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Magnetic properties of iron-rich Fe-Zr glasses
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A systematic study of the magnetic properties of melt-spun amorphous Fe Zr&oo „alloys with

88 &x & 93 using Mossbauer and magnetization measurements has established the magnetic phase di-

agram. The ordering temperature T, falls sharply with increasing x; below a second transition T„~,
associated with the freezing of transverse-spin components, all the alloys order asperomagnetically

(T~ & T, j. Hysteresis appears at still lower temperatures, but it is not directly related to the
transverse-spin freezing. A T" variation of hyperfine field observed for T & T ~ is attributed to exci-
tation of transverse magnetic modes. Contrary to the predictions of Heisenberg spin-glass theory,
neither the ferromagnetic nor the asperomagnetic order appears to be long range. Extrapolation to
x=100 indicates that pure amorphous iron would be a speromagnet with an iron moment of 1.7p&
and a spin-freezing temperature of order 150 K. Upon hydrogenation the magnetic structures of all
the a-Fe-Zr alloys lose their noncollinear character, becoming good ferromagnets with Curie points in

excess of 400 K.

I. INTRODUCTION

Iron-rich amorphous binary alloys exhibit some novel
magnetic properties. These alloys may be considered as
amorphous iron stabilized by the inclusion of small, con-
trolled amounts of impurities. The general formula is

Fe,M&oo, where x & 85 and M may be an early transi-
tion metal (Y, Zr, Hf, . . . ) or a metalloid (B, . . . ). A
question of interest is whether extrapolation to x =100 for
different systems yields the same magnetic properties,
which could then be identified as those of pure amorphous
iron, or if different systems extrapolate to distinct magnet-
ic states which might then be associated with different
polymorphs of amorphous iron, ' analagous to the bcc, fcc,
and hcp polymorphs of crystalline iron which exhibit
quite different magnetic behavior.

The atomic moment and magnetic ordering tempera-
ture (T, ) of binary amorphous iron alloys increase steadily
from zero at a critical concentration which is usually near
x =40. In ferromagnetic systems, the Curie temperature
rises to a maximum and then begins to drop sharply as
x ~100. The maximum is at 750 K and x =70 for
M=B, at 270 K and x =85 for M=Zr, and at 300 K
and x =87 for M=Hf. The system with M= Y behaves
differently; a-Fe Yjoo „alloys are not collinear ferromag-
nets at any concentration; they are asperomagnets with a
random, noncollinear spin structure in which there is a
tendency for parallel alignment of neighboring spins.
The spin-freezing temperature rises slowly with increasing
x, and appears to saturate at about 110 K as x~100.

Hiroyoshi and Fukamichi were the first to suggest that
a-Fe~oo Zr alloys with x =90 were not simple fer-
romagnets. They proposed a transition to a spin-glass
phase on the basis of the appearance of irreversible sus-
ceptibility well below T, . Their susceptibility data have

been reproduced by several other workers. ' Some of
these authors, Read et at'. ' ' and Beck and
Kronmiiller, ' reject a spin-glass transition, attributing the
irreversibility to the normal increase in coercivity and as-
sociated magnetic hardness expected in ferromagnets at
low temperatures. Kaul found that the x =90 alloy
behaves like a weak itinerant ferromagnet in that it exhib-
its a quadratic (T ) decrease of magnetization with tem-
perature. However, Beck and Kronmuller' showed that
the T dependence gives way to a T law if measure-
ments are made in fields )0.37 T.

