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Ferromagnetic resonance evidence for long-range 
ferromagnetic ordering in amorphous Fe-rich Fe,,-,Zr, 
alloys 

S N Kaul and V Siruguri 
School of Physics, University of Hyderabad, Central University PO, Hyderabad 500 134, 
India 

Received 15 August 1990, in final form 4 July 1991 

Absnact. Ferromagnetic resonance ( n m )  measurements hate been performed on amorph- 
ous(a-) Fe,,-,Zr, alloyswithx = 9and loandon a-Co.Zr,,forhorizontal-perpendicular, 
horizontal-parallel and vertical-parallel sample geomctries at a fined microwave frequency 
of about 9.3 G M  in the temperature rangc 77 to SO0 K. In the horizontal-parallel ( "1 and 
vcnicd-parallcl(l~) orientations. the peak-to-peak ~ I R  linewidth (AHop) rcmains constant 
at a value of about 2 1 0 0 c  (2900~) for F%Zr,o(Fe,,Zr,) in the temperature range 
115 K S T S 0.8Tc (Curie remperature). uhile the resonance field (U,-) as a function of 
temperature incrcascs slovly up to 0.8Tc and for T>0.8Tc both AHnp and H,es Stan 
increasmg at a rapid rate Values of the 'in-plane' uniaxial anisotropy field, H.. and Gilbert 
damping parameter. i, at different tempcrarwes T S  Tc dctermlned fmm the observed 
values of Hf,, H i  and AH', AH; demonstrate that H, and 1 both scale with saturation 
magnetization. .My The iempcrature dependence of M. deduced from the MR results 
conforms very well with that prcbiously observed by us for the bulk magnetization. At 
T 2 Tc. a secondar, resonance, whose width goes through a minlmum uhile the resonance 
field increases as the remperature is mcrrased from TE Tc to 500 K and for which H, = 0. 
appearsal lox fieldsforthcalloyswthx = 9and 10.TheFuRdala takenintheperpendicular 
geometry arc consistent uith those obtained for and configurations By comast, 
rrgsrdlcsr ofthcsamplegeometry used, AH, remainsconslant whereas H,exhihitsa very 
weak dependence on temperature in the inrestigated temperarure range (77 S T e  500 K) 
for a-CoaZr,,. The present resulu have been discussed in light of the existing theories 

1. Introduction 

Amorphous (a-) F%otxZrlorr (0 =z n < 3) alloys have attracted considerable attention 
during recent years because they offer a rare possibility of investigating a unique com- 
bination of widely different but interesting physical phenomena (Kaull983). The mag- 
netic phase diagram, based on bulk magnetization, Massbauer and AC susceptibility 
data (Hiroyoshi and Fukamichi 1982, Kaull983, Saito eta1 1986, Ryan er al1987, Coey 
er nl1987), indicates a transition from the paramagnetic (PM) to the ferromagnetic-like 
(FM) state at the Curie temperature, Tc (Tcdecreaseswith increasingFeconcentration), 
followed, at a lower temperature T,, (TsG increases as Fe concentration increases), by 
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Flgme 1. Schematic depiction of the typical vari- 
ation of AHw with temperature normally 
obselvedin (a)conventionalfermmagnets,(b)re- 
entrant spin-glass systems and (c) spin (or cluster 
spin) glasses. 

