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Magnetic properties of iron-rich Fe-Sc glasses
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Amorphous Fe, Scg_, alloys with x =89, 90, and 91, prepared by melt spinning, exhibit a single
sharp spin-freezing transition at 1003 K to an asperomagnetic state. The average *>’Fe hyperfine
field at 4.2 K is 22.7 T. Magnetization curves indicate that fields in excess of 20 T would be required
to achieve saturation at 4.2 K and that the iron moment extrapolated to infinite field is 1.6uy. Hys-
teresis is found at low temperatures. On hydrogenation, the alloys become soft collinear ferromag-
nets with an iron moment of 2.2up and a Curie point of 310 K. A magnetic phase diagram is
presented that summarizes the magnetic properties of a-Fe, M o,_, systems (M =Sc,Y,Zr, or Hf).
The behavior when M is a ITIb element (Sc,Y) is distinct from that when it is a IVb element (Zr,Hf),
suggesting that the direct iron-iron exchange is frustrated by an indirect antiferromagnetic coupling
in the IIIb alloys. Both groups tend to a common limit as x — 100.

INTRODUCTION

The magnetic properties of iron-rich amorphous
Fe, My, alloys (where M is an early transition metal:
Sc, Y, Zr, or Hf) have been a source of interest and con-
troversy for several years. They allow an approach to
pure amorphous iron in a controlled manner, and infer-
ence of its magnetic properties by extrapolation.! ™3 At
low iron concentrations (x <40) all of the systems stud-
ied behave in a similar manner; an iron moment appears
inhomogeneously at x ~35 and the materials exhibit ran-
dom noncollinear, or spin-glass-like order with 7, =30
K.! As x is increased, the magnetic behavior develops in
two distinct ways, depending on the alloying element.
For M = Zr (Ref. 4) and Hf (Ref. 5), the alloys become
ferromagnetic with T, rising to ~ 300 K. Above x ~ 80,
T, starts to fall again and the alloys exhibit random, non-
collinear or asperomagnetic order® with greatly reduced
ordering temperatures. No reduction in iron moment ac-
companies the fall in T,; it remains essentially constant in
this concentration range. A second, transverse spin-
freezing transition has been observed below T, in iron-
rich a-Fe-Zr (Refs. 7 and 8 ) and a-Fe-Hf (Ref. 9) alloys.
This behavior has been interpreted in terms of a fer-
romagnetic spin-glass model>%1° and results from com-
peting positive and negative exchange. By contrast, al-
loys with Y are never ferromagnetic; they are asperomag-
nets with 7, <100 K for all x >40.!"!2 A single, broad,
spin-freezing transition is observed.

The first report on melt-spun amorphous Fey,Sc,q by
Day et al.!* shows an ordering temperature of 99 K and
an average hyperfine field of 22.9 T at 4.2 K. This lead us
to anticipate magnetic behavior similar to that of amor-
phous alloys of iron with yttrium (the group IIIb element
directly below Sc in the periodic table), although the iron
moment in alloys with scandium appears somewhat
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smaller than with yttrium. On the other hand, Fukami-
chi et al.'* prepared a series of thick foils by dc sputter-
ing (67 =x <90) and found the magnetic behavior to be
almost the same as amorphous Fe-Zr, with moments
~20% larger than in a-Fe-Zr, and an ordering tempera-
ture of ~200 K for Fey;Sco.

Here we report a more extensive study of the magnetic
properties of a-Fe, Scyy_, (x =289, 90, and 91) combin-
ing dc magnetization measurements and Mdossbauer spec-
troscopy. We include an account of the effects of hydro-
gen, and relate the results to our earlier work on iron-rich
amorphous alloys with Zr,® Hf,’ and Y.'> Although Y
and Sc are somewhat different chemically, as is shown for
example by different moments iron holds in each, the
magnetic properties of amorphous Fe, Sc,y,_, alloys are
very close to those of their Y analogs, which we believe
reflects the fact that both IIIb elements permit indirect
coupling between distant local moments.

