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Magnetic properties of amorphous iron
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Ultrasonic irradiation of iron pentacarbonyl was shown recently to result in the formation of fine

( =30 nm) amorphous, elemental-iron particles. We have measured the magnetic properties of an aggre-
gate of these particles and find that they are soft ferromagnets with a Curie temperature in excess of 580
K. The exchange stiffness, as manifested through the coefficient of the T' temperature dependence in
Bloch's law, is 30% of that of crystalline Fe. The low-temperature magnetization curves approach satu-
ration as the inverse square root of applied field, which is characteristic of systems with random anisot-

ropy fields. We argue that the results are consistent with the properties of an aggregate of amorphous Fe
particles of nonspherical shape, giving rise to local shape anisotropy.

I. INTRODUCTION

Amorphous metallic alloys ("metallic glasses" ) lack
long-range crystalline order and are similar to frozen
liquids. They are structurally distinct from their crystal-
line counterparts and have different physical proper-
ties. ' The magnetic properties, in particular, have
been studied extensively, especially those of iron-based
materials because of their potential technological applica-
tions. With few exceptions, Fe-based metallic glasses
involve eutectic alloys such as Fe alloyed with B, P, and
C. The crystallization temperature of amorphous Fe has
been predicted to be on the order of 800 K; once syn-
thesized, it should be stable at ordinary temperatures.

We have recently prepared amorphous elemental-iron
powder by the ultrasonic irradiation of iron pentacar-
bonyl and demonstrated its amorphous nature by x-ray
powder diffraction, transmission electron micro-
scopy (TEM) microdiffraction, differential scanning
calorimetry, and scanning electron microscopy.
Transmission electron micrographs of the amorphous
iron before and after crystallization are shown in Fig. 1.
The amorphous powder is an agglomerate of small iron
particles with diameters 30 nm. TEM microdiffraction
of the amorphous iron shows only a diffuse ring, which is
characteristic of amorphous materials [Fig. 1(a), inset].
Prolonged exposure of the amorphous iron to the elec-
tron beam induces crystallization and the diffraction
rings of a-iron become prevalent [Fig. 1(b), inset].

Synthesis of the amorphous iron is carried out using
the extreme reaction conditions generated by acoustic
cavitation, i.e., the formation, growth, and implosive col-
lapse of bubbles during ultrasonic irradiation; high tem-
peratures and pressures are generated by the implosion.

Using comparative rate thermometry we have measured
the temperature reached during bubble collapse to be
=5000 K, and recent sonoluminescence experiments
have confirmed a comparable effective emission tempera-
ture. ' Single-bubble sonoluminescence experiments sug-
gest that the emission lifetime is ( 1 ns. " Consequently,
the heating and cooling rates during cavitational collapse
are extremely fast ( ) 10 K/s). The extremely rapid cavi-
tational cooling rate is orders of magnitude faster than is
possible using techniques such as splat cooling, roller
quenching, or quench condensing. The quenching rate
required to produce amorphous iron has been predicted
to be 10' K/s, ' and this rate is apparently achieved us-
ing this sonochemical technique.

II. EXPERIMENT

Ultrasonic irradiation of iron pentacarbonyl, Fe(CO)5,
yields a dull black powder. The application of ul-
trasound to chemical synthesis ' and the experimental
apparatus are described in detail elsewhere. ' Pure
Fe(CO)~ or 4.0M solutions in decane were irradiated at
O'C with a high-intensity ultrasonic horn (Sonics and
Materials, model VC-600, 0.5 in. Ti horn, 20 KHz, =80
W/cm ) for 3 h under argon. After irradiation, the iron
powder produced was collected by filtration and washed
with dry pentane in an inert atmosphere box (Vacuum
Atmospheres, & 1 ppm Oz). The noncrystalline structure
of the iron powder was confirmed using a variety of phys-
ical techniques including TEM microdiffraction, x-ray
powder diffraction, and differential scanning calorimetry
(DSC). The DSC profile, for example, shows an exoth-
ermic peak at =585 K corresponding to crystallization of
the amorphous iron. X-ray powder diffraction showed
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that the amorphous iron crystallizes exclusively to o,-

iron. Bulk elemental analysis determined the iron
powder to be & 96-wt% iron with a trace amount of car-
bon ((3 wt%%uo) and oxygen (1 wt Wo). The carbon most
likely originates from the decomposition of pentane (used
to wash the reactive iron powder after synthesis) and
from small amounts of remnant CO.