It has been noted that the magnetization of an x =90
alloy fails to saturate at 4.2 K in fields of 15 T as a re-
sult, values deduced from measurements in lower fields
are unusually low for a concentrated iron alloy
[(1—1.5)p~/Fe atom], and they fall sharply as x~100."
Our earlier extrapolation of Mossbauer data at T & 80 K
to T =0 suggested collapse not only of the magnetization,
but also of the hyperfine field as x~100.' This con-
clusion was mistaken for reasons that will become ap-
parent in Secs. IIIA and IVB. We had also reported a
reversible transition from a ferromagnetic to an as-
peromagnetic state when an x =89 alloy was cooled
below 60 K. ' Mossbauer spectra at 4.2 K in an applied
field indicate a random spin arrangement at this tempera-
ture. ' ' Support for the idea that there is some sort of
random spin freezing is provided by the neutron measure-
ments of Rhyne and Fish. ' On a sample with x =91,
they find that the spin-correlation length below T, satu-
rates at 2.2 nm, with no sign of long-range ferromagnetic
order. One study of the critical exponents yielded values
that are quite different from those at a normal ferromag-
netic phase transition, but in another investigation the
usual values for a three-dimensional (3D) Heisenberg sys-
tem were reported. '
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As most of the previous studies were carried out on al-
loys of a single composition, we felt that a systematic
study of materials prepared over the entire range accessi-
ble by melt spinning was needed to resolve the confusion
surrounding the magnetic properties of this system.
Although it is only possible to prepare iron-rich
a-Fe Zr&oo over a narrow composition range by this
method (88 &x &93), it is just in this range that the most
significant variation in magnetic properties takes place.
We have spun several series of Fe Zr&oo alloys with
88(x &93 in steps of 1 at. %%uo . Thes ehav ebee nstudied
by Mossbauer spectroscopy and magnetization measure-
ments in fields up to 19 T, to determine both the total
moment and its z component. Furthermore, ac suscepti-
bility has been used to determine the magnetic transition
temperatures, and magnetic structures have been deduced
from Mossbauer spectroscopy in an external field.

Hydrogen has a profound inhuence on both the order-
ing temperature and the magnetic structure of iron-rich
amorphous alloys. ' ' n a-Fe Y&oo it converts
asperomagnetic alloys into soft ferromagnets with a great-
ly increased ordering tempei ature, ' while
a-Fe Zr&oo it increases T, and eliminates the "spin-
glass" transition. ' ' These effects may be related to dila-
tion of the noncrystalline lattice by hydrogen, or to
changes in electronic structure which entrain increased
ferromagnetic exchange and enhanced iron moments.
Hydrogenated a-Fe, Zr&oo alloys have been included in
our study principally to serve as ferromagnetic reference
materials against which the magnetic properties of the
unhydrogenated alloys may be judged.

II. EXPERIMENTAL DETAILS

Alloys of the required composition were prepared by
argon-arc melting of 99.9%-pure elements, followed by
melt spinning under helium. Meter-length ribbons, 1 —2
mm wide and 10—20 pm thick, were obtained. Sample
quality was verified by differential scanning calorimetry
and x-ray diffraction. No traces of any crystalline
phases were found on either surface; specifically, the (110)

and (200) a-Fe refiections were absent. Crystallization
takes place between 800 and 900 K (Ref. 27) (Table I).

A vibrating-sample magnetometer operated between 4.2
and 80 K in fields of up to 5 T provided most of the mag-
netization curves. Some data in fields of up to 19 T were
obtained at the Service Nationale des Champs Intenses,
Grenoble. Magnetic ordering temperatures were deter-
mined by measuring the ac susceptibility X„as a function
of temperature. Mossbauer spectra were obtained be-
tween 4.2 and 290 K using a conventional constant-
acceleration spectrometer and a CoRh source. Measure-
ments in an applied field were made using an 8-T super-
conducting magnet. The same samples were used for
both the Mossbauer and magnetization measurements, so
that direct comparisons could be made without any possi-
bility of error from variations in quality or composition
along the ribbons.

Samples were electrolytically charged with hydrogen
using an arsenic-doped potassium carbonate solution.
Hydrogen content and desorption characteristics were
determined by thermopiezic analysis.

III. RESULTS

A. Fe„Zr~oo

Earlier work has established that the magnetic ordering
temperature T, rises from zero at a critical concentration
of x =38 and peaks at about 270 K in the region x =85.
For the range of samples we studied it fell sharply from
265 K at x =88 to 163 K at x =93; values obtained by ac
susceptibility were in agreement with those determined by
the kink-point method in small dc fields and by thermal
scans of Mossbauer absorption at zero velocity. The
linear extrapolation of T, shown in Fig. 1 would suggest
an ordering temperature close to 0 K for pure amorphous
iron, but we believe this extrapolation is misleading, for
the reasons explained in Sec. IV B.

