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Abstract. The spin-glass behaviour and the thermal expansion anomaly in annealed
Y20(Mn1−xFex)80 amorphous alloys have been investigated. The spin freezing temperature
Tg shows a minimum at aroundx = 0.50, consistent with the theoretical investigation. The
sign of the paramagnetic Curie temperatureθp indicates that the average exchange interaction is
antiferromagnetic in the Mn-rich concentration region and gradually becomes ferromagnetic with
increasingx. The minimum ofTg occurs at the concentration where the sign ofθp changes.

The spontaneous volume magnetostriction is negligibly small in the Mn-rich concentration
region and becomes larger with increasingx. These results are explained by the change in the spin
fluctuation characteristics. In the Fe-rich concentration region, the thermal expansion anomaly
takes place even in the paramagnetic temperature range due to the single-site spin fluctuation.

1. Introduction

It has been reported that a spin-glass behaviour is established in Y–Fe [1–8] and Y–Mn
[9, 10] amorphous alloys at low temperatures. Y–Fe amorphous alloys have a positive
paramagnetic Curie temperatureθp [4, 6], showing that the average exchange interaction
between the nearest neighbours is ferromagnetic. Moreover, as-prepared samples show a
transition from a paramagnetic state to a spin-glass state with decreasing temperature, whereas
their annealed samples exhibit a re-entrant spin-glass behaviour [4–6]. The re-entrant spin-
glass behaviour is also induced in the as-prepared samples by applying the magnetic field and
a ferromagnetic state spreads over a wider temperature region and the spin-glass state appears
in only low temperatures with increasing magnetic field [4–6]. In contrast, the sign ofθp
of Y–Mn amorphous alloys is negative, indicating that the average exchange interaction is
antiferromagnetic [10].

In both alloys mentioned above, the exchange interaction and the thermal variation of the
amplitude of local magnetic moment arise from the itinerant characteristics of 3d electrons
[8]. Y–Fe amorphous alloys exhibit an anomalous thermal expansion due to a large positive
spontaneous volume magnetostriction [11, 12], whereas Y–Mn amorphous alloys scarcely
show such a thermal expansion anomaly [8]. As is well known, the spontaneous volume
magnetostriction is caused by a large thermal variation of the amplitude of the local magnetic
moment [13, 14]. In Y–Fe amorphous alloy, therefore, the spin fluctuations are characterized
by a significant thermal variation of amplitude of the local moment [8]. In contrast, the thermal
variation of amplitude of the local moment is very small in Y–Mn amorphous alloys [8].
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Recently, it has been pointed out that the itinerant-electron magnetic properties of
amorphous 3d transition metal based alloys can be discussed by taking the 3d-electron number
N into consideration [15]. In itinerant-electron magnetic amorphous alloy systems, spin
fluctuations whose characteristics change withN play an important role in magnetic properties.
Therefore, the above mentioned spin-glass behaviour and spin fluctuation characteristics of
both Y–Fe and Y–Mn amorphous alloys should be discussed comprehensively. Accordingly,
Y20(Mn1−xFex)80 quasi-binary amorphous alloys are useful for the systematic study of
magnetic properties by changing the 3d-electron numberN .

Figure 1. Field and zero-field cooling curves between 4.2 K and 300 K for Y20(Mn1−xFex)80
amorphous alloys. (a)x = 0.875 and 0.75, (b)x = 0.50 and 0.25.

In the present study, the spin-glass behaviour and the spontaneous volume magnetostriction
of Y20(Mn1−xFex)80 amorphous alloys are investigated. The concentration dependence of
the spin freezing temperature, the paramagnetic Curie temperature and the effective magnetic
moment is discussed. Furthermore the thermal expansion anomaly above the Curie temperature
is discussed in terms of the non-collective spin fluctuations, i.e. single-site spin fluctuations.

2. Experiment

The alloy targets were made by arc-melting in an Ar gas atmosphere. The amorphous alloys
were prepared by high-rate DC sputtering on a water-cooled Cu substrate. The sputtering was
continuously carried out for 2 days and the prepared sample thickness was about 0.3 mm. The
Cu substrate was mechanically removed by grinding. Annealing was made at 523 K for 30 min
in order to remove strains in the specimen.

Magnetic susceptibility measurements were made with a SQUID magnetometer (Quantum
Design) in 0.01 T. AC magnetic susceptibility measurements were carried out by a mutual
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Figure 2. Temperature dependence of the AC magnetic susceptibility from 4.2 K to 100 K for
Y20(Mn1−xFex)80 amorphous alloys withx = 0.875, 0.50 and 0.25 in (a), (b) and (c), respectively.
Note that the scales of the ordinates are different from one another in magnitude.

inductance method in 0.001 T at 1000 Hz. The thermal expansion was measured with a
differential transformer-type dilatometer.