SAMPLE PREPARATION AND CHARACTERIZATION

Alloys were prepared by arc-melting appropriate quan-
tities of Fe (99.99%) and Sc (99.9%) under titanium-
gettered argon. The alloys were melt-spun on a copper
wheel with a tangential speed of 50 m/s under high-
purity helium. Meter-length ribbons of a-Fe,Scg_,
were obtained for x =89, 90 and 91. Alloys outside this
range could not be made without some precipitated a-Fe.
The absence of crystallinity was confirmed by x-ray
diffraction with Cu K, radiation [Figure 1(a)], and by
thermogravimetric analysis (TGA) in the presence of a
magnetic field gradient. Since the crystallization prod-
ucts (a-Fe and Fe,Sc) are both magnetic, TGA allows us
to put an upper bound of 0.1% on crystalline precipi-
tates. Sample composition was checked by electron mi-
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FIG. 1. (a) X-ray diffraction pattern for a-Feg,Sc,o. (b) DSC
scan for a-Feg,Sc |y at 40 K/min showing the crystallization ex-
otherm at 822 K.

croprobe analysis and found to be within 0.2 at. % of the
nominal value in all cases.

Crystallization was studied by differential scanning
calorimetry (DSC) using a Perkin Elmer DSC-2C. All
compositions exhibit a single exotherm at ~800 K [Fig.
1(b)], forming a-Fe and Fe,Sc (both A, and A, phases
were seen)'®.

Magnetic properties were studied by magnetization
measurements up to 5 T with a vibrating-sample magne-
tometer and up to 19 T at the Service National des
Champs Intenses, Grenoble with an extraction magne-
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FIG. 2. Thermopiezic analysis (TPA) of hydrogenated a-
FegScoH;, showing hydrogen desorption on heating at
15°C/min in vacuum. The dotted curve is the derivative
(dP /dT) of the heating curve.
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tometer. Mossbauer spectra were collected on a conven-
tional constant-acceleration spectrometer with a 1-GBq
S7CoRh source. These systems can be operated from 4.2
to 300 K. Room-temperature Mdossbauer spectra show
no sign of magnetic ordering and consist of broad, asym-
metric doublets which are well fitted assuming a linear
correlation between isomer shift (5, relative to a-Fe)
and quadrupole splitting (A), with average values
(8)=—0.09 mm/s, and {A)=0.40 mm/s (Fig. 3).

Hydrogen charging was achieved electrolytically.!
The saturated hydrogen content corresponds to an
[H]/[Sc] ratio of approximately 3. Thermopiezic analysis
(TPA) on an instrument designed specially to study milli-
gram samples'® was used to determine hydrogen content
and examine desorption characteristics. The bulk of the
absorbed hydrogen is lost below 200 °C (Fig. 2).

7

RESULTS

Mossbauer spectra measured at 4.2 K (Fig. 3) show the
broad distribution of hyperfine fields typical of magneti-
cally ordered amorphous alloys. Average hyperfine
fields, and corresponding iron moments (using a conver-
sion factor of 15 T/uyp as found in a-Fe and crystalline
Fe-Y alloys'®) are given in Table I. Magnetization curves
at 4.2 K do not saturate in fields of up to 19 T, remaining
well below the values expected from the moments de-
duced from the average hyperfine fields. However, the
moment M, obtained by extrapolating to 1/H =0 does
match that given by the hyperfine field. Magnetization
curves are shown in Fig. 4. Hysteresis appears in the
liquid-helium temperature range. Values of remanence
M, and coercivity puoH, at 4.2 K are included in Table I,
together with the site averages (By;), M, and M,. M,,

Velocity (mvs)
-8 -4 0 4 8-2 -1 0 1 2

T T

Absorption (%)

P (QS)

35 20 30 0.0 0.4 0.8 1.2
Bhs ( T ) Qs (mvs)
FIG. 3. Typical MGssbauer spectra of a-Feg,Sc,, measured at

4.2 K and 300 K. The fitted distributions of the hyperfine field
(By¢) and quadrupole splitting (A) are also shown.
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TABLE I. Summary of the magnetic properties of a-Fe,Sc,o—,. Results refer to data at 4.2 K, ex-
cept for the magnetic ordering temperature 7T, and crystallization temperature 7,. Values in brackets
in the { B,¢) column are deduced total iron moments in u5. See the text for explanation.