All of the samples exhibit a measurable high-field slope
in their 4.2-K magnetization curves, which is particularly
evident in samples with x) 90 (Fig. 2). The component

TABLE I. Summary of the magnetic properties of a-Fe Zr&oo with and without hydrogen. P„, the high field susceptibility was
measured in a field of 5 T, except for the value marked by + measured in 19 T. The crystallization temperature, T„, was obtained at a
heating rate of 40 K/min (Ref. 27).

(at. %)

88 (as made)
88 (hydrogenated)

T.
(K)

265.5

M, (p&/Fe atom)
4.2 K

1.60+0.01
2.19

80 K
B4f (T)

22.3+0.2

4.2 K

25.9+0.2

x
(J/T kg ')

0.9+0.2
& 0.5

B,
(m T)

0.7+0. 1

T.
(K)

882+ 5

882+ 5

89 (as made)
89 (hydrogenated)

90 (as made)
90 (hydrogenated)

91 (as made)
91 (hydrogenated)

92 (as made)
92 (hydrogenated)

93 (as made)
93 (hydrogenated)

244
400+20

226
380

215

186

163

1 ~ 59
1.97

1.56
2.06

1.54
2.00

1.23
1.99

0.58
1.99

22.2

21.4

20.4

17.0

16.0

25.7
29.1

25.5

25.9
29.7

25.6

25.7
28.8

1.1
& 0.5

1.3
& 0.2

1.9

5.3
& 0.02*

2.6
& 0.1

0.9

2.9

5.5

17.1

74
0.4

884
884

867
867

874
874

848
848

806
806
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FIG. 4. Mossbauer spectra at 4.2 K for Fe Zrioo
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some evidence of a subsidiary maximum corresponding to
a moment of 0.7pz.
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B. Fe„Zr&00 ~H„

Samples of iron-rich a-Fe-Zr are easily charged with
hydrogen by electrolysis to values of y of order 20. The

hydrogen is released over a period of a few days at 20'C
or directly at around 120'C when heated at 20'C/min
(Fig. 7). Magnetic ordering temperatures are estimated to
be in the region of 400 K, but the desorption of hydrogen
makes accurate determination impossible.

Figure 8 shows that at 4.2 K the hydrogenated materi-
als are good soft ferromagnets, readily saturating in 0.1 T,
with no measurable high-field slope. The extrapolated
moments have increased to around 2pz/Fe atom, in
agreement with Mossbauer data.

The Mossbauer spectra at 4.2 K are independent of x.
One is shown in Fig. 9. They are similar to those of the
untreated samples, except that the values of (Bhf & are ap-
preciably greater. These are plotted, along with moments
derived from the magnetization curves, in Fig. 10.
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FIG. 5. (Bqf) at 80 K (+ ) and 4.2 K (x), together with mo-
ments M, deduced from magnetization measurements at 4.2 K
(0).

FICx. 6. (a) Reduced (Bhf ) vs reduced temperature for
a-Fe93Zr7 (&(), Fe9iZr9 (+), and Fe89Zri& (0). The dotted line
shows the (T/T, )' variation. (b) Plot to deduce the power q in

Eq. (1). Slopes for g= 1, &, and 2 are indicated.
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IV. DISCUSSION

A. Magnetic ground state

What is the nature of the magnetic order? Materials
which exhibit a large high-field slope in their T=O K
magnetization curves and do not attain the saturation
magnetization expected for the atomic moments deduced
from their hyperfine field cannot be collinear ferromag-
nets. Noncollinearity is confirmed directly by the per-
sistence of lines 2 and 5 observed previously in the
Mossbauer spectrum of an x =91 sample in a field of 2.5
T, ' and shown in Fig. 13 for an x =92 sample in a field

of 2 T. The discrepancy (Fig. 5) between the total iron
moment, deduced from the 4.2-K Mossbauer data to be

FIG. 7. Typical thermal-desorption curves for hydrogenated
Fe Zrloo H~. Sample masses were =1.5 mg.