3. Results and discussion

Magnetic cooling hysteresis curves of Y20(Mn1−xFex)80 amorphous alloys are shown in
figures 1(a) and (b). These data were obtained in zero magnetic field (ZFC) and by cooling
from the paramagnetic temperature region to liquid He temperature in the magnetic field
of H = 0.01 T (FC). A significant hysteresis between FC and ZFC curves is observed
at low temperatures. Figure 2 shows the real part of AC magnetic susceptibilityχ ′ for
Y20(Mn1−xFex)80 amorphous alloys withx = 0.875 in (a), 0.50 in (b) and 0.25 in (c). The
existence of the spin-glass state in low temperatures was confirmed from hysteresis between
ZFC and FC in figure 1 and a cusp ofχ ′ in figure 2. The spin freezing temperatureTg is
defined as the peak ofχ ′, and the Curie temperature ofx = 1.00 is determined from the higher
inflection point of the thermomagnetization curve measured in 0.01 T. The resultant magnetic
phase diagram is given in figure 3. A different magnetic phase diagram for rapidly quenched
Y20(Mn1−xFex)80 amorphous alloys from the present result has been reported [16]. It has been
pointed out that the magnetic properties of Y–Fe amorphous alloys greatly change by annealing
[5], so that their magnetic properties are very sensitive to the structural relaxation. Since the
cooling rate depends on the preparation method, the difference in the degree of the structural
disorder would affect the magnetic properties. Moreover, the thermomagnetization of those
rapidly quenched samples was measured inH = 1.5 T [16]. Such a high field suppress the
spin freezing temperatureTg [4, 6].

The inset in figure 3 shows the magnetic phase diagram obtained by a finite-temperature
theory of itinerant-electron magnetism of an amorphous system [15]. With increasing 3d-
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Figure 3. Concentration dependence of the spin freezing temperatureTg and the Curie temperature
TC for Y20(Mn1−xFex)80 amorphous alloys. The inset is the magnetic phase diagram calculated
by a finite-temperature theory [15]. P: paramagnetic state, F: ferromagnetic state, SG: spin-glass
state.

electron numberN from N = 6.8, Tg shows a minimum and a re-entrant spin-glass state
appears in the range ofN > 7.35 [15]. It should be emphasized that the theoretical diagram is
similar to the experimental phase diagram, even though the calculated transition temperatures
are much higher than the experimental temperatures due to a molecular-field approximation.
According to the theory, the onset condition for antiferromagnetism and ferromagnetism
depends on the 3d-electron numberN [15]. The average exchange interaction between the
nearest-neighbour magnetic moment depends on the change ofN . In the present study, the
substitution of Fe for Mn means the increase inN ; therefore, it is considered that the minimum
of Tg is closely related to the change of the average exchange interaction. In order to see the
sign of the average exchange interaction, we obtained the paramagnetic Curie temperatureθp
from the temperature dependence of the inverse magnetic susceptibility. The concentration
dependence ofθp and the effective magnetic momentPeff is shown in figure 4. The sign of
θp is negative in the Mn-rich concentration regions and becomes positive at aroundx = 0.50.
These results imply that the ratio of the antiferromagnetic and ferromagnetic interactions is
almost equal at aroundx = 0.50. The minimum ofTg occurs at the same concentration,
suggesting that both antiferromagnetism and ferromagnetism are unstable.

The value ofPeff shows a steep concentration dependence in the range ofx > 0.50, and
becomes significantly large in the Fe-rich concentration region. It should be emphasized that
the Curie–Weiss law in the itinerant-electron systems is different from that in the localized-
magnetic-moment systems. The former is caused by the increase in the mean-square local
amplitude of spin-density, i.e. spin fluctuations, with increasing temperature, accompanied
by a largePeff [13, 14]. On the other hand, the latter is caused by directional fluctuations
of magnetic moments. According to the Curie-Weiss law, the magnetic momentPc can be
obtained fromPeff with the relation of

P 2
eff = Pc(Pc + 2). (1)
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Figure 4. Concentration dependence of the paramagnetic Curie temperatureθp and the effective
magnetic momentPeff for Y20(Mn1−xFex)80 amorphous alloys.

In the localized-magnetic-moment systems, the ratio ofPc to the saturation magnetic moment
Ps is unity, i.e.Pc/Ps = 1. From the magnetization measurements up to 5.5 T at 4.2 K,Ps per
3d element evaluated from the law of approach to saturation is 0.9µB and 0.5µB for x = 0.875
and 0.75, respectively, and thePc/Ps ratio is much larger than unity in the range ofx > 0.50.
Therefore, the thermal variation of spin fluctuations is significant inx > 0.50. AlthoughPs in
the Mn-rich concentration region could not be obtained due to antiferromagnetic couplings, it
is concluded that the small longitudinal thermal variation of spin fluctuations causes a small
Peff , compared withPeff , in the Fe-rich concentration region.

