to the DRPHS model. This leads to a change in electronic structure
via the transfer integrals{t0j }. We have examined the nonmagnetic DOS at 65 at.% Fe in
the most random atomic configuration, comparing it with those DOSs in whichz∗

α = 11.5
(α = Fe and Y). We found that the former shrinks the bandwidth of the Fe local DOS
and enhances the local DOS at the Fermi level. These effects produce a magnetic energy
gain, so the ferromagnetism appears. In fact, we have calculated the magnetization keeping
the average coordination numberz∗

α = 11.5, and found no net magnetization over the
whole concentration range. This mechanism is the same as that in amorphous Fe–Zr alloys
[18], although the net magnetization in amorphous Fe–Y alloys is enhanced by 0.1µB as
compared with that in amorphous Fe–Zr alloys [20, 24]. The SG–F transition is therefore
a characteristic of amorphous Fe early-transition-metal alloys. Recentab initio calculations
by Becker and Hafner using the supercell approach [37] have also found a reduction of the
coordination number of Fe with decreasing Fe concentration, in agreement with our results
for the most random atomic configuration.

The disagreement between our result and that obtained by Becker and Hafner beyond
90 at.% Fe is attributed to the small number of atoms (64 atoms) in a unit cell in the supercell
approach and the periodic boundary condition for magnetic structure with the same unit cell
as in the crystalline structure. The former is not sufficient for describing competing systems
such as the SG because of the small energy difference between various spin configurations.
The latter generally overestimates the magnetization in the competing systems.

Various LMs also show a concentration dependence similar to those in amorphous Fe–
Zr alloys [20] as shown in figure 6. But Fe LMs are enhanced because of there being less
hybridization between Fe 3d and Y 4d orbitals, and the Y LMs are decreased in magnitude
becausenY < nZr, as compared with those for the amorphous Fe–Zr alloys (see subsection
3.1).

Calculated distribution functionsg(M) (= ∑
α cαgα(M)) at various concentrations are

presented in figure 7. The narrow peak at the centre is mainly contributed by the small Y
LMs, while the very broad peak in the positive region comes from the large fluctuations of
Fe LMs due to the structural and configurational disorder. When Fe concentration increases
beyond 75 at.% Fe, negative Fe LMs appear. Then, the broad peak flattens and extends to
the negative region. This is caused by the appearance of nonlinear magnetic couplings and
the effect of the local environment on the amplitude of the LMs. Further increase of Fe
concentration results in the SG behaviour which is characterized by a symmetric and very
broad distribution from−2.6 µB to 2.6µB.

Becker and Hafner [37] have calculated the distribution functions for the ground state
on the basis of the supercell method (see the inset of figure 7). They also found a large
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Figure 7. Distribution functionsg(M) for various Fe concentrations calculated for the most
random atomic configuration at 75 K. The insets show the results for the ground state obtained
from the supercell approach forcFe = 0.35, 0.48, 0.67, 0.83, 0.89 from the top to the bottom [37].

number of negative Fe LMs beyond 80 at.% Fe and attributed the appearance of negative
Fe LMs to the competing exchange interactions which are traced back to both fluctuations
in the local charge densities and bonding properties related to the number of contracted
atoms on the NN shell. This explains the decrease of magnetization in the Fe-rich region
in their results (see the crosses in figure 5). It is, however, found that the results still lead
to a finite value of magnetization in pure Fe as found in their calculations for amorphous
Fe–Zr alloys [38], because of the small unit cell with periodic boundary conditions in the
supercell approach [15, 18].

3.3. Temperature variations of magnetic moments and susceptibilities

We have calculated the temperature dependence of the magnetization, SG order parameter,
and spin susceptibility in the most random atomic configuration at various concentrations.
The results are illustrated in figures 8 and 9. As shown in figure 8(a), the SG solution
appears beyond 87 at.% Fe, and the spin susceptibility shows a cusp atTg [1]. The inverse
susceptibility exhibits upward convexity aboveTg as shown in figure 9, as was observed by
Fukamichi for Fe92.5Y7.5 amorphous alloy [23]. This behaviour is related to the close-packed
structure, because it has also been found theoretically in amorphous Fe [39], amorphous
Fe–Zr alloys [20] and fcc Fe–Ni alloys [40].