Magnetic data were recorded using a Quantum Design
MPMS SQUID magnetometer. Iron samples were
prepared for magnetic measurements in an inert atrno-
sphere box. Gelatin capsules were filled with a known
amount of iron powder and then packed with quartz
wool. The capsule was then double bottled and
transferred to the SQUID magnetometer sample
chamber. Curie point determinations were done with a
Perkin-Elmer TGA7 thermally controlled microbalance
in a magnetic field. The iron powder was loaded into an
aluminum capsule in the inert atmosphere box, double
bottled, and transferred to the TGA. A local magnetic
field was induced around the iron sample in the TGA by
a small permanent magnet.

III. RESULTS AND DISCUSSION

FICx. 1. Transmission electron micrographs and
microdiffraction patterns of amorphous iron before (a) and after
crystallization (b) (Phillips EM400T). The insets show the cor-
responding diffraction patterns.

The sonochernically synthesized amorphous iron
powder is a soft ferromagnetic material as shown by hys-
teresis loops taken at 300 and 5 K and plotted in Fig. 2.
The material is significantly more dim. cult to magnetize at
5 K, at which temperature there is a small coercive field,

H, =190 Oe. However, the remanant magnetization at 5
K decays very rapidly (93% reduction 5 min after reduc-
ing the field to zero), and this suggests that H, may be an
artifact of the speed at which the hysteresis loop data
were taken (approximately 2 min per datum).

Even at relatively large applied fields, the magnetiza-
tion first increases slightly with increasing temperature
before decreasing normally. This is shown in Fig. 3,
where the magnetization at an applied field of 20 kOe is
plotted versus T . The amorphous Fe data above 50 K
clearly follow Bloch's law, '

1 —M, (T)/M, (0)=B,T
with B,=2.2X10 K and M, (0)=156 emu/g. The
corresponding values for crystalline Fe are
B,=3.5 X 10 K and M, (0)=217 emu/g. While
the small particle size produces a long-wavelength cutoff
in the spin-wave spectrum, its effect should become im-
portant only well below 1 K. Assuming that every Fe
atom contributes equally to M, (0), we find the effective
Fe moment to be p, =1.6pz in the amorphous state,
compared with the crystalline value p, =2.2p~. Howev-
er, the magnetization is not saturated at 20 kOe, an issue
we return to below. The larger value of B rejects both
the smaller effective moment and a reduced effective ex-
change constant in the amorphous material, and conse-
quently a smaller T~. In Fig. 4, we show the result of
force measurements on sonicated and crystalline Fe
powders. The amorphous powder exhibits a transition at
583 K (310'C), followed by higher-temperature transi-
tions associated with crystalline iron. Because crystalli-
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FIG. 2. Hysteresis loops for amorphous Fe
(a) at 300 K and (b) at 5 K. The coercive field
at 5 K depends on the time scale of the mea-
surement.

CD

E

O
~~
6$
N

~~
6)

CD
6$

80—

40—

%0—

-80—

-120—

-160 ",

-20000 -10000

Field (Oersteds)

10000

80-Ol

Ey 40-

0
6$
N -40

-80

-2000 -]000 0 1000
Field (Oersteds)

2000

20000

160

CD

150—
6)

.t2 145—
6$
N

0)
140—

GS

FIG. 3. Magnetization measured in a field
of 20 kOe vs the —power of temperature. The
line is a fit to Bloch's law. Note the slight
maximum near 50 K.

135—

130
1000

I

2000
I

3000 4000
I

5000 6000 7000

Temperature ~+ ( K ~ )



272 GRINSTAFF, SALAMON, AND SUSLICK 48

~O0
00

180—

CD

(0

O

.P 50-

~
)

25-
(U

CC

l
l

0 I I I I

1 00 1 70 240 310 380 450 520 590 660 730 800

Temperature ( C)

100—

80
0.00

160—CD

E
6&

140
O
G$
N

120—
CD
G$

0.01 0.02

H1g (o -/

0.03

FIG. 4. CCurie point determination for amorphous (solid
curve) and crystalline iron (dashed curve). Data obtained on a
Perkin-Elmer TGA7.

FIG. 5. Magnetization vs H ' for am h . Tor amorp ous iron. T e
solid line is a fit to correlated-spin-glass theory [17].

zatton of the amorphous iron occurs at 585 K (312'C),
this temperature places a lower limit on Tc for amor-
phous iron. The feature near 848 K (575'C) in both
amorphous and crystalline Fe is very likely the Curie
point of Fe304, unsurprisingly, it appears that some oxi-
dation occurs during the thermogravimetric analysis.