T 

another transition from the FM to the spin-glass-like (SO) state; the PM-FM and FMSC 
transition lines meet at =93 at.% Fe. Intense experimental efforts devoted to the study 
of properties that characterize the FM and SG phases have so far failed to resolve the 
controversy surrounding the exact nature of these phases. For instance, the FM state has 
found two main but contradictory descriptions based on different experimental findings. 
On the one hand, the following observations have been made: (i) a low value of 
the saturation Fe atomic moment; (U) a broad hyperfine field distribution with fmite 
probabilityevenat zero field (Oshimaetal1981,Yamamotoetal1983,Tange etall986, 
Heller et al1986, Ryan el a1 1987, Coey e t d  1987) for T< Tc; (iii) magnetic broadening 
(Ryan eta? 1987, Coeyetol1987) in the Mossbaucrspectra for temperatures well above 
Tc; (iv) values of the critical exponents considerably larger than those theoretically 
predictedforanordered three-dimensional (3D) nearest-neighbour isotropic Heisenberg 
ferromagnet, which either satisfy (Winschuh and Rosenberg 1987) or do not satisfy 
(Yamauchi et ai 19M) the Widom scaling relation; and (v) the finite (127 A) spin-spin 
correlation length, E ,  at T = Tc indicated by the small-angle neutron scattering (SANS) 
data (Rhyne and Fish 1985) on a-FeplZr9. Observations (i)-(v) have been taken to imply 
that the alloys in question behave either as ‘wandering-axis ferromagnets’, in which the 
spin structure is localiy ferromagnetic (Ryan et a1 1987, Coey et af 1987) with small 
variations in spin directions on neighbouring sites but the local ferromagnetic axis 
changes direction over distances of order E ,  or as a strongly exchange-frustrated system 
(Fish and Rhyne 1987) in which the ferromagneticcorrelations areshort-ranged (=U A), 
or else these alloys enter the spin-glass state directly (Rhyne and Fish 1985) at T = Tc 
(i.e. in no case does a long-range ferromagneticorder develop at any temperature and the 
transition at Tc is nof a true phase transition in the thermodynamic sense). On the other 
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hand, AC susceptibility, ,yac, measured in the absence and presence of a superposed static 
magnetic field (Kaul etal 1986, Kaull987,1988) as well as the recent bulk magnetization, 
M, data (Kaul1988, Reisser eta1 1988) taken in a narrow temperature range around Tc 
demonstrate that the transition at Tc, marked by the divergence (Saito etal 1986, Kaul 
et ai 1986, Kaull987,1988) in ‘zero-field‘ susceptibility at that temperature (the Curie 
point), is a second-order magnetic phase transition characterized by 3D Heisenberg-like 
critical exponents and the ferromagnetic order for temperatures below Tc has a long- 
range character as inferred from the demagnetization-limited behaviour of both ,yac(T) 
and M ( r )  in external DC fields s10 Oe for T=Z To So far as the transition at TsG is 
concerned, conflicting experimental observations (for details see Ghafari et a1 1988), 
which either support (Hiroyoshi and Fukamichi 1982, Kaull983, Saito et a1 1986, Ryan 
et a1 1987, Coey et a1 1987, Ghafari et a1 1988) or rehte (Beck and Kronmiiller 1985, 
Read et al 1986) the existence of a re-edtrant spin-glass phase at low temperatures 
and hence the occurrence of a transition to such a state at TsG, have been reported. 
Considering the fact that the low-temperature magnetic phase and the transition at TsG 
are bound to evade correct description so long as a complete knowledge about the 
transition at Tc is lacking, deeper physical insight into the high-temperature magnetic 
phase than gained hitherto becomes imperative. The present investigation, therefore, 
aims at unravelling the nature of magneticorder that exists for temperatures well above 
TsG but below Tc. 

In this paper, we report the results of the first detailed ferromagnetic resonance 
(m) measurements on amorphous (a-) Few+&,,-, alloys with x = 0 and 1 and on a- 
Co&rlo in the temperature range 77 to 500 K. Suitability of the FMR technique for the 
type of study intended is dictated by its capability to distinguish clearly between different 
kinds of magnetic order because they give rise to markedly different variations of the 
FMR linewidth, r, with temperature. To elucidate this point further, r stays comfant 
(Heinrich et a1 1984) at a low uaiue (=lo0 Oe) for T S 0.8Tc but increases steeply for 
temperatures above Tc (figure l ( a ) )  in the case of a concentrated ‘homogeneous’ 
amorphous ferromagnet (note that the local magnetization varies from site to site even 
in the most concentrated amorphous ferromagnet asis evidenced by a sizable frequency- 
independent (Heinrich et a1 1984, Bhagat et a1 1985) contribution to r) whereas r in a 
re-entrant spin glass (Bhagat etal 1985) increasesexponentially as temperature is lowered 
below -2TsG, goes through aflat minimum (typical value at the minimum = 200 Oe at 
the frequency of the microwave field v = 9.3 GHz) within the temperature interval 2TsG 
(v = 9.3 GHz) =z T =Z 0.8Tc (the lower limit of this interval depends on v )  and exhibits 
a steep rise for T Z  Tc (figure l(6)). Contrasted with the afore-mentioned variations of 
r with T, r at v = 9.3 GHz = Texp(- T/To) for T S  3TsG and passes through a broad 
minimum (typical value at the minimum = 500 Oe) around 3TsG before displaying a 
linear dependence on temperature (in the paramagnetic region) for an amorphous 
cluster spin glass (mictomagnet) with composition just below the percolation threshold 
(Park et a1 1986) (figure l(c)). A comprehensive study of the temperature dependence 
ofFMRlinewidthcarriedout presently, therefore, provides for the first timeunambiguous 
evidence for the existence of a long-range inhomogeneous ferromagnetic order for 
temperatures in the range 77 K S T S Tc. Furthermore, of all the model descriptions 
for the type of magnetic order present in these glassy alloys proposed hitherto, our 
results favour a model (Kaul 1984, 1985, Kaul et al 1986, Kaul 1987, 1988, 1991) 
that postulates the spin system for T S Tc to consist of the infinite three-dimensional 
ferromagnetic (m) cluster (which forms the FM network or matrix) andfinitespin clusters 
(the spins within these clusters are also ferromngnetically coupled) embedded in, but 
‘isolated’ from. this FM matrix. 
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2. Experimental details 

