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Rapidly and slowly quenched Ngl xFeAl 1o glassy alloys with thicknesses up to 3 mm were investigated comparatively by structural
and magnetic measurements in the temperature range 5-800K and external fields up to 9 T. The glass-forming ability decreases increasing
Fe content. Room temperature coercivities of over 0.6 T are observed, depending on composition and external field. The huge increase of
the coercive field up to 5.5 T at low temperatures as well as the dependence on the cooling rate are supposed to result from the non-collinear
magnetic structures developed in these amorphous alloys. From DC and AC magnetic measurements combined with neutron diffraction results
we conclude that the structure, which is quenching conditions dependent, consists of a packing of nanometer-sized clusters. The topological
and magnetic structures of B xFeAl1g melt-spun ribbons and cast rods in a wide range of temperatures and for diffevahtes are
modelled using the reverse Monte Carlo method (RMC). The hypotheses of a cluster model, in which exchange interactions, local random
anisotropies and thermal effects are competing, are proposed.
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1. Introduction the strong dependence of the coercive field on the quench-
ing conditions and temperature as well as the weak ferromag-
Although the mechanisms that determine the specific magetic behaviour observed after crystallization suggested that
netic behaviour of metallic glasses were studied in detail ithe amorphous structure is not homogenous consisting in at
the past, there are still many aspects unclear especially abtesdst two distinct short-range chemical ordered regiéns)
the intrinsic mechanisms determining the magnetic propertidgpparently, the results are in contradiction to the conventional
of rare earth-transition metal amorphous alloys. The magmnderstanding of the relationship between coercivity mecha-
netic structures in these alloys will be strongly influenced byisms and microstructure. The large coercivities are not char-
the local anisotropy field at the rare earth sites, just as mcteristics to the amorphous structure because this structure is
crystalline similar compounds. If the magnitude of the raneonsidered to be isotropic and the increase of coercivity arises
dom anisotropy is large compared to the exchange, the lodadm the impediments to domain wall-motion, such as grain
anisotropy fields orients the spins along their anisotropy axdsoundaries, defects, pinning centrets,®)
Random orientation of anisotropy axes gives way to a mag- In the following we try to clarify the relationship between
netically disordered state. To transform the system in a ferrthe microstructure and magnetic characteristics and to better
magnetic one it is enough just to put it in a sufficiently stronginderstand the origin of coercivity in Mgl «FeAlo (X =
magnetic field. After the field removal all spins will be di- 20—60 at%) amorphous melt-spun ribbons and cast rods with
rected in a hemisphefe.If the anisotropy is weak enough, a variety of different techniques to characterize the material
exchange favours long-range ferromagnetic order. in a wide range of temperatures (4—800 K) and comparing the
The magnetism of light rare earth-Fe alloys produced bresults with the simulated structures under the hypothesis of a
rapid quenching from the melt has been a great stimulus foeandom atomic configuration.
research, especially since the discovery of the high coercive
fields over 10 kOe at room temperature in melt-spun Nd—-F2 Experimental Procedure
and Pr—Fe amorphous allog$) There were many attempts to
explain the coercivity mechanism in Nd—Fe and Pr—Fe amor- The quenched alloys were prepared by first arc melt-
phous alloys, which were not necessarily consistent with eadgtg commercially available components: Nd (99.9%), Fe
other. One of the proposed and most accepted ideas was (88.97%), Al (99.9%), in Cu crucibles and then melt-spinning
existence of a new metastable amorphous or nanocrystalliaed suction casting under an atmosphere of Ar. The measured
phase, so called Aphase that can not be synthesized in norsamples were Ng_xFe Al 1o melt-spun ribbonsy = 20-60)
mal conditions? with thicknesses between 25 and 120 and width of 2—
Recently, similar magnetic behaviour was reported for Nd4 mm and cast rodsx(= 35-50) with diameters up to 2mm
TM-based (TM=Fe, Co) ternary amorphous alloys with ad-prepared by suction casting. In the following we presume, in
ditions of Al and Si. Moreover, these alloys can be cast iagreement with other authors, the melt-spun ribbons as bulk
bulk shapes with dimensions of millimetres due to their largeamples for two reasons: the preparation technique is a con-
glass forming ability and exhibit large coercivities in the astinuous method and the dimensions of the ribbons, including
quenched statel® Although X-ray diffraction studies em- thickness, are higher than the dimensions of the amorphous
phasized fully amorphous structures for the most of the invethin films. Different thicknesses for melt-spun ribbons were
tigated Nd—Fe—(Al, Si) melt-spun ribbons and cast samplesbtained by changing the surface wheel velocity from 25 to
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5ms!, and maintaining the other parameters at well estalzonsidered a complementary method for diffraction tech-
lished values. Rods with diameters between 0.5 and 2 mmiques, offers information both about the atomic scale en-
were prepared by copper mould suction casting method inironments and about the relaxation and dynamic phenom-
an Ar atmosphere. The master alloy was melted in a watena that take place in materials. Despite of these the major
cooled copper mould in arc melting chamber and suction aftproblem in studying Mssbauer spectra of amorphous mate-
that in another cooled mould with different internal diametersals is the fitting procedure. bssbauer spectra measured for
by applying a sucking pressure (about 1 at) at the bottom pa\tdgy_xFeAl19 (X = 40 and 50) melt-spun ribbons at room
of this mould. X-ray diffraction (XRD) investigations per- temperature were fitted by using the distribution of hyperfine
formed on both sides of the ribbons and on powders obtainéiélds linearly correlated to that of the isomer shift, and the
by milling the thick ribbons and cast rods confirmed that mosjuadrupole component if any.
of the samples were nominally amorphous.