The longitudinal thermal variation of mean-square amplitude of the local magnetic moment
〈m2〉 is accompanied by the spontaneous volume magnetostriction, where〈 〉 stands for the
thermal average [17, 18]. Figure 5 shows the thermal expansion curves of the Y20(Mn1−xFex)80

amorphous alloys. The measured thermal expansion curves are given by the solid lines and
the hypothetic non-magnetic curves are given by the dashed lines in the same figure. The total
volume thermal expansionωtot is expressed as

ωtot = ωph + ωel + ωs (2)

where ωph, ωel and ωs are the phonon, the electron and the spontaneous volume
magnetostriction terms, respectively. The non-magnetic terms ofωph + ωel in equation (2)
are given by

ωph + ωel = 0κ
∫
(Cphv +Celv ) dT (3)

whereCphv andCelv are the specific heats of the phonon and electron terms, respectively,0

the Gr̈uneisen constant andκ the compressibility [19]. The value ofCphv is obtained from the
Debye model. The Debye temperature2 of Ce20Fe80 amorphous alloy has been reported to
be 200 K [20], and then the same value is adapted to the present Y20Fe80 amorphous alloy. On
the other hand, a nice fit with2 = 300 K for Y20Mn80 amorphous alloy has been reported [8].
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For Y20(Mn1−xFex)80 amorphous alloys, the value of2 is assumed as 225, 250 and 275 K
for x = 0.25, 0.50 and 0.75 by a proportional partition with respect tox. The electron term
Celv is generally proportional to the temperatureT and the linear thermal expansion coefficient
of electron termαel = (1/3ωel)(∂ωel/∂T ) is about the order of 10−9 [19]. Therefore, the
influence ofCelv is very small, and the fitting including theT -linear term is scarcely different
from the fitting without the linear term.

Figure 5. Thermal expansion curves of Y20(Mn1−xFex)80 amorphous alloys. The solid and dashed
lines stand for the measured and hypothetical curves, respectively.

In high x regions, the solid line deviates from the dashed line at low temperatures,
indicating a largeωs . Figure 6 shows the temperature dependence of the spontaneous volume
magnetostrictionωs which is three times the difference between the solid and dashed lines in
figure 5. The relation betweenωs and〈m2〉 is given by [17, 18]

ωs(T ) ∝ 0κ〈m2(T )〉. (4)

It is clear that the spontaneous volume magnetostriction is significantly large and spreads over
a wider temperature range in higher Fe concentrations. Therefore, the thermal variation of
〈m2〉 is very significant in Fe-rich concentration regions. The arrows in the figure indicate the
transition temperatures obtained from figures 1 and 2. Note that there is no drastic change
around the Curie temperatureTC as shown in the curves forx = 1.00, and even aboveTC ,
a largeωs is observed up to high temperatures. Similar behaviour is observed above the
spin freezing temperatureTg as shown in figure 6. The decrease in〈m2〉 in the paramagnetic
temperature range can be expressed by the single-site spin fluctuation [21, 22]. The single-
site spin fluctuation is non-collective spin fluctuation relating to the thermal excitation at
the single-site. Therefore, the single-site spin fluctuation largely depends on the single-site
magnetic energy structure. When the magnetic energyE(m) shows an asymmetric structure
with a sharp minimum and rapidly increases with increasingm in the paramagnetic temperature
as seen from the inset in figure 6 which schematically shows the single-site magnetic energy
structure in the paramagnetic temperature, the thermal excitation from the state with largem

to that with smallm occurs [21, 22], resulting inωs in the paramagnetic temperature range.
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From figure 6, the effect of single-site spin fluctuation from largem to smallm becomes more
significant with increasingx.

Figure 6. Temperature dependence of the spontaneous volume magnetostrictionωs for
Y20(Mn1−xFex)80 amorphous alloys. The inset shows a schematic single-site spin fluctuation
in paramagnetic temperatures [21, 22].

