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Ferromagnetic resonance (FMR) studies of as-quenched and annealed amorphous 
Fe78Cr2B12Si 8 are presented. For short annealing times (~30min)  and low annealing 
temperatures (473 K) the resonant field, Hll and the FMR line width, AH, are essentially 
constant. This can be explained' in terms of a combination of effects due to magnetic 
anisotropy and the inhom9geneous demagnetization due to stress relief in the sample. For 
larger annealing times or higher annealing temperatures, Hrr and AH increase due to the 
percipitation of crystallites in the amorphous structure. X-ray diffraction, selected area electron 
diffraction patterns and transmission electron micrographs are consistent with this 
interpretation. 

1. Introduct ion 
Iron-based transition metal-metalloid glasses are of 
interest because of their unusually soft magnetic 
properties [1] and their superior mechanical and 
chemical properties [2]. Thermal treatment of these 
glasses produces changes in the short and long range 
structural ordering, and hence results in changes in the 
magnetic properties. Since in amorphous alloys the 
structural and magnetic properties are closely related, 
ferromagnetic resonance (FMR) is a convenient and 
effective method of studying these effects [3-7]. The 
alloy investigated in the present work, Fe78 Cr 2 B~2Sis, 
has been well characterized by Dunlap and co- 
workers, using thermal analysis [8] and M6ssbauer 
spectroscopy [9]. In this paper we report on the results 
of an FMR study of the effects of various heat treat- 
ments on the properties of amorphous FeT8 Cr2 B t2Sis. 

2. Experimental  m e t h o d s  
Fully amorphous alloys of the composition Fe78Cr2- 
B12Si 8 were prepared by rapid quenching from the 
melt on to the surface of a single copper roller [10]. 
The resulting ribbons were approximately 1 mm wide 
by 20#m thick. The amorphous structure of these 
ribbons was confirmed by X-ray measurements per- 
formed on a Siemens scanning diffractometer using 
MoKc~ radiation. 

Room temperature F M R  spectra were recorded in 
the X-band (~9 .4GHz)  using a Varian El09 spec- 
trometer. Samples were in the form of portions of 

ribbons l mm by 2 mm cut with slow-speed diamond 
wheel perpendicular to the long axis of the ribbons. 
The samples were mounted on the flat end of a quartz 
rod which could be rotated about the vertical axis 
inside a Varian E201 rectangular cavity (unloaded 
Q ~ 7000) operating in the TEl02 mode. Spectra were 
recorded with the static magnetic field parallel to the 
plane of ribbon (in-plane) and with the static magnetic 
field perpendicular to the plane of the ribbon (out-of- 
plane). The F M R  spectra were recorded as the first 
derivative of the absorption signal, using a 100kHz 
field modulation. The incident microwave power was 
kept at the low value of 0.01 roW. The static magnetic 
field was measured using a Varian E500 digital Gauss 
meter and the resonant frequency was determined 
using a standard DPPH marker (g = 2.0036). 

Selected area diffraction (SAD) and transmission 
electron micrographs (TEM) were made in a Philips 
TEM 301 transmission electron microscope. The 
saturation magnetization measurements were made in 
an external field of 10kG on a PAR 150 vibrating 
sample magnetometer (VSM). Annealing of the 
samples was performed in vacuo at temperatures rang- 
ing from 473 to 973 K for various periods of time. 

3. Results 
The derivative FMR spectra of various annealed 
samples in the in-plane geometry are shown in Figs 1 
and 2. T h e  principal F M R  lines are broad with a 
typical peak-to-peak separation of a few tens of mT. 
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Figure 1 Room temperature FMR spectra of amorphous 
Fe78 Cr 2 B~2 Si 8 samples at ~ 9.4 GHz for the in-plane geometry. For 
annealing times and temperatures, see Table I. The reference field 
obtained from the calibration to DPPH (101.1 mT) is indicated by 
the vertical arrow; the horizontal bar corresponds to 40mT. The 
spectra were obtained using different gains. 

For  many  of  the samples a very weak line is imposed 
on the main  resonance line and appears as an 
additional inflection. In the present study these have 
been neglected. As Figs 1 and 2 illustrate, annealing 
appreciably affects the F M R  line widths. 

The conditions for in-plane and out-of-plane 
resonance are given by 

(CO/~) 2 = HII(H I + 47zMeff ) (1) 

and 

(co/y) = H i  - 4~Mefr (2) 

respectively. Here, 4zcMeer = 4toMs - Ha, where M s is 
the saturat ion magnetizat ion and Ha is the uniaxial 
magnetic anisot ropy field perpendicular  to the plane 
o f  the sample. HI1 and H± are the resonance fields for 
the in-plane and out-of-plane geometries, co is the 
microwave frequency and 7 is the gyromagnet ic  ratio. 
The resonance field in these measurements  is taken to 
be the zero-crossing point  o f  the derivative absorpt ion 
signal. Values o f  Hi[ and the linewidth, AH, taken to be 
the peak-to-peak separation o f  the derivative signal, 
are given in Table I for differently annealed samples. 

TABLE I FMR and magnetization parameters for as-quenched 

H 

Figure 2 Additional FMR spectra for the in-plane geometry for 
different annealing times and temperatures (see Table I). The cali- 
bration from the DPPH marker is shown by the vertical arrow 
(101.1mT); the hbrizontal bar corresponds to 40roT. 

Equat ion  1 yields values o f  ~ and rnMe~ and f rom 7, 
g-values can be found (g = 2mcy/e) .  F r o m  values o f  
4rcMefr and the measured 4toMs, as determined by 
VSM measurements,  the anisotropy field, Ha, can be 
obtained. These results are summarized in Table I. 