Because of the low penetration depth of X-rays (fewB. Results
nanometers) in Nd—Fe-based alldy’sand due to the limited
amount of sample that can be investigated by XRD as weBl1 Neutron Diffraction Results
as to the controversial amorphous microstructure supposedrigure 1 presents the room temperature neutron diffraction
to exist in Nd-Fe-based amorphous alloys, neutron diffragatterns for NggFej0Al 10 melt-spun ribbons with thicknesses
tion measurements were carried out using the Studsvik Ligf 25 and 12@m as well as for a cast rod 1 mm in diameter.
uids and Amorphous Materials Diffractometer (SLAD) at theThe split first peak and the pronounced structure at higher an-
R2 reactor, Studsvik Neutron Research Laboratory, Swedegies are features not present in the patterns for the other amor-
The melt-spun ribbons, about 3—4 g each, were packed tightiyrous alloys with dense random packed atomic structures but
and sealed inside a standard vanadium container, whereasttey were observed in Nd—Fe binary amorphous afféyEhe
cast rods 4cm long were stuck together to fill out the corsplit is more pronounced for the thicker ribbon than for the
tainer. The sample data were corrected for background atiin ones and the cast rods. We suppose this behavior being
container scattering, container absorption and sample self-
absorption, multiple and inelastic scattering, and normalized
to an absolute scafé) Data were collected between 15 and 35— ‘ T ‘ T T

800 K. The reduced radial distribution functioria(r ), were 30l Nd, Fe, Al |

obtained from the measured total structure fac8Q), by Tl it ribbon - 25um

using MCGR) a program available on SLAD that uses 5| | A ”bdbi”'lfo“m i
B (o] mm

Monte Carlo method to “generate” possiligr), and then
modifies these to fit the measured d&8éQ). But the main
problem in the analysis of the diffraction data on disordered &

2.0t

systems is the lack of any general method to produce struch 1.5¢ Al

tural models that agree quantitatively with the data. The
reverse Monte Carlo (RMC) method overcomes this prob-
lem 29 In the RMC simulations reported here, systems con-
taining 2000—2500 particles were used. The input experimen-
tal data wasS(Q). The experimental number densigy, was
0.0055nm3. Closest-approach distances were determined
on the basis of the corresponding experimental data. All cal-
culations were started from hard spheres random configura-
tions. To reach the equilibrium (the closest fit to the experi-
ment), 6.5-& x 10° accepted moves had to be completed.