The concentration dependence of the spontaneous volume magnetostrictionωs(0)
extrapolated to 0 K is shown infigure 7. With increasingx, ωs(0) becomes larger, indicating
the increase of the effect of the single-site spin fluctuation from largem to smallm. On the other
hand, there is no significant thermal variation of〈m2〉 in Mn-rich concentration regions. The
effect of the single-site spin fluctuation on the linear thermal expansion coefficientα has also
been observed. In figure 8, the temperature dependence ofα obtained from differential of the
linear thermal expansion shown in figure 5 is shown by the solid lines and the hypothetical non-
magnetic coefficientαhyp by the dashed lines. Since the temperatures above 400 K are much
higher than the Debye temperature,2 = 200–300 K, the phonon termCphv should follow the
Dulong–Petit law and converge to a constant value. As mentioned already, the contribution of
Celv is very small. However, a large increment ofα is conserved in high temperatures, showing
the magnetic contribution caused by the thermal excitation to largem, especially in the Mn-rich
concentration region. In the Fe-rich concentration regions, the single-site spin fluctuation from
largem to smallm exists at the paramagnetic temperature, therefore the linear coefficient of the
spontaneous volume magnetostrictionαs becomes negative. These results imply the difference
in the magnetic energy structure between the Mn- and Fe-rich concentration regions at the
paramagnetic temperature. The value ofα at 400 K gradually decreases withx, indicating
that the value ofαs in the paramagnetic temperature region changes from positive to negative.
Therefore, the effect of the single-site spin fluctuation from largem to smallm becomes more
significant in a higher range ofx.

Y20(Mn1−xFex)80 amorphous alloys show the spin-glass behaviour at low temperatures.
As is well known, in the spin-glass state, the value of exchange interaction has a wide
distribution spread over from antiferromagnetic to ferromagnetic interaction. In the present
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Figure 7. Concentration dependence of the spontaneous volume magnetostriction at 0 K,ωs(0),
for Y20(Mn1−xFex)80 amorphous alloys.

Figure 8. Temperature dependence of the linear thermal expansion coefficient for
Y20(Mn1−xFex)80 amorphous alloys. The measured coefficientα and the hypothetic coefficient
αhyp are respectively given by the solid and dashed lines.

spin-glass amorphous alloy system, the distribution of the exchange interactions and the variety
of the energy structure come from the variety of the local-site condition due to a structural
disorder [15]. The local-site condition is characterized by the 3d-electron numberN and
the interatomic distance from the central atom to the surrounding atoms [15]. In the present
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study,N varies withx, and we assumed that the degree of structural disorder scarcely changes
with changingx, because the samples were prepared by sputtering under the same condition.
The averaged density of states at the Fermi level is small and satisfies the onset condition of
antiferromagnetic interaction whenN is small, then most local sites show antiferromagnetic
coupling irrespective of the interatomic distance for each local site [15]. With increasingN ,
the structural averaged density of states at the Fermi level increases and approaches the Stoner
condition [15]. Even if the structural averaged density of states at the Fermi level does not
satisfy the Stoner condition, the ferromagnetic coupling appears at the local site with the wider
interatomic distance than the average interatomic distance [15], since the transfer energy of
3d electrons is larger at the wider interatomic distance site. At such a local site, the magnetic
energy curve shows an asymmetric structure with a sharp minimum and rapidly increases with
the magnitude ofm as shown in the inset of figure 6 [15]. The effect of the single-site spin
fluctuation from largem to smallm increases when the asymmetric sharp energy minimum
becomes more significant with increasingN , resulting in a large thermal variation of〈m2〉.
Taking theoretical results into account, the present experimental results can be explained by the
gradual change of the sign of average exchange interaction given in figure 4 and the magnetic
energy structure change as a result of the change of the density of states at the Fermi level of
each local site with changingN .

4. Conclusion

We have investigated the variations of the magnetic properties of Y20(Mn1−xFex)80 amorphous
alloys by changing the 3d-electron number. The systematic variation of the paramagnetic Curie
temperature, the effective magnetic moment and the spontaneous volume magnetostriction
have been observed. These results have been discussed in terms of single-site spin fluctuations.
The main results are summarized as follows.

(a) The spin freezing temperatureTg shows a minimum at aroundx = 0.50. This behaviour
is explained by the change in the sign of the average exchange interaction from negative
to positive with increasingx. The magnetic phase diagram is qualitatively consistent with
the theoretical one.

(b) The concentration dependence of the paramagnetic Curie temperatureθp and the effective
magnetic momentPeff shows a marked change at aroundx = 0.50.

(c) The spontaneous volume magnetostriction at 0 K indicates a significant concentration
dependence and fades away aroundx = 0.25.

(d) In the Fe-rich concentration region, a large thermal variation of〈m2〉 due to spin
fluctuations is observed in low temperatures. In addition, Y20Fe80 amorphous alloy
exhibits a large spontaneous volume magnetostriction even above the Curie temperature
TC due to the single-site spin fluctuation in the paramagnetic temperature region.

(e) The linear thermal expansion coefficientα at 400 K decreases with increasingx, indicating
the different spin fluctuation characteristics between the Mn-rich and the Fe-rich regions.
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