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Abstract. M6ssbauermeasurementshave been performedon a number of metallicglasses.
The temperature dependenceof average hyperfiueor internal magnetic field Helr(T) arises
from long wavelength spin wave excitations in these glasses. Values of B3/2 and Cs;2 are in
general much higher than those observed for crystalline ferromagnets indicating higher
density of states for spin waves in amorphous ferromagnets.
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1.

Introduction

Amorphous metallic alloys, prepared by rapid quenching of molten alloys, have
become an important class of materials from theoretical as well as practical points o f
view in recent years. There have been extensive studies of magnetic and electrical
properties of iron-rich metallic glasses in the past decade. Study of magnetic
phenomena in these glasses presents a fascinating field for theorists and experimentalists as magnetism is a structure sensitive property, and therefore, it is expected to be
affected in amorphous solids. In this paper we discuss the temperature dependence of
hyperfine magnetic field of iron-rich metallic glasses as measured by the 57Fe
M6ssbauer spectroscopy. Results are interpreted in terms of excitations of long
wavelength spin waves.

2.

Experimental

M6ssbauer spectra of a number of commercially available metallic glasses
(FestBI3.sSi3.5C2, Fe78B13Si9, Fe79B16Sis, Fe4oNi4oB2o and Fe67ColsB14Sil)were
recorded in the temperature range 77-900 K using an Elscint spectrometer coupled
with a 256 channel MCA. The spectrometer was used in the constant acceleration mode
and the source was 57Co in rhodium matrix. The Curie temperatures of
FeslBl3.sSi3.sC2, FeTsBi3Si9, Fe4oNi4oB2o and Fe79Bt6Si5 were determined by the
constant Doppler velocity thermal-scan method (Bhanu Prasad et al 1983), while that
of Fe67ColsBl,,Si I was estimated by plotting hyperfine magnetic field, H~ir(T) vs
temperature since the Curie temperature, T,, in this case was larger than the
crystallization temperature (Bhanu Prasad et al 1980). H~ff(T)values were determined
by fitting each spectrum to the Lorentzian line-shape sextet pattern. The spectrometer
was calibrated using a thin iron foil.
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Results and discussion

The decrease in magnetization of a crystalline ferromagnet at low temperatures can be
explained if the low lying magnetic excitations are spin waves which obey the following
dispersion relation:
(1)

hw(q) = Dq 2 + Eq 4 + . . .

where hw (q) is the energy of spin wave with propagation wave number q, and D and E
are the stiffness constants. Usually E is much smaller than D. This dispersion relation
leads to the following temperature dependence of magnetization M(T),
M ( T ) = M(O) (1 -

B T

3/2

- C T

5/2

-

(2)

. . . ),

where B and C are constants and are related to D and E as given below.
B = 2"612[g/zs/M(O)] (ks/4nD) 3/2
C = 1.341 [g/za/M(O)] (kB/4rtD) 5/2 (15tiE~D)

(3)
(4)

where k s is the Boltzmann constant, #8 is the B6hr magneton and Ois the usual O factor.
Equation 2 can be rearranged to give
M ( T ) - M (O) =
M(O)

_

BT3I

2 _

CTS/2

_

(5)

. . .

or

M (T) - M (0) = _ B3/2 (T/?c)3/2 _ C5/2 (TITs)5/2 _
M(O)
"'"

(6)

Inelastic neutron scattering measurements on some of amorphous ferromagnets
have established the existence of long wavelength spin waves obeying the dispersion
relation given by (1) (Lynn et ai 1976; Rhyne et al 1979). Similarly magnetization
measurements (Tsuei et al 1968; Kaul 1981) and ferromagnetic resonance studies
(Spano and Bhagat 1981) have shown that the temperature dependence of M ( T )
follows the behaviour predicted by (2).
From Mfssbauer measurements the average internal magnetic field Heft(T ) is
determined. It has been found experimentally that for most iron-rich metallic glasses,
the average internal magnetic field is directly proportional to the magnetization to a
good approximation and the proportionality constant is approximately 135 kOe//~ B
(Chien et a11979). Therefore, (5) and (6) can be expressed in terms ofHeft(T ) as follows:
H~ir(T) - Heft(O) = - B T 3/2 C T 5/2 _ . . .
-

(7)

-

noft(O)
or

Heft(T) -

Heft(O) =

- B3/2 (T/~c) 3/2 - C5/2 (T,/Tc) s/2 -

...