In the narrow region around 86.5 at.% Fe, we found RSG behaviours as shown in
figure 8(b). The net magnetization appears in a temperature range of 160–50 K, while the
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Figure 8. The temperature dependences of the magnetization (solid curve), SG order parameter
(dot–dashed curves), and spin susceptibility (solid curves) for amorphous Fe90Y10 alloy (a), and
Fe86.5Y13.5 alloy (b). The vertical dotted lines denote the critical temperatures.

Figure 9. The temperature dependences of the magnetization and inverse spin susceptibilities
at various Fe concentrations. Note that the curve for the inverse spin susceptibility atcFe = 0.0
is multiplied by 1/5.

SG order parameter increases gradually below 50 K. These behaviours have been observed
for the melt-spun Fe–Y alloys [4], but the RSG region extends over the whole concentration
range in the experimental data, contradicting the present result for the most random atomic
configuration. The competing interactions between more distant LMs, which are not fully
taken into account in the present calculations, may explain the data.

In the present calculations, ferromagnetism is found below 86 at.% Fe. The calculated
magnetization versus temperature curves are close to the Brillouin type (see figure 9). The
inverse susceptibilities, on the other hand, obey the Curie–Weiss law aboveTC in the Fe-rich
region, but begin to bend and rapidly decrease at low temperatures below 50 at.% Fe. The
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Figure 10. Effective Bohr magneton numbersmeff obtained at around 1000 K and high-field
spin susceptibilities at 75 K for the most random atomic configuration. The vertical dotted lines
show the critical concentrations for the transitions from ferromagnetism to the spin-glass phase
(at around 87 at.% Fe) and paramagnetism (at around 15 at.% Fe), respectively. The square (�)
shows the experimental value ofmeff for liquid Fe [41], the full circle (•) shows the high-field
susceptibility for bcc Fe at 4.2 K [42], and the open circle (◦) shows the susceptibility for hcp
Y at room temperature [43].

Pauli paramagnetic character is found only for amorphous pure Y.
The calculated effective Bohr magneton numbersmeff at around 1000 K and high-field

spin susceptibilitiesχHF at 75 K are shown in figure 10. The former is obtained from the
paramagnetic inverse susceptibilities in figure 9, and the latter is obtained numerically from
the change of magnetization with respect to the applied magnetic field. The effective Bohr
magneton numbers have a minimum at around 35 at.% Fe and increase towards both pure
limits; this is similar to the case for amorphous Fe–Zr alloys [20]. The value in the limit of
amorphous pure Fe is 3.4µB, being comparable to that for liquid Fe [41] (3.9µB), and that
in the limit for amorphous pure Y is about 2.2µB. The latter is rather small as compared
to that of amorphous pure Zr (5.2µB [20]) because of the narrower bandwidth, stronger
exchange energy parameter, and smaller d-electron number. The high-field susceptibilities
χHF diverge asymmetrically at the critical concentration 87 at.% Fe corresponding to the
F–SG phase transition. There are no experimental data available forχHF as far as we know.
The experimental data for bcc Fe (•) at 4.2 K [42] and hcp Y (◦) at room temperature [43]
are presented in figure 10. The latter seems to be comparable to that of amorphous Y.

3.4. The magnetic phase diagram for the most random atomic configuration

The magnetic phase diagram obtained from the magnetization and susceptibility versus
temperature curves is presented in figure 11. The most random atomic configuration leads
to the three different phases: the SG, F, and P phases, depending on Fe concentration. The
values ofTC obtained have a maximum of 740 K at around 60 at.% Fe, and rapidly decrease
beyond 75 at.% Fe, while the values ofTg obtained increase linearly from 165 K at the
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Figure 11. The calculated magnetic phase diagram for amorphous Fe–Y alloys in the most
random atomic configuration showing the spin-glass (SG) phase, ferromagnetism (F), and
paramagnetism (P). Re-entrant spin-glass (RSG) behaviour is found in a narrow region near the
SG–F boundary. The boundaries below 50 K (dashed curves) are extrapolated. The experimental
results for the melt-spun (O: [5]) and the sputtered (�: [1]) Fe–Y alloys are shown in the inset.