DC-magnetic measurements at room temperature and
above, but not exceeding 1100K, in applied fields limited
to 640 KAnT!, were carried out using a homemade vibrating
sample magnetometer (VSM). The variations of the magne-
tization and coercive field at low temperatures were investic
gated using a SQUID MPMSnagnetometer (maximum field
800 kAnT!) and an Oxford MagLab VSM (maximum field
7.2 MAmM™1). AC-susceptibility in the temperature range 4.2—
300 K was measured by using a very sensitive susceptometer
in AC magnetic fields between 160 and 1600 2Anand fre-
guencies ranging from 29.1 to 291 Hz. The magnetic field
was applied in the axial direction of the samples.

Magnetic measurements offered information about intrin-
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in the material, so they are strongly influenced by the struc- 4zr2p(r), for NdsoFes0Al 10 bulk amorphous alloys.
tural environments of the atoms. ddsbauer spectroscopy,
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related to the more heterogeneous disordered structure dewddes not change significantly the structure fac®(Q), as
oped in the thick ribbons due to the intermediary values afhown in Fig. 3(a), whereas the increase of the temperature
the cooling rate of 19-10*Ks™ in comparison with 19 above the crystallization temperatuig (& 440 C) leads to
10° Ks~* for thin melt-spun ribbons and 3010? Ks~* forthe  the samples crystallization (Fig. 3(b)). All the samples exhibit
cast rods. The reduced radial distribution functidgg,), ob- the same behaviour.
tained by Fourier transformation of the total structure factor, The results of the reverse Monte Carlo (RMC) atomic con-
S(Q), show first neighbors peaks at 0.254, 0.285, 0.336 aridjuration modelling for NehFe40Al 10 amorphous ribbons 25
0.420 nm. The peak at 0.254 nm is at the position expected fta) and 12@um (b) are presented in Fig. 4. The modelled
the nearest neighbor Fe atoms in the dense random packoanfigurations obtained for partially vitrified MgFesoAl 1o
(DRP) model; the other peaks cannot be correlated to coB5um (c) and NdoFespAlip 120pm (d), respectively, are
binations of the radii of Nd (0.182 nm), Al (0.143 nm) or Fepresented for comparison. Small Fe-based clusters embed-
(0.127 nm) atoms as predicted by the DRP model. This disled in a homogeneous Nd-based matrix are observed in
agreement, which is particular to the case of the present ligNtdsoFe oAl 10 amorphous ribbons, while in the partially vit-
rare earth-Fe alloys, could be ascribed to the development ofified ribbons, regarding the Fe content and thickness, slabs
new type of disordered structure, in which few Fe atoms forroontaining Fe and Al and between them isotropically dis-
clusters randomly distributed, while Nd and Al are distributedributed Nd and Fe atoms were found out.
randomly between these clusters. The decrease of the Fe con-
tent below 40 at% does not change very much the structuB®2 Magnetic measurements
factor,S(Q), regarding the samples thickness, whereas the in- Neutron diffraction investigations on gl xFe Al 1o amor-
crease of the Fe content above 40 at% results in the decreps®us melt-spun ribbons and cast rods revealed a new type of
of the glass-forming ability and the precipitation of crystallinedisordered structure consisting in a dense random packing of
phases, as it is shown in Fig. 2. These results agree very walinometer-sized atomic clusters, whose size is dependent on
with XRD and DSC previously reported resuifs. the samples thickneskg. the preparation conditions. Con-
The decrease of the temperature below room temperatwequently, one expects complex magnetic behavior dependent
on the thickness and the composition. Magnetization and co-
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Fig. 2 Structure factor, S(Q), as a function of Fe content for Fig. 3 Structure factor, S(Q), as a function of temperature for
Ndgo-xFeAl 10 melt-spun ribbons with thicknesses of 25 and {129 NdsoFe0Al 10 amorphous ribbon 28m thickness.
respectively.
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Fig. 5 (a) Spontaneous (open symbols) and saturation (at 6.4Tpm
ercive field measurements of ribbons and cast rods were peréfull symbols) magnetization of amorphous and partially vitrified
formed as a function of the Fe content, thickness temperaturé\‘dgo—xFe&Al 10 alloys at room temperature; (b) Coercive field xsat
and field ' ’ foom temperature.

Figure 5(a) shows magnetization at 6.4 MAhand spon-

taneous magnetization as a function of the Fe content forignsition metals resulting in the net moments being aligned
different kinds of the samples: melt-spun ribbons of 25 ang the same direction.