X Tc Mz Moo (Bhf> Mr :u()Hc Tx

(at. %) (K) (up,Fe) (up/Fe) (T) (up/Fe) (mT) (K)

89 103 1.02 1.58 22.9 0.53 844
(1.53)

90 105 0.85 1.74 229 0.36 120 822
(1.53)

91 104 0.71 1.63 22.2 0.30 150 807
(1.48)

obtained by extrapolating the segment of the magnetiza-
tion curves between 2 and 6 T to yuy H =0, is a measure of
the longitudinal component of the iron moment. The
fact that M, is much smaller than M ,, or the moment de-
duced from (By) clearly indicates an asperomagnetic
structure® with large random transverse components of
the iron atomic moment. The asperomagnetic structure
may be modeled by a uniform random distribution of
orientation of the iron moments, their directions lying
within a cone of half-angle W.

Low-field dc thermomagnetization traces (Fig. 5) show
broad peaks at ~100 K for all three samples. In order to
avoid any effects of an external field on the magnetic or-
dering, we employed two zero-field techniques to deter-
mine T,: the temperature dependence of the iron
hyperfine field [for x =91, Fig. 6(a)] and the temperature
dependence of the resonant y absorption at zero velocity
[Fig. 6(b)]. Both of these measurements give magnetic or-
dering temperatures of about 100 K (values listed in
Table 1), and the transition in zero field is remarkably
sharp, occurring within a few degrees, in contrast to the
transition in an applied field. It should be noted that in
the other amorphous alloys discussed here, there is a sub-
stantial gap between the onset of magnetic ordering and
the appearance of a moment on all of the iron atoms,
perhaps as much as 100 K.>!!

Hydrogen charging converts all of the alloys into col-
linear ferromagnets, with ordering temperatures of ~310
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FIG. 4. Magnetization curves at 4.2 K for a-Fe,Scg—x
(x=289,90,91). The insert shows the moment per iron extrapo-
lated to 1/H = 0.

K (Table II). Magnetization curves at 4.2 K saturate easi-
ly in fields of order 100 mT (Fig. 7), so M, is practically
indistinguishable from M _, and deduced moments are in
agreement with those obtained from the average
hyperfine field (Table I). The coercivity measured at 4.2
K is also reduced, from ~120 to ~1 mT after hydro-
genation.

DISCUSSION

The possibility that pure amorphous iron may exist in
a number of distinct forms is a subject for speculation.
Ryan and Coey! initially suggested that there may be
more than one variety, on the basis of extrapolating mag-
netic measurements on several a-Fe M., systems,
while Xiao and Chien? found from room-temperature
Mossbauer measurements that (A) appeared to extrapo-
late to different values as x = 100, depending on whether
M was an early transition metal or a metalloid, implying
that structurally distinct forms of pure amorphous iron
might exist. Subsequent work on a-Fe (Nd, B)go—, at
elevated temperatures® extended this latter work to
much higher iron concentrations, and clearly showed
that for x >80 the composition of the alloying com-
ponent was largely irrelevant and that only one structural
form exists.
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FIG. 5. Thermomagnetic curve for a-FeySc,q in a field of 10
mT. W, field-cooled and O, zero-field cooled.



18

<Bhf>(T)

250

240

230

220

Count rate

210

2005 30 790 730
T(K)

FIG. 6. (a) {B,) and (b) count rate at zero velocity as func-
tions of temperature for a-Feq;Sc,.