Amorphous FewZrl0, F+,Zr9 and Co&rlo alloys were prepared under helium (inert) 
atmosphere by a melt-spinning technique in the form of long ribbons of -2 mm width 
and 30-40 pm thickness. X-ray diffractometric and electron microscopic examination 
of both the dull and shiny sides of the ribbons so fabricated revealed no traces of 
either surface crystallization or a second minor crystallographic phase and provided no 
evidence for amorphous phase separation. After confirming that the atomicarrangement 
in these ribbons corresponds to an amorphous ‘single-phase’ state, the field derivative 
of the microwave power (P) absorbed during the ferromagnetic resonance (FMR) 
process, dP/dH, was measured as a function of the external static magnetic field (H) on 
4mm long strips, cut from the aUoy ribbons, using horizontal-parallel (I]”), vertical- 
parallel (Ip) and horizontal-perpendicular (Ih) sample configurations, at a fixed micro- 
wave field frequency of =9.25 GHz on a JEOL F E J X  EPR spectrometer in the tem- 
perature range 77 to 500 K. In the Ilh (Ip) sample geometry, N lies in the ribbon plane 
and is directed along the length (breadth), whereas in the Ih geometry His  normal to 
the ribbon plane; the 11” samplegeometry transforms into the I” configuration when the 
ribbon strip is rotated by 90” about an axis that lies in the ribbon plane and is directed 
along the breadth while keeping the direction of Hfixed. The temperature was measured 
by a precalibratedcopper-constantan thermocouple situated just outside the microwave 
cavity a few centimetres away from the sample and was held constant to within eO.1 K 
at every temperature setting by regulating the Bow of cold nitrogen gas around the 
sample by controlling the power input to the heater, immersed in a container filled 
with liquid nitrogen, with the aid of a PID temperature controller. The actual sample 
temperature was then determined from the temperature T* so measured by correcting 
T* usingthe resultsof aseparateempty cavity run in which the measuring thermocouple 
was calibrated against another ( precalibrated) copper-constantan thermocouple situ- 
ated at the sample site. Curves of dP/dHagainst H a t  77 K were recorded for the sample 
configurations mentioned above by mounting the sample into the quartz tail, contained 
within the cavity, of the glass dewar f u U  of liquid nitrogen such that the sample is at the 
centre of the cavity. Highly precise and reproducible data free from specious stress- 
induced effects were obtained by making an appropriate choice (Mohan Babu 1988, 
Kaul and Mohan Babu 1989) of the sample mounting technique. Data taken on strips 
cut fromdifferent partsof the alloy ribbonand on the same alloy stripremountedseveral 
times established that the resonance field and the peak-to-peak FMR linewidth are 
reproduced to within +2% and +lo%, respectively. 