S A D  and T E M  of  the as-quenched and selected 
annealed samples are shown in Fig. 3. For  the as- 
quenched sample, the S A D  pattern (Fig. 3b) indicates 
a fully amorphous  alloy and the micrograph  (Fig. 3a) 
shows a totally homogeneous  structure. The S A D  
pattern o f  the sample annealed at 573 K for 30min  
(Fig. 3d) shows the alloy to be nearly amorphous .  The 
micrograph (Fig. 3c), however, shows a significant 
change f rom the as-quenched sample and perhaps 
exhibits phase separation and clustering. 

The SAD and T E M  of  the sample heated to 823 K 
for 5 min are shown in Figs 3e and f. This is well above 
the crystallization temperature o f  773 K reported by 
Dunlap  et  aI [8], and means that  the sample is fully 
crystallized. The SAD pat tern shows well defined 
reflections, indicating the existence o f  crystallinity. 
The grains are approximately  30 nm in diameter. 

4. Discussion 
The resonance field and measured linewidth in F M R  

and annealed FeTsCr2B1zSi 8 

Sample  Annealing Annealing HLI 
temperature time (Oe) 
(K) (min) 

AH g 4~Mef r 4~zM~ H. 
(Oe) (FMR) (VSM) (Oe) 

(G) (G) 

a as-quenched 740 
b 473 30 730 
c 473 60 740 
d 573 30 730 
e 573 60 820 
f 573 120 780 
g 673 60 820 
h 832 5 850 

320 2.02 13760 14270 510 
300 2.05 13970 14130 160 
360 2.03 13760 14000 240 
360 1.99 13970 14500 530 
360 2.02 12270 12750 480 
520 2.02 12980 13210 230 
540 2.01 12270 12870 600 
580 2.00 11780 12540 760 
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studies are due to the sum of several contributions. We 
write this as [11-13] 

Hex~ + He + G + Ha + H~ (3) ~o/7 = 

and 

AH = AH~ +AHp~ + AHe + AHp + AHid 

(4) 
where the subscripts refer to the following contri- 
butions: exp, experimental; e, eddy currents within the 
cavity; p, porosity; a, anisotropy; id, inhomogeneous 
demagnetization; i, intrinisic; and pit, pitting of the 
surface. 

We would not expect the heat treatment to alter 
AHpi t, as no surface treatment was performed. Also, 
we would expect H e and AHe to be the same for all 
measurements. Hence the systematics of the results 
given in Table I should be described by the behaviour 
of the other components in Equations 3 and 4. 

Contributions due to changes in porosity, p, should 
be small. Egami [14] has reported that low tempera- 
ture annealing can have the effect of densifying the 
amorphous structure by about 1%. This results from 
the annealing out of vacancies and microvoids and 
could cause a narrowing of the FMR line given by 

AHp = 4nMsAp. In terms of the changes induced by 
annealing shown in Table I, this contribution is not of 
significance. 

Ha and AHa should decrease for lower annealing 
temperatures or shorter annealing times at moderate 
temperatures. This is due to the decrease in the mag- 
netic anisotropy resulting from the decrease in the 
quenched-in-stress induced anisotropy. For heat treat- 
ments which are sufficient to cause cluster formation 
or nucleation of crystallites, we expect an increase in 
Ha and AHa, due to the increase in the magneto- 
structural anisotropy. As evidenced by Figs 2c and d, 
annealing at 573 K for 30 rain seems to be sufficient to 
induce this kind of structural change. This is consis- 
tent with the measured crystallization temperature [8] 
and estimates of the nucleation rate based on the 
Arrhenius relation and typical activation energies [15]. 

The final contribution to H and AH is from inhomo- 
geneity. Clustering or nucleation, as is evident in 
Figs 2c and 3 would, through atomic migrations, 
enhance the short range structural inhomogeneity and 
would, in principle, increase AH by increasing the 
A//~d contribution [3, 4]. In the case of the nucleation 
ofcrystallites, crystalline regions act as inhomogeneities 
in the non-crystalline matrix. As shown in Table I, the 

Figure 3 (a) TEM of  as-quenched 
sample; (b) SAD of as-quenched 
sample; (c) TEM of sample 
annealed at 573 K for 30 rain; (d) 
SAD of sample annealed at 573 K 
for 30rain; (e) TEM of  sample 
annealed at 823 K for 5 rain, and 
(f) SAD of sample annealed at 
823 K for 5 rain. 
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crystallization by annealing at high temperatures 
decreases the magnetization. Thus the formation of 
crystallites produces regions of varying magnetization 
and prevents the effective magnetic coupling of the 
amorphous regions. The significant increase in AH 
caused by an increase in A//~d occurs in those samples 
which show a significant crystallite formation in the 
SAD patterns. On the other hand, those samples 
which have been annealed at lower temperatures for 
shorter periods of time show neither evidence of crys- 
tallization in the SAD patterns nor an increase in AH. 
As reported in Clogston [16], low temperature anneal- 
ing can decrease the structural inhomogeneity and 
narrow inhomogeneously broadened FMR lines. 

5. Conclusions 
The initial near constancy observed in H n and AH (for 
low temperature annealed samples) results from a 
combination of effects due to magnetic anisotropy and 
inhomogenous demagnetization. The rapid increase in 
these parameters for samples annealed at higher tem- 
peratures results from an increase in the anisotropy 
and the inhomogeneity as a result of an increase in 
clustering followed by the growth of crystallites. 
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