Our Mossbauer experiments give parameters for a-
Fe,Scig0—, Which are comparable to those of other early
transition-metal systems. But the magnetic properties of
this group of materials are not all alike. Data on four
iron-rich alloys of similar composition are shown in
Table III.

Iron-rich amorphous alloys with group IIIb elements
(Sc and Y) are magnetically similar. They are as-
peromagnets, exhibiting a single spin-freezing transition
at about 100 K. The equivalent alloys with elements
from group IVb (Zr and Hf) also have an asperomagnetic
ground state, but the magnetization curve approaches
saturation more readily, as indicated by the ratio M (5
T)/M , in Table III. They show higher-ordering temper-
atures, and there is a second transition at lower tempera-
tures Txy, where the transverse components of the mo-
ments freeze.'°

These different ordering behaviors may be rationalized
in terms of the distributed exchange Heisenberg spin-
glass model of Gabay and Toulouse.?! Figure 8 is a mag-
netic phase diagram based on this model, showing order-
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FIG. 7. Magnetization curve for a-Feg;ScgH;j at 4.2 K. Inset
shows the temperature dependence of { By).

ing temperatures as functions of concentration x and the
average exchange (J) and the normalized width of the ex-
change distribution (J,), which may include both posi-
tive (ferromagnetic) and negative (antiferromagnetic)
values. The magnetic behavior of a-Fe, My, alloys
may now be plotted.

For group IVb elements (track 1), magnetic orders first
appear for x ~35 as a moment develops on the iron atom;
at this point they are spin glasses (¥=180°) with
J/Jy<1. As x increases, J/J, rises rapidly and they
enter a region where they exhibit two magnetic transi-
tions; magnetic ordering sets in at progressively higher
temperatures. As x increases the cone half-angle V¥, de-
creases to zero and by x =50 they are ferromagnetic,
with J /J,>>1. Further addition of iron then leads only
to an increase in T, but for x > 85, T, starts to fall again
and noncollinearity reappears because of a reduction of
J/J, due to recurrence of antiferromagnetic exchange.
Finally, a transverse spin-freezing transition 7,, appears
below T,, and by x =93 in a-Fe-Zr, the two transitions
have merged into a single spin-freezing transition at
about 150 K.

Amorphous iron-based alloys with group IIIb exhibit
only a single transition for all x > 35, where the iron mo-
ment first appears (track 2). They are asperomagnets
with values of ¥ which decrease as the iron content rises,
reaching a value of about 80° in a-FegY,,, and in the

TABLE II. Magnetic properties of hydrogenated a-Fe,Scp—H,. Results refer to data at 4.2 K, ex-
cept for the magnetic ordering temperature (7,). Value in brackets in the { By;) column is the deduced

total iron moment (see the text).

x y Tc Mz (Bhf> MOHc
(at. %) (at. %) (K) (up/Fe) (T) (mT)
89 30 > 300 2.30 0.5
90 34 > 300 222 0.8
91 29 ~310 2.16 313 0.8

(2.09)
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TABLE III. Comparison of amorphous iron-rich asperomagnetic alloys showing radius of alloying
element (r), magnetic ordering temperature (T, ), average iron hyperfine field (B,;), and the ratio be-
tween the magnetization in 5 T and extrapolated to B, = .

r Tc <Bhf)
Alloy (nm) (K) (T) MET) Reference
M(w)
FegySc;o melt spun 0.162 105 22.9 0.75 this work
Feg Y, sputtered 0.178 109 30.1 0.76 11 and 12
FegoZr, melt spun 0.160 226 25.5 0.92 8
FegoHf;, melt spun 0.167 233 25.9 0.96 9

present a-Fe-Sc alloys. The bias towards collinearity in-
dicates the presence of substantial amounts of positive ex-
change, but the absence of a second transition at all com-
positions means that J /J, remains close to 1 for all x.