1.7pz for the whole series, and its z component, deduced
by extrapolating magnetization curves to zero applied
field, becomes larger as x increases, but it exists also for
x (91 (Fig. 5). To envisage the extent of the noncol-
linearity, let us consider a model where the iron moments
are oriented randomly within a cone of half-angle f about
some locally preferred direction; tt is 35' for x =88 and
increases to 110 for x =93. The cone picture need not be
taken literally, but there exists some sort of asperomagnet-
ic structure with a random anisotropic distribution of
moment directions, and hence a nonzero magnetization
within a domain. In other words, the z components of
the moments lie near a common direction within the
domain, while the x and y components are frozen at ran-
dom in the perpendicular plane. Such a picture will make
sense, provided X, , the domain size (or equivalently, the
correlation length of the ferromagnetic component), is

significantly greater than the interatomic distance. The
domain must include enough atoms to permit the
definition of a principal axis along which the net moment
is a maximum; this net moment should be much greater
than the &N p expected if the random distribution of mo-
ment directions were isotropic (N is the number of atoms
in the domain and p is the atomic moment).

Amorphous Fe„Zr &Oo „alloys with 88 (x (93 are
among the best examples of asperomagnets we have yet
encountered. There is a large low-field susceptibility
which is practically indistinguishable from that of a

Fe,Zr100 ~Hy

1.0-
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93-
89

1.0-

0.5-

0
0

[r=~zv
~

7=4.2K

00 10 ZO

B (7)
88 89 90 91 9Z 93

X

FIG. 8. Magnetization curves at 4.2 K for a-Fe Zrloo H~,
in 19 T and inset, 5 T.

FIG. 10. (B„f) (&&) and moments deduced from magnetiza-

tion measurements at 4.2 K (0), for a-Fe„Zrloo H~.
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demagnetization-limited ferromagnet in our experiments
(except when hysteresis eff'ects become important). The
first part of the magnetization corresponding to alignment
of the magnetic axes of all the domains along the external
field indicates that X is large (& 1000). The observation
by Rhyne and Fish' of a 2.2-nm correlation length, al-
most independent of temperature, in an x =91 alloy, im-
plies that N =600.

The reason for the noncollinear magnetic structures in
a-Fe-Zr must be antiferromagnetic exchange; this is the
only plausible explanation of the large fields needed to
align the iron moments completely. Single-ion anisotropy,
which is important in rare-earth amorphous alloys, can-
not be significant here in view of the hydrogen-induced
ferromagnetism (Fig. 8).

Fe„2rioo

0

t

+~

+

+g

B. Amorphous iron

We find no evidence for anything other than a smooth
change in magnetic structure with composition. None of
the alloys studied is a collinear ferromagnet. We suppose
that an increasing proportion of negative exchange in-
teractions with increasing x leads to the precipitous fall in
T, (Fig. 1) and the increasingly noncollinear magnetic
structures. Negative exchange is likely to be associated
with shorter Fe—Fe bonds. ' ' Extrapolation to x =100
is fairly straightforward for the hyperfine field and the
corresponding iron atomic moment. The 4.2-K data in
Fig. 5 lead us to expect that pure amorphous iron would
have a moment of about 1.7pz. Prediction of its magnet-
ic structure and ordering temperature, however, is more
delicate. It is unreasonable to extrapolate the magnetic
ordering temperature to =0 K at x =100 if the iron re-
tains its moment. Increasingly antiferromagnetic ex-
change in an amorphous magnet will eventually lead to
speromagnetic order (isotropic random spin freezing).
Furthermore, reentrant spin-glass theory suggests that
the spin-freezing temperature remains constant beyond
the point where the irreversibility line and the Curie-
temperature line meet (see Sec. IV D). From the phase di-
agram in Fig. 11 it is seen that these lines meet at about
150 K. We therefore suggest that pure amorphous iron
will be speromagnetic with a spin-freezing temperature of
about 150 K. A similar conclusion has been arrived at in-
dependently in a recent study of the ac susceptibility of
the a-Fe Zr&oo „system.

C. Excitations

In Fig. 6 we see that the hyperfine field at low tempera-
tures drops faster than T with increasing temperature.
This was noted previously in the a-Fe Y&oo system,
and examination of published data on AuFe (Ref. 34) and
certain mixed oxides (Ref. 35) seems to show the same be-
havior. All these systems are asperomagnets or ferromag-
netic spin glasses at low temperature. It is tempting to as-
sociate the temperature dependence of the iron moment
with a normal T term due to excitation of ferrornagnet-
ic spin waves plus a T term due to low-temperature exci-
tations of the transverse-spin components. Mizutani
et al. have reported a large linear term in the low-
ternperature specific heat of amorphous Fe„Zr ioo

88 5'2 94
x (afÃoj.