S N Kaul and V Siruguri 

3. Results and data analysis 

Figure 2 depicts the observed functional dependence of dP/dH on H in the horizontal- 
parallel ( I h )  configuration at a few selected values of temperature for a-FewZrlo. The 
power absorption derivative (PAD) curves displayed in this figure are also representative 
of those recorded for a-FewZrloin the vertical-parallel (Ip) sample configuration and for 
Fe,,Zr, in both (1” and Ip sample geometries. Resonance field, H, (defined as the field 
where the dP/dH = 0 line cuts the dP/dH versus H curve or alternatively as the field 
where dP/dH possesses half the peak-to-peak value if the dP/dH versus H curve is 
symmetrical about the baseline), and ‘peak-to-peak’ liewidth, AHpp, deducedfrom the 
PAD curves for both ( I h  and (p configurations, as functions of temperature are depicted in 



FMR evidence for long-range ferromagnetic ordering 

- 

509 

o n.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 

H (k0e) 
Figure 2. Field dependence of the microwave power absorption derivatives for a-Fe,Zr,, at 
a few representative fixed temperature valueslying below and above the Curie temperature, 
Tc, using horizontal-parallel sample geometry. Full curves depict the observed variation 
whereas the open circlesdenote the valuescalculated using equations (1) and(2)oL the text. 
Numbers on the left-hand side of the curves denote the sensitivity at which the spectra are 
taken. 

figures 3-6 for amorphous Fe&,,, and Fe,,Zrg alloys. For a-FegoZrlo (a-Fe&,)? alloy, 
H,, exhibits a slow increase up to Tc = 240 -t 1 K (Tc = 212 C 1 K), determined from 
bulk magnetization (Kaul 1983) (AC susceptibility (Kaul er a1 1986)) measurements, 
whereasAH,,goes throughaflat minimumin the temperaturerangeO.STcS Tzc O.STc 
(0.6Tczc T S  0.8Tc) where it assumes a constant (within error limits) value = 210 Oe 
(-290 Oe) for both Ilh and Ip orientations. The broken curves in figure S depict the 
variation of AH,, with temperature at low tcmperatures obtained from the expression 
(Bhagat era1 1985) 

AHpp = To f ~ I ( T / T o )  exp(-T/Tn) 

with the choice of the parameters To = 190 Oe (281 Oe), rl = 6100 Oe (8266 Oe) and 

t Values of quantities within parentheses henceforth refer to a-FePtZr9 
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Figure 3. 'Temperature dependence of the resonance field, H,. for the primary resonance 
in Fe&,o and Fe+,Zr+ amorphous alloys. Open and full symbols denote the experimental 
data taken usingthe horizontal-parallelandvertical-parallel sample configurations, respect- 
ively; 0, ., *, 0, 0, @. x, + represent the data taken in different experimental runs on 
sample 1 whereas A, A denote data taken in a single experimental run on sample 2. In the 
case of a-Fe+,Zr,, however, 0, denote the data laken on sample 3 instead of sample 1. 
The inset shows H, plotted against M.. 

Figure4. Temperature dependenceofthe rmnance field, Hi=, forthe secondary resonance 
in (a) F u r , @  and (b) Fep,Zr,. Data symbols represent the same experimental runs as in 
figure 3. The broken curves through the data pointsserve to illustrate the observed trend. 

To = 16.7K (17.0K) for a-Fe,ZrIo (a-Fe&r9). Apart from this resonance (hence- 
forth referred to as the primary or main resonance), which not only shifts to higher 
fields but also broadens out at a rapid rate as the temperature is increased beyond Tc 
(figures 3 and 5). the signature of a secondary resonance at a lower field value, i.e. 
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Figure 5. Variation with temperature of the peak-to-peak linewidth. AHm, for the primary 
resonance in FeroZrlo and Fep,Zr9 amorphous alloys. The inset shows the reduced A versus 
reduced M, plots for the two alloys. Data symbols have the same meaning as for figure 3. 

3 

Flgure6. VariationofAHk ~rhrcmperaturclortherecondaryresonanu. in iheca,cof(o) 
Fe,ZrIo and ( b )  Fe&q Data symbols represent the same experimental runs as in figure 3 
The broken curves through the data poinlr serve to illustrnfe the observed trend 