(8)

Heft(O)
where B, C, B3/2, and C5/2 constants remain the same as in (5) and (6).Thus the
temperature dependence of Heft (T) at low temperatures can also be interpretedin terms
of excitationsof spin waves. At firstit may seem surprising that spin waves can be
excited in noncrystallinesolids.However, the situationisquite akin to the sound wave
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propagation in glasses. This is so because the long wavelength modes are not sensitive
to the local order or disorder. In particular Herring and Kittel (1951) have shown that
long wavelength spin waves can exist even in a ferromagnetic continuum medium.
Average hyperfine magnetic fields of various metallic glasses were determined as
explained in § 2. A plot of [Heir( T ) - Heir(O)]/Heir(O) vs (T/Tc) 3/2 for various metallic
glasses is shown in figure 1. A computer least square fit of (7) and (8) to experimental
data yields values of B, C, B3/2 and C5/2 which are given in table 1. For sake of
comparison, the values of these constants for crystalline Fe and Ni, and glassy
Fe40Ni40P14B6, FesoB20 and Fes2B 12Si6 a r e also Iisted in the table. It is observed that
B3/2 values range from 0-24)-4 and are much larger than the values for crystalline Fe
and Ni. Also T ~/2 dependence of relative change in Heir(T ) extends to much higher
temperatures than observed for crystalline ferromagnets. T 3/2 plus T 2/2 dependence, as
given by (7) and (8), can be fitted to experimental data over a large temperature interval.
Values of B (B3/2) and C (C5/2) depend upon the temperature interval used to fit the data
(Bhatnagar et al 1982; Saegusa and Morrish 1982). If data is fitted over a large
temperature interval then it has the effect of reducing the B (B3/2) value and increasing
the C(C5/2) value which is expected. It has also been observed that B and C values
(T/Tc) 3/2
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Figure 1. Plot of [Heff(T)-Heff(O)]/Hetr(O ) vs (T/To)3/2 for various iron-rich metallic
glasses.

Table 1. Sample compositions, Curie temperature To, coefficients B, C,
amorphous ferromagnets and crystalline Fe and Ni.
System

T,(K)

B(10 6K-3/2)

C(10-SK -s/2)

B31z

Cs/2

B3/2 and C5/2 for
Reference

FeaoB2o

685

22

1.2

0-40

0.17 Chien (1978)

Fe4oNi4oB2o

695

22

0.4

0.40

0.136 Present work

Fe4oNi4oPl4B6

537

38

1.2

0-47

0-08 Chien and Hasegawa 0977)

FeTsB13Si9

733

10

2.4

0.21

0-35 Present work

Fe79B16Si5

730

11

2.3

0-22

0-33 Present work

FeszBl2Si6

658

--

--

0'34

0-21 Ok and Morrish (1980)

FeslBl3.sSi3.sC2

698

16

2.1

0"30 0-27 Present work

FeaIB13.sSi3.sC2
Crystalline Fe
Crystalline Ni

668
1042
637

-3.4
7.5

-0.1
1-5

0.30 0.29 Saegusa and Morrish (1982)
0.114 0.04 Chien and Hasegawa (1977)
0-117 0"15 Chien and Hasegawa (1977)
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become much smaller after the amorphous material crystallizes (Hasegawa and Ray
1979). Hence, the high B(B3/2) and C(C5/2) values seem to be the characteristic of the
amorphous state. Higher B values in glassy ferromagnets also mean lower values of D,
the stiffness constant, for glassy systems as seen from (3). Lower values of D also mean
that the density of states for spin waves are higher in the amorphous state. Theoretical
calculations do show higher density of states for spin waves in amorphous materials due
to fluctuations in the exchange interaction arising from the random atomic arrangement (Montgomery et al 1970; Simpson 1974). Thus the existence of spin wave
excitations in amorphous ferromagnets is clearly demonstrated by M6ssbauer
measurements as well as by magnetization (Kau11981) and inelastic neutron scattering
measurements (Lynn et al 1976; Axe et al 1977; Rhyne et al 1979).

4.

Conclusion

The temperature dependence of the average internal magnetic field of a number of
ferromagnetic metallic glasses can be described by the expression Heff(T ) = Hefr(O ) (1
- B T 3/2 - C T 5 / 2 - . . . ) , which is indicative of spin wave excitations in these solids.
Values of B (B3/2) are much higher than those for crystalline Fe, Ni etc. This observation
can be explained if higher density of states for spin waves are assumed in the amorphous
ferromagnets. Values of B (B3/2) and C (Cs/2) are found to depend upon the temperature
interval used to fit experimental data to the T 3/2 and T 5/2 dependence.
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