120pm and cast rods 1 mm in diameter. The spontaneousThe magnetization data from 5 to 285 K were obtained on
magnetizations were obtained by extrapolating the high fielg}| the samples in fields up to 7.2 MATh Figure 6 shows the
data linearly to zero. The corresponding coercive fields fht\agnetization and the coercive field for {Be0Al 1o melt-
room temperature are presented in Fig. 5(b). The increasegfun amorphous ribbon 26n taken between 5 and 280 K and
the Fe content results in a continuous increase of the magnejferent fields after the sample had been cooled in zero-field
zation, regarding the sample type or the structure. The spontgsm room temperature to 5K. All the amorphous samples
neous magnetization increases witfor the amorphous sam- (riphons and cast rods) exhibit almost the same behavior. As
ples, but decreases drastically for partially vitrified samplesarger as the applied field as smaller the temperature at which
as it can be seen for NgFesoAl 10 melt-spun ribbon, 2Bm.  the maximum of the coercive field is attained. If the applied
In comparison with the magnetization, the coercive field beeld is not enough to rotate the magnetic moments along its
haviour is completely different, suggesting that the suitablgjrection, the response of the system will be different and
compositions for Nd—Fe—Al amorphous glassy hard magneggnsequently the different magnetization behavior observed
are in the range 30-35at%Fe, for Al content of 10 at%. Thgt |ow temperatures as a function of applied field.

difference in the magnetization at 6.4 MAfand the spon- Figure 7 shows magnetization loops for M8eseAl 10 par-
taneous magnetization is probably due to the ferromagnetigly vitrified amorphous ribbon 128m in thickness taken at
alignment of ordered Nd and Fe moments in external fielgjifferent temperatures after the sample had been cooled from
whereas without field Nd moments are oriented randomly argho to 5 K without field. The loop is clearly shifted upward
Fe moments are aligned ferromagnetic, in agreement Wit} 68 K along the magnetization axis, but the reversible mag-
previous reported results for RE-Fe binary amorphous aketization is symmetric aboutt = 0. This behavior is in
loys*2? Nd is a light rare earth with less than half of theagreement with the multiphase transitions inferred from the
4f shell occupied and the orbital contributibndominant.  |ow temperature AC-susceptibility measurements, as it can be
Therefore the usual negative exchange between the rare eadlan in Fig. 8. A slight dependence on temperature appears
and transition metal, which aligns the spins in opposite direggjth the increase of the sample thickness and probably is due
tions, will give rise to a ferromagnetic system with Nd andyy the changes of the microstructure depending on the cool-
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Fig. 8 Realpartt’) and imaginary part(”) (insets) of the Ac-susceptibil-
ity for NdsoFey0Al 10 amorphous melt-spun ribbons and cast rods (a) and
NdsoFes0Al 10 amorphous melt-spun ribbons @i and cast rod, and par-
tially vitrified melt-spun ribbons 120m (b).

note also the existence of one step on the real part around
100K for amorphous samples, regarding the Fe content), just
before x’ starts to increase, which corresponds to the pro-
nounced increase of the coercive field obtained by the DC-
magnetic measurements. The real part of AC-susceptibility
(x) for NdsoFes0Al 1o partially vitrified thick ribbon 12Qum
(Fig. 8(b)) shows a second peak at 68 K, which appears also
for the imaginary partX”), and is in agreement with the shift
upward observed for the hysteresis loop. Above 70K, the
Nd-rich matrix and Fe-based magnetic clusters are magnet-
ically uncoupled and the response of the system is weakly
ferromagnetic. The strong increase of the susceptibility with
the temperature above 70 K represents the response of the fer-
romagnetic clusters that cannot be saturated by the available
applied fields.