triple point (86.5 at.% Fe) to 240 K for amorphous pure Fe. The result for the Fe-rich
region describes qualitatively the magnetic phase diagram found for the melt-spun Fe–Y
alloys [5] (see∇ in the inset of the figure), but the calculated transition temperatures are
considerably larger than the experimental data (TC ≈ 270 K at around 70 at.% Fe [5] and
Tg ≈ 110 K at triple points [1]). The overestimation of the transition temperatures is partly
due to the molecular-field type of approximation and partly related to the ASRO effect on
TC. We will discuss the latter in the next subsection.

It should be noted that the SG below 50 at.% Fe shown in the experimental data [4, 5]
has not been explained in the present calculation. Since the NN magnetic coupling between
Fe LMs below 50 at.% Fe is ferromagnetic irrespective of the local environment, it is
thought that more distant magnetic couplings between Fe LMs play an important role in the
formation of the SG in this region.

The SG in the Fe-rich region is caused by the same mechanism as in amorphous Fe–
Zr alloys [18]; the nonlinear behaviour of magnetic couplings between Fe LMs and the
broad distribution of amplitude LMs due to structural disorder cause a competition between
ferromagnetic and antiferromagnetic couplings, and therefore the SG. The mechanism of
RSG behaviour is realized by the change of average amplitude of Fe LMs with increasing
temperature, which makes the ferromagnetic coupling more favourable as we have discussed
for amorphous Fe–Zr alloys [18].

3.5. Atomic short-range-order effects

It has been shown that the numerical results for the most random atomic configuration
explain the appearance of the ferromagnetism at finite Y concentrations found in the melt-
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spun Fe–Y alloys [4, 5]. The remaining question is that of how one describes the single SG
phase found in the sputtered Fe–Y alloys [1]. The difference in magnetic phase diagram
between the sputtered and melt-spun Fe–Y alloys reflects a change in local atomic structure
depending on the different preparation conditions, although all of them are macroscopically
regarded as amorphous structures. In the following, we will give a qualitative discussion
on this problem from the theoretical point of view.

Figure 12. Magnetization (solid curve), local magnetic moments [[〈mα〉]s]c (dashed curves), and
SG order parameters [[〈mα〉2]s]

1/2
c (dot–dashed curves) as functions of the atomic short-range-

order (ASRO) parameterτFe at 75 K. The dotted curve shows the Curie temperature versusτFe

curve.

Among various possibilities, we varied the ASRO parameterτα, removing the condition
(10), and examined the influence of atomic configuration. Figure 12 shows our numerical
results for the magnetization andTC versusτFe curves for amorphous Fe66.7Y33.3 alloy. We
found a 17% reduction inTC for a 10% increase ofpFeFe. This may partly explain the
too-largeTC in the magnetic phase diagram (figure 11) as compared with the experimental
values for melt-spun Fe–Y alloys [5]. Furthermore, a transition to the SG occurs in the
alloy whenpFeFe& 0.75 (i.e.τFe & 0.23).

As shown in figure 13, the bandwidth of the Fe local DOS in the nonmagnetic state
becomes broad, and a two-peak structure appears with increasing number of Fe–Fe pairs.
The high-energy peak in the Fe DOS is broadened because of the hybridization between Fe
3d and Y 4d orbitals; therefore, the Fe DOS at the Fermi level is decreased with increasing
pFeFe. These changes in electronic structure weaken the ferromagnetism, increase the
number of antiferromagnetic couplings with the band broadening because of the nonlinear
magnetic couplings, and finally cause the F–SG transition at aroundpFeFe≈ 0.75.