The reduced moment per Fe atom and the low-
temperature decrease in magnetization could be attribut-
ed to superparamagnetism. ' However, magnetization
data taken at difFd'fFerent temperatures are not superimpos-
able when plotted versus H!T, as required for super-
paramagnetic behavior. It is unlikely, therefore, that the
maximum observed M(H, T) curves for H 20 kOe is the
result of Neel blocking. Neither is there evidence for
spin-glass behavior. The results are also quite different
rom those obtained on fine iron particles produced by

nanocrystalline methods. '

A possible source of the decrease in low-field magneti-
zation at low temperatures is the presence of random an-
isotropy, either from random local crystal fields or ran-
dorn shape anisotropy. The phenomenology of such sys-
tems, which are not true ferromagnets but rather "corre-
lated spin glasses, " has been treated in detail by Chud-
novsky and co-workers. ' This approach has been em-
ployed in the study of other amorphous materials such as

characteristic of such systems is the gradual approach to
saturation which, at moderate fields satisfies

1 M, (H, T)/M, ( ~, T)—=—'(H, /H)

The field H, can be written as H, =H„/H, , where
H M (T)/2 isis a measure of the random anisotropy ener-

gy and H, M, (T) measures the energy cost to rotate the
direction of magnetization by 90 in the distance R, over
which the anisotropy direction rotates by the same
amount. H, is proportional to the exchange stiffness con-
stant, and decreases as the inverse square of R, . Figure 5
is a plot of the magnetization at 5 K versus H ' . The
approach to saturation follows Eq. (3) extremely well

over the range 3 ~H ~ 50 kOe. The true saturation mo-
ment is p, =173 emu/g and H, =34 kOe; the former
value corresponds to a moment of 1.7pz per Fe atom,
which we will use in the discussion that follows. This
value agrees well with that obtained by extrapolating the
Fe moment in Fe-B glasses to the pure, amorphous iron
irnlt 22

The standard mean-field expressions for the transition
temperature lead to the prediction

T =Tc ZQ

c c
zc

B,S, S, +1
B,S, S,+1 (3)

where z, and z, are the coordination numbers and
S = /2, , =p, , pz, effective spins of the amorphous and
crystalline materials. If we assume that the amorphous
phase is locally close packed, we have z, /z, =1.5, which
leads to a predicted Curie temperature Tc =480 K,
reasonably close to the observed Tc ~580 K. The s in
factors are relatively unimportant; the primary effect is
the change in the effective exchange interaction as
rejected in B,.

In order to discuss the source of the random anisotro-
py, we first need to determine H which de~ w ic we o using
mean-field expressions. The same values of B, and S,
lead to the estimate H, =6.4 X 10 (a /R, ) Oe, where a is
the average Fe-Fe spacing, assumed to be the same for
amorphous and crystalline iron. The resulting random
anisotropy field is H„=310(a/R,) kOe. The largest
source of randomness arises from the distribution of par-
ticle shapes which produce a random demagnetizing field,
whose scale is set by the magnetization, approximately 1

requires t atOe. For this to be the source of H„re
R, /a =46, which is roughly the size of the amorphous Fe
particles. The cubic anisotropy field of bcc iron is also on
the order of 1 kOe, but for this to be the source of H„re-
quires a crystalline coherence over long distances which

a .
is inconsistent with the amorphous nature of this materi-
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Ferromagnetic resonance measurements were also
made at 9 GHz on the amorphous iron powder. An ex-
tremely broad resonance was observed, approximately 5-
kOe peak-to-peak separation in the derivative signal at
140 K. The width increases with decreasing temperature.
These observations are consistent with a distribution of
particle shapes which can spread the field required for
resonance over a range of order 4m M, ( T) = 12 kOe.

IV. CONCLUSIONS

In summary, the amorphous iron synthesized from
sonolysis of iron pentacarbonyl has been shown to be a
soft ferromagnet with a saturation magnetization of
=173 emu/g. The amorphous iron has an effective mo-
ment of p, =1.7p~. The magnetization follows Bloch's
T law, from which we deduce that the effective ex-
change constant is only 30%%uo that of crystalline Fe. How-
ever, the Curie temperature exceeds 580 K. There have
been numerous estimates of the Curie temperature of
amorphous Fe obtained by extrapolating to 100%%uo Fe
concentration. The results are strongly system depen-
dent: Fe—rare-earth systems (270 K), melt spun Fe

(Ref. 24) (=400 K), Fe-metalloid (Ref. 25) (=320 K),
and Fe-Zr (=100 K). This wide variation suggests that
such extrapolations are unreliable. The relatively high
T,' results in part from the increased coordination num-
ber z, = 12 of a close-packed amorphous structure rela-
tive to z, =8 for a bcc crystal. The magnetic behavior of
amorphous iron powder is not that of a superparamagnet
nor of a single domain ferromagnet. Rather, the ap-
proach to saturation is consistent with the behavior of a
"correlated spin glass, " with randomness provided by a
distribution of particle shapes.
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