The hysteresis loop at room temperature is the response
of the magnetic clusters phase, because the Nd-rich phase

ing rate. The imaginary part() clearly shows differences is paramagnetic and has no contribution. The annealing at
between the ribbons and bulk amorphous rod being relatedtemperatures lower than crystallization temperatiie €
the more relaxed amorphous structure existent in bulk sam40°C), as shown in Fig. 9, leaves almost unchanged the mag-

ples. The peak irx’ at around 10K seems to be thedl

netic properties, which we suggest is due to the thermal sta-

temperature of the main Nd-rich antiferromagnetic phase @ility of the amorphous alloys. The onset of crystallization
the freezing temperature below which Nd magnetic momentsads to the metastable phases’ formation, which have larger
will be locked to their local easy axis. It is interesting tocoercive fields but smaller magnetizations in comparison with
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O L in the macroscopic magnetic response of the system, the in-

crease of the temperature diminishes its effect and the main
role is attributed to the ferromagnetic exchange energy. At
low temperature, the local anisotropies of the*Nibns are
very strong and oriented randomly, thus they can “freeze” ran-
domly the magnetic moments of Fe and Nd. The anisotropy
axis corresponding to the Fe—Nd pairs are oriented randomly,
e 10'/ 623K 1 and a small external field is not enough to align them.
------- 10'/ 673 K The AC-susceptibility measurements as well as the varia-
e T tion of the coercive field on temperature in the range 4-300 K
. indicate the magnetic transitions that suggest different local
ol o arrangements of the Nd atoms, similar to dhcp (double hexag-
640 -480 -320 -160 O 160 320 480 640 onal compact) and fcc crystalline phases. The first transi-
Applied Field, H / kA/m tion appears around 10K and seems to be related to &e¢ N
transition temperature of the Nd antiferromagnetic. Another
%hagnetic transition is observed around 70K and is due to the
transition from a completely disordered magnetic phase to a
sperrimagnetic non-collinear one. Nd in the dhcp form is an-
tiferromagnetic and exhibits two transition temperatures: the
the amorphous phase. These metastable phases disappe&§raf-one at 7.5K represents the ordering temperature for the
ter annealing at 50C in agreement with XRD and neutron cypic B and C sites, and the second one at 19.9K is the or-
diffraction results, above this temperature the Sample bei%ring temperature of the hexagona| A Sﬁ@gut’ depend_

as-cast

- --10'/373K
----- 10'/ 423 K

20F . _10/473K

o | Wb-m/kg
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Fig. 9 Hysteresis loops as a function of annealing temperature f
NdsoFey0Al 10 amorphous ribbon 28m thickness.

paramagnetic. ing on the nature and the size of the nearest neighbors, Nd
) could also exist in fcc allotropic form with ferromagnetism
3.3 Maosshauer spectroscopy below 29K. Thus, Nd could exist either in dhcp or fcc form

Figures 10(a) and (b) show FeMosshauer spectra at jn the amorphous matrix of the Nd—Fe-based bulk amorphous
300K on NdyoxFeAl1o (x = 40 and 50) amorphous melt- alloys. Fe also could be ferromagnetR/¢ > 1.63) or an-
spun ribbons 2fim. The solid lines are the fits of the data.tiferromagnetic R/r > 1.63), whereR represent the atomic
The Mossbauer data were fitted with two overlapping sextetgadius and represent the radius of the incomp|et‘d§ iBner
one of which is attributed to the Fe-based hard magnetic phagigell, depending on the coordination number and the nature
and the other one to dilute Fe in the Nd-rich phase. Figuresg the nearest neighbo?®).

10(C) and (d) show the internal field distribution functions de- Different magnetic structures can be obtained depending
duced from Mbssbauer spectra at 300 K. The first two peakgn temperature and the predominant coupling between Fe and
and the last one represent diluted (non-magnetic or paramagd atoms. Between 10 and 100K and for low external fields
netic) iron contributions to the spectra. The peak at about 22(-& 1 T), Nd-rich matrix and Fe-based magnetic clusters are
represents the magnetic iron contribution to the spectra and gsmpletely uncoupled, but the exchange coupling within the
intensity is higher for the amorphous ribbon with 50 at%Fe (@lusters exist. If from any reason, the coupling between clus-

and is more than 70% of the total intensity. ters is not possible, the macroscopic response of the system
_ _ _ is weakly ferromagnetic. The maximum of the coercive field
4. Discussion and conclusions is attained at the temperature at which the anisotropy energy