FIG. 11. Magnetic phase diagram for a-Fe Zr&oo „, showing
a T, (+ ) and T ~ (C7), and upon the appearance of coercivity at
T„(Q). Solid symbols are from the present work, from Ref.
40 and 8, from Ref. 10.

D. Is there a spin-glass transition'P

Many authors have observed that there exists a temper-
ature below T, which is marked by the onset of irreversi-
ble susceptibility. ' This temperature, which decreases
with increasing field, we will call T ~ for reasons to be ex-
plained. Some of our own data on the x =93 sample are
shown in Fig. 12. As explained in the Introduction, there
is controversy concerning the interpretation of such data;
certain authors ' " see evidence for a transition from a
ferromagnetic state for T, & T & T„ to a spin-glass state
below T„~, whereas for others' ' ' the irreversibility is a
consequence of the normal growth of hysteresis and coer-
civity expected for a ferrornagnet at low temperatures.
Note that the thermoremanent magnetization in Fig. 12 is
almost precisely equal to the difference between the field-
cooled and zero-field-cooled magnetizations.

The hysteresis explanation is attractive, and may well
apply to others of the "reentrant-spin-glass" systems that
have been reported since the original theoretical work of
Sherrington and Kirkpatrick. ' However, we must re-

(88&x &92). This yT term, with y=25 mJ/mol K, is
far too large to be of electronic origin, but its magnitude is
quite consistent with the magnetic specific heat expected
from the temperature decrease in magnitude of the iron
moment. Our own specific-heat measurements, however,
show nonergodic behavior below T„; the specific heat
appears to increase with time on the 100-ms timescale of
the measurement. The effect disappears when the samples
are hydrogenated (i.e., purely ferromagnetic). Since the
Mossbauer spectra are acquired over periods of order
10 s, the variations in Fig. 6 are expected to represent the
equilibrium situation.
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FIG. 12. Thermomagnetic curves for a-Fe93Zr7. Dotted line
shows remanence of a field-cooled sample, heated in zero field.
Arrow indicates temperature at which the coercivity equals the
measuring field.

ject it for a-Fe„Zr&oo „upon examination of the data in

Figs. 3 and 12, which were obtained with exactly the
same experimental setup. The field used in Fig. 12 was
10 mT, and the onset of irreversibility is at 85 K, but, as
seen from Fig. 3, the coercivity only reaches 10 mT at 33
K; it falls exponentially with temperature and should be
negligible at 85 K, where the magnetization begins to de-

pend on the sample history.
A clue to the interpretation of T ~ is provided by com-

paring the temperature variation of the frozen iron mo-
ment with that of its z component obtained from magneti-
zation data in fields of less than 1 T, which largely suffice
to eliminate domains, but do not modify the asperomag-
netic structure. For alloys with x =89, 91, and 93, the
M ( T) and (Bhr ) ( T) curves meet at approximately the
same temperature as the onset of irreversibility, T „. It
seems that only the z component at the moment is
nonzero for T, & T & T ~, whereas the transverse com-
ponents only begin to block below T ~. To confirm this we
have examined Mossbauer spectra of the x =92 sample in
either region in a field of 2 T applied parallel to the y
direction. This is sufficient to overcome the demagnetiz-
ing effect of the sample and align the z components of the
iron moments. Results are shown in Fig. 13. At 120 and
80 K, above T~~, the frozen components of the spins are
aligned with the field, but below T ~, the Aml ——0 transi-
tions (lines 2 and 5) become apparent as the transverse-
spin components freeze.

To summarize, we draw the magnetic phase diagram of
a-Fe Zr&oo, Fig. 11, which shows the main transitions,
T, and T„~, from various measurements. We also show a
third line, for the temperature T„, where the coercivity
exceeds an arbitrary value of 3 mT.

There are striking similarities between the magnetic
phase diagram for iron-rich a-Fe Zr, oo (88 (x (93 )

and the crystalline Fe Auioo system in the concentrat-
ed spin-glass regime 15 (x (20, once one allows for the
opposite signs of dT, /dx.