As expected from this model, both groups approach a
common limit as x — 100 and the effects of the different
alloying elements are reduced. We predict that pure
amorphous iron will exhibit a single magnetic transition
to a speromagnetic spin structure, somewhere in the
range 100-150 K.

It is far from clear that a local moment, mean-field
model is the most appropriate choice as a description of
the magnetic properties of a transition-metal glass, where
the moments are associated with d -bands close to E, and
the dominant source of magnetic coupling is nearest-
neighbor direct exchange. The moments in these alloys
do possess a strong localized character, as can be seen
from the coexistence of magnetic and nonmagnetic iron
in alloys close to x =40,"?2 and this may in part be due to
the static disorder present in amorphous alloys, but an
infinite ranged view of the exchange is almost certainly

T (K)
400}

300+

200

7,

5008 Jo T
Y% Fe Py
e

FIG. 8. Magnetic phase diagram for a-Fe,M o _, alloys
(schematic) based on the model of Gabay and Toulouse (Ref.
22). Track 1 represents the path taken for M =Sc or Y. Track
2 represents the path taken for M =Zr or Hf. Track 3 is for any
of the hydrogenated alloys.

invalid. We therefore do not claim that this model gives
a complete description of magnetic order in these alloys,
but rather that it provides a useful guide to the interpre-
tation of the data. Furthermore, we have reported
significant differences between the details of the observed
and predicted behavior at both 7, and Txy,3’ 10 which
arise because the mean-field approximation inevitably
misses local fluctuations. Despite its obvious shortcom-
ings, it is the best model available.

The difference between alloys with group IIIb and IVb
elements is not simply a reflection of atom size (see Table
ITI), unlike the case of amorphous rare-earth iron al-
loys.?> This suggests that there must be additional anti-
ferromagnetic exchange in a-Fe-Y and a-Fe-Sc, which
maintains the asperomagnetic order against the direct
Fe-Fe ferromagnetic exchange. In crystalline Y and Sc
there is evidence?*?° that both hosts carry oscillating ex-
change between magnetic solutes, and that the same cou-
pling persists in amorphous alloys.?® It may be that the
same mechanism is responsible for the additional ex-
change in our alloys; in this context it is worth noting
that there is no evidence of Zr or Hf acting in the same
way.

The reappearance of asperomagnetic order in the
group IVb alloy series above x =85, and its persistence in
the group IIIb series for all iron concentrations, requires
a further source of antiferromagnetic exchange. Here it
is the distance dependence of iron-iron nearest-neighbor
exchange which is known both experimentally?’ and
theoretically?® to change sign at ~0.25 nm. Since this is
just twice the metallic radius of iron, contacts of this sep-
aration may be expected in a dense random-packed as-
sembly of iron atoms, leading inevitably to antiferromag-
netic exchange. As the alloying elements are removed,
these short nearest-neighbor contacts become the dom-
inant source of negative coupling, and a common end
point for all of the alloy series is expected.

Hydrogen acts in two ways to reduce negative ex-
change and convert noncollinear alloys into ferromagnets
with enhanced ordering temperatures. In iron-rich alloys
it acts mainly by dilating the lattice, increasing iron-iron
distances and thus reducing the incidence of antiferro-
magnetic coupling that results from short bonds. Hydro-
gen absorption in a-Fe-M alloys occurs almost entirely
through the formation of H-M bonds, iron having almost
no affinity for hydrogen. These bonds reduce the Fe-M
interactions in the alloy, and the hydrogen screens the
iron atoms from the effects of the alloying element.
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Indeed, hydrogenation has been demonstrated to
significantly reduce the critical iron concentration for
moment formation in a-Fe-Y (Ref. 29) and a-Fe-Zr (Ref.
30) by reducing the hybridization of the Fe and M d
-bands, which leads to the loss of the iron moment. In
midrange alloys (50 <x <85), hydrogen eliminates the
differences between alloys with group IIIb and IVb ele-
ments, which are due solely to the alloying elements (it
cannot, of course, affect differences due to local ordering
or structure) by screening out the effects of the M atoms.
In alloys with group IIIb elements it reduces long-range
exchange, increasing J /J, and leads to ferromagnetic or-
dering. It should be noted that simply enhancing the
strength of the Fe-Fe interactions independent of their
signs cannot produce these effects, as this will only in-
crease the ordering temperature without affecting the na-
ture of the magnetic order; J/J, must be changed to
achieve a change in magnetic structure. The hydrogenat-
ed alloys of any of the early transition metals follow track
3 on Fig. 8.