and the exchange energy have similar values,the mag-

The structural, magnetic (DC and AC) andobsbauer netic clusters have the size of the single magnetic doR?ain.
spectroscopy studies on bidxFeAl1o melt-spun ribbons Taking into consideration the critical size for the Fe single do-
and cast rods have shown that these bulk amorphous alloys #&gin of about 100 nm and the strength of the local anisotropy
structurally “glassy” but magnetically “granular”. The granu-of the N+ ions results that the Fe magnetic moment is not
lar magnetic structure consists in Fe-based nanosized C|UStgﬁ§ned on a direction but forming a cone with an ang|e of
dispersed in the amorphous Nd-rich matrix. Due to their Verydbout 30_24) Thus, the magnetic structure is non-collineatr.
small dimensions they cannot be evidenced by X-ray diffrac- |n Nd—-Fe-based thin amorphous ribbons, due to their re-
tion measurements, but their presence is proved by the spRrced dimensions, high cooling rate (which does not allow
cific magnetic behavior of these bulk amorphous alloys, eshe structural relaxation) and thermal effects, the system tends
pecially by the high coercive fields in the as-quenched statg a superparamagnetic regime at room temperature, and con-
and the dependence on the cooling rate. The composition agsljuently the coercive filed is not very large. It is known that
size of the magnetic clusters as well as the composition of th¢ materials containing single magnetic domains the magne-
matrix in which the clusters are embedded are very sensitiy@ation is due mainly by the magnetic moments rotations. If
to the preparation conditions, mainly the cooling rate and the value of the applied field is not large enough, the measured
thermal history of the molten alloy. Fe-based magnetic C|U$Tysteresis |oops are minor |00ps, and the measured magne-
ters are coupled between them through the amorphous Mgeation is far from its saturation. This effect is more pro-
trix and the exchange coupling is strongly influenced by theounced in materials in which the magnetic anisotropies play
magnitude of the N single ion local anisotropy. Whereas an important role in magnetization processes. Nd—Fe-based
at low temperatures the anisotropy plays a predominant rofg|lk amorphous materials with strong local random magnetic
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anisotropy of the N&" ions, which becomes stronger with bons and rods using the reverse Monte Carlo (RMC) method
decreasing the temperature, belong to this class of materiaksee Fig. 4). Small Fe-based clusters embedded in a homo-

The larger the applied field the smaller the temperature geneous Nd-based matrix are observed in the amorphous rib-
which the coercive field attains its maximum. One observdsons and the cast rods, regarding the composition, whereas in
also that the magnetization exhibits different behavior for aghe partially vitrified ribbon slabs containing Fe and Al and
plied fields no large enough to align the magnetic momentsetween them isotropically dispersed Nd and Fe atoms were
parallel to its directioni.e. to be large enough to overload thefound out in agreement with the structure proposed for Nd—
anisotropy energy given by the Ridions anisotropy. Fe—Al crystalline compounds)

The pair correlation function obtained by Fourier inver- Despite the considerable progress achieved in recent years
sion of the diffraction patterns shows first neighbor peaks @bncerning the knowledge of the atomic structure of amor-
0.254, 0.285 and 0.336 nm. The peak at 0.254 nm is at tiplous alloys and concerning the understanding of their basic
position expected for the nearest neighbor Fe atoms in tineagnetic properties, there are still many questions related to
dense random packing (DRP) model; the other peaks canrbg microstructure of Nd—Fe-based high coercivity bulk amor-
be correlated to combinations of the radii of Nd (0.182 nm)phous alloys and its interplay with magnetic properties. The
Al (0.143nm) or Fe (0.127 nm) atoms as predicted by thmagnetic ground states of Nd—Fe-based cluster amorphous
DRP model. This disagreement could be ascribed to the daHoys and non-collinear structures existent in these materi-
velopment of a new type of disordered structure. Thus, oras are far from being fully characterized. These problems
suggests that the structure consists in a dense random paake others make the study of the magnetic properties of bulk
ing of nanometer-sized atomic clusters. Consequently, tlEnorphous alloys a fascinating field of research.
magnetic structure will consist in non-collinear short-range Although the high-coercivity Nd-Fe-based bulk amor-
magnetic ordered regions randomly distributed. In order tphous alloys are currently more suitable for fundamental re-
prove the existence of these short-range magnetic ordered search being below those considered necessary for economic
gions (magnetic clusters) we simulated the topological strugiability, they could be used successfully in the future for dif-
ture of Ndho_xFeAl 1o amorphous alloys in the shape of rib-ferent applications.
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