0 4 8
Velocity (mmes)

FIG. 13. Mossbauer spectra of a-Fe9zZr8 in an applied field of
2 T, at 120, 80, and 4.2 K.

E. Comparison with theory

There are also similarities between Fig. 11 and theoreti-
cal predictions of Heisenberg spin glasses. When the ex-
change distribution is sufficiently biased toward positive
(ferromagnetic) values, these theories predict a sequence
of transitions upon descending temperature from a
paramagnetic to ferromagnetic to ferromagnetic spin glass
with weak irreversibility to ferromagnetic spin glass with
strong irreversibility (replica symmetry breaking —the A-
T line). These transitions might be associated with T, ,

T+y and the appearance of coercivity, respectively. T„~
should be defined in the limit of very small applied field,
but the appearance of coercivity is not a well-defined tran-
sition because coercivity declines exponentially with tem-
perature. The choice of 3 mT in Fig. 11 is arbitrary.

Rather than entering a claim that our experiments
confirm Heisenberg spin-glass theory, we prefer to point
out where our data and those of others who have worked
on a-Fe Zrioo „seems to be at variance with the theory.
(i) There is considerable doubt as to whether T, represents
a proper ferromagnetic phase transition. It seems to
shade continuously away from one with increasing x.
Magnetic broadening appears in the Mossbauer spectra
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more than 50 K above the ordering temperature deter-
mined by ac susceptibility and critical exponents. Critical
exponents measured by Yamauchi et al. deviate from
the values expected for the 3D Heisenberg model. Taken
together with the 2.2-nm correlation length of Rhyne and
Fish for x =91,' these data indicate that the ferromag-
netic phase of iron-rich a-Fe Zr&oo below T, is only
ferromagnetic in a limited sense, the moments being
aligned over domains of dimension 2 —3 nm, as shown in
Fig. 14(a). It is a "wandering-axis ferromagnet" and sen-
sitive permeability measurements on toroidal samples
should be able to confirm this. From our type of magne-
tization data, a long-period helimagnet such as MnSi (Ref.
41) would be practically indistinguishable from a normal
ferromagnet. However, on this point it should be noted
that Kaul et al. ' have recently reported normal 3D
Heisenberg-model exponents for a-Fe Zr &oo with
x =91. The critical behavior may therefore depend on
sample preparation. (ii) There is a more or less well-
defined temperature T ~ where the transverse-spin com-
ponents freeze (judged by comparison of the temperature
dependence of the total moment with that of its z com-
ponent). T„» appears to coincide with the onset of irrever-
sibility in small dc fields. The magnetic order becomes
asperomagnetic below T ~, but in zero field the domain
size remains that of the ferromagnetic phase. (iii) Hys-
teresis appears at temperatures which are clearly lower
than T„~, but one cannot define a unique temperature T„
for its appearance because it varies xponentially with T
[Fig. 3, inset (a), and Ref. 13].

V. CONCLUSIONS

I)

(a) ~$ )h )( (»f~g« —T&T)T

Fv g $ ff f

FIG. 14. Spin structures (a) above and (b) below T, .

spin —freezing transition. The physical reason for the
marked change in magnetic properties of these alloys with
relatively small changes in composition seems to be that
the distribution of exchange integrals is very sensitive to
nearest-neighbor distance, changing sign from positive to
negative below about 0.25 nm. An increasing proportion
of antiferromagnetic bonds with x destroys ferromagne-
tism and stabilizes an asperomagnetic ground state. Fully
hydrogenated samples are all good ferromagnets.

Extrapolations from iron-rich a-Fe Zr&oo to x =100
indicate that pure amorphous iron would have an iron
moment of —17pz and that it would order speromagneti-
cally below a freezing temperature of —150 K. The mag-
netic phase diagram shows two transition lines. Below T,
the alloys exhibit short-range ferromagnetic order, with a
correlation length or domain size that decreases with in-
creasing x. The transition at T„~ corresponds to random
freezing of the transverse-spin components to give short-
range asperomagnetic order with the same domain size.
Hysteresis and coercivity appear at lower temperatures,
and are not directly related to the transverse-
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