Finally, the origin of the difference between the results
of Fukamichi et al.'* on the one hand, and those of Day
et al.'® and the present work on the other, must be ad-
dressed. The samples in the first study were prepared by
dc high-rate sputtering, but the differences are unlikely to
be a reflection of preparation method: sputtered, melt-
spun, and mechanically alloyed a-Fe-Zr alloys show
essentially the same properties.’’ Fukamichi’s alloys
were sputtered onto Cu substrates, which were subse-
quently dissolved in an acid solution, and we have found
that such treatment introduces hydrogen into a-Fe-Y al-
loys. Hydrogenation has a profound effect on the mag-
netic properties of a-Fe-M alloys in general,>®% ! and in
particular a-Fe-Sc, as we have already shown; it increases
both the magnetization and T, and could therefore ac-
count for the differences between the sputtered and melt-
spun samples. To check our hypothesis we have mea-
sured the magnetization curves of samples of a-Feqy;Sc
subjected to various acid etching treatments. Some typi-
cal results at both room temperature and 8 K are shown
in Fig. 9. Simple acid etches were observed to have a
profound effect on both the shape of the magnetization
loop and the maximum magnetization obtained. The in-
troduced hydrogen converts the alloys from asperomag-
nets to ferromagnets. Using oxidizing acids, e.g., HNO;
or adding strong oxidizing agents (e.g., KMnO,) to the
etch bath reduced but did not eliminate the absorption of
hydrogen. Curiously, the bath used by Fukamichi et al.
[H,S0, with CrO; (Ref. 14)] caused a greater change in
the magnetic properties than the simple acid etch. Dur-
ing etching, free hydrogen forms directly on the surface
of the material, which has such a strong affinity for hy-
drogen that an oxidizing agent cannot prevent significant
absorption by the alloy. We therefore conclude that the
differences in reported magnetic properties are artifacts
of the improper sample handling and not of fundamental
origin. This situation is reminiscent of some early work
on rare-earth intermetallics where reduction of atmos-
pheric water vapor produced samples of varying hydro-
gen content and so different magnetic properties.>?
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FIG. 9. Magnetization curves for a-Fey,Sco at room temper-
ature and 8 K showing the effects of etching. 1, As made alloy;
2, etched 30 s in 10% H,SO,; 3, etched 30 s in bath used in Ref.
14.

CONCLUSIONS

Iron-rich Fe-Sc glasses are asperomagnetic. They ex-
hibit a single magnetic transition at about 100 K, and the
average iron moment, deduced from Mossbauer spectros-
copy and high-field magnetization measurements, is 1.6
Hp-

The sharp asperomagnetic ordering transition in zero
applied field is peculiar to this system. All other alloys
exhibiting this form of ordering have shown broad transi-
tions which extend over as much as 100 K, or
AT/T.~0.3.

The addition of hydrogen transforms the alloys into
ferromagnets with 7,~310 K and iron moments of
2.2up. All of these effects may be understood in terms of
competing positive and negative exchange as described by
Heisenberg spin-glass models.

Amorphous Fe, M 4,_, alloys exhibit rather different
magnetic behavior according to whether M belongs to
group IIIb (Sc, Y) or IVb (Zr, Hf); this is due mainly to
the persistence of long-range exchange coupling in the
former series of alloys. :

All series of alloys tend to a common limit as x = 100,
and pure amorphous iron is predicted to be speromagnet-
ic below a single spin-freezing transition in the range
100-150 K.
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