The magnetic phase diagram on thepFeFe–cFe plane is obtained from the magnetization
versusτFe curves as shown in figure 14. It shows that the system could have a single SG
phase in the Fe-rich region whenpFeFe & 0.8. This may explain the SG in the sputtered
Fe–Y alloys in Fe-rich region. In fact, we found that the experimental value forpFeFe in
the sputtered Fe85Y15 alloy [44] is about 0.845 (� in figure 14), being above the F–SG
boundary in our phase diagram. The calculated value ofTg for this alloy is about 140 K in
this case (pFeFe= 0.845), which is comparable to the experimental value of 100 K [44].

On the other hand, the appearance of the ferromagnetism found in the sputtered Fe–Y
alloys after annealing [23] may also be interpreted in terms of the ASRO effect, assuming
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Figure 13. The local DOS [[ρα(ω)]s]c (α = Fe: solid curves; Y: dashed curves) for various
ASRO parametersτFe for nonmagnetic amorphous Fe66.7Y33.3 alloy.

Figure 14. The calculated magnetic phase diagram on thepFeFe–cFe plane at 75 K. The dot–
dashed curve denotes the line for the most random atomic configuration along which figure 11
was obtained, and the solid curve denotes the phase boundary between the spin-glass (SG) phase
and ferromagnetism (F). Experimental values forpFeFe for the sputtered Fe85Y15 alloy [44] and
Fe–Y compounds [45] are represented by� and�, respectively.

that the ASRO shifts a little toward the crystalline counterparts after annealing. Because the
values ofpFeFein Fe–Y compounds [45] are below the F–SG boundary (see� in figure 14),
our phase diagram explains the ferromagnetism.

4. Conclusions

We have investigated various magnetic properties of amorphous Fe–Y alloys at finite
temperatures. The numerical results obtained have shown that amorphous Fe–Y alloys
in the most random atomic configuration exhibit SG behaviour beyond about 90 at.% Fe,
RSG behaviour at around 86.5 at.% Fe, ferromagnetism, and paramagnetism in the Y-rich
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region. The results explain qualitatively the magnetic properties of the melt-spun Fe–Y
alloys in the Fe-rich region, although RSG behaviour over the whole concentration range is
not obtained. An overestimate ofTC by a factor of 2 was attributed partly to the deviation
from the most random atomic configuration and partly to the use of the molecular-field
approximation in the theory.

We have established that the SG for concentrations near that of amorphous pure Fe is
caused by the nonlinear magnetic couplings between Fe LMs and the large fluctuations of
the amplitude of LMs due to structural disorder. The ferromagnetism in the concentrated
region is caused by the reduction of the average coordination numberz∗

Fe due to the large
difference in atomic size between Fe and Y atoms, since it leads to a band narrowing at the
Fe site and a development of the local DOS at the Fermi level. The RSG behaviour near
the SG–F boundary is realized by the large-amplitude fluctuations of LMs with increasing
temperature.

We have shown that the Fe LMs show very broad distributions—in particular, near the
critical concentration of the SG–F transition, where the susceptibilities show huge values.
We predict that the effective Bohr magneton numbers will show a minimum at around
35 at.% Fe. These results are similar to those for the magnetism in amorphous Fe–Zr
alloys, but the Fe–Y alloys seem to be more localized as compared with the Fe–Zr alloys
because of there being less 3d–4d hybridization.

The two kinds of magnetic phase diagram for amorphous melt-spun and sputtered Fe–Y
alloys have been interpreted in terms of ASRO; the single SG phase in the sputtered alloys
[1] is attributed to the larger ASRO parameterτFe, while the ferromagnetism in the melt-
spun [4, 5] and annealed sputtered [23] alloys is explained by the disorder close to the most
random atomic configuration and a reduction ofτFe during annealing, respectively.

As we have mentioned in the introduction, not only the degree of configurational disorder
induced via the ASRO parameter, but also the degree of structural disorder induced via the
fluctuations of interatomic distance are important factors dominating the magnetic properties
of amorphous Fe–Y alloys. It is highly desirable to investigate such influences on the
magnetic properties, constructing a theory that interpolates between crystals and amorphous
alloys. More detailed information on the amorphous structure from various experiments is
also desired to allow us to reach more solid conclusions.
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