HZh)  = H$ = 800 Oe ( 4 5 0  Oe) is first noticed at T = Tcin the most sensitive setting 
of the spectrometer (figure 2(b)). The appearance of the secondary resonance is associ- 
ated with a slope change in the AHpp versus Tcurve (figure 5) but this resonance can be 
resolved better only for temperatures in excess of Tc + 10 K. HLes increases while 
AH& goes through a minimum at T,, = 410 K within the temperature interval 
Tc + 10 K s T S 500 K (an additional feature of the data in the case of a-FeglZr9 is a 
steep decline in both H:es and AHLP for T 3  450 K). In order to ascertain whether or 
not the observed resonances (both primary and secondary) are characteristic of the 
bulk, a series of etching and mechanical polishingexperiments were performed (Siruguri 
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et a1 1991) in which PAD curves were recorded at a few representative temperatures 
including room temperature on samples etched in 10% HN03 plus 90% ethanol sol- 
ution for various lengths of time and on samples that had been mechanically polished 
before and after etching. These experiments unambiguously demonstrate that both the 
primary and secondary resonances originate from the bulk and not from the surface. 
The finding that AH,, forms a sizable fraction of H,, (AHPp/H,= = 0.2 (0.25) at T = 
115 K and AHpp/Hrp = 0.30 (0.34) at T =  300 K for the primary resonance whereas 
AHLP/HL = 0.24 (0.30) for the secondary resonance in the temperature range 
Tc + 10 K to 300 K) necessitates a complete lineshape calculation for each resonance 
line separately because the observed value of H,,can differ significantly from the actual 
(.true') resonance centre due to appreciably large linewidth. Therefore, the least -squares 
fits to the ObserveddPldHversus Hcurves have been attempted based on the theoretical 
expression (Kaul and Siruguri 1987) derived for the parallel geometry used in this work, 
i.e. 

S N Kaul and V Siruguri 

with the real and imaginary components of the dynamic permeabiliry given by (see 
appendix) 

pi = {[ (H + H,)(B + zfk) - r2 - ( w / ~ ) ~ ] [ ( B  + H ~ ) ~  - rz - ( w / ~ ) * ]  

+ 2rZ(B + Hk)(B + H + 2Hk)) {[(H + Hk)(B + Hk) - r' - ( W / Y ) ' ] *  

+ rz(B + H + ZH, )?} -~  (20) 

{-2r(~ + &)[(H + H,)(B + H ~ )  - r2 - ( w / Y ) ~ ]  

+ r (B + H + 2Hk)[(B + H ~ ) ?  - r? - (W/Y)~]I 

x {[(H + H,)(B + ~d - r2 - ( W / Y ) ~ ] ~  + r2(B + H + 2 ~ , ) * } - '  (26) 
where the most energetically favourable orientation of the magnetization vector in 
zero external magnetic field dictated by both shape anisotropy and 'in-plane' uniaxial 
anisotropy is assumed to be along the length in the ribbon plane, B = H + 4nM,, M ,  is 
the saturation magnetization, Hi, is the 'in-plane' uniaxial anisotropy field, U = w / 2 r  is 
the frequency of the microwave field, y = glel/Zmc is the magnetomechanical ratio, r = 
Ao/y2M, is the linewidth parameter and A is the Gilbert damping parameter, by making 
use of a non-linear least-squares-fit computer program which treats the Land6 splitting 
factor g and 4zMS as free fitting parameters while using the observed values of AHpp = 
1.451: and the values of H, derived from the following relations: (see appendix) 

HFL = HL,  - Hk 

H$6 = H!, + HI&. 

( 3 4  

(3b) 

and 

In equations (3a) and (3b), Hks and H?& are the resonance fields observed in the 

t Notelhat therelations(3a)and(3b) are wnsistenrnotonlywith(4n)and(4b) butalsowiththeobservadon 
thdt the resonancefieldasafundionofthe angleebetweentheextemalstalicfielddirectionandlengthinthe 
ribbonplanegocsthroughaminimumat 0 = 0"(I/'configuration)andamaximumai B = 9O0(1/*configuration). 
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horizontal- and vertical-parallel orientations, respectively, and H!- is the resonance 
field in the absence of Hk defined by the relation 

(o /y ) ’  + ri = HL,(H!, + 4 z M s ) .  

Theoretical fits so obtained are denoted by open circles in figure 2. The main findings, 
based on the data presented in figures 2-6 and the lineshape analysis, are: (i) Hk scales 
with M ,  for the main resonance for TS Tc (inset of figure 3); (ii) by contrast, Hk = 0 
(i.e. H$ = Hk within the uncertaintylimits) for thesecondaryresonanceeven though 
M ,  has a considerably large value, which decreases as the temperature is increased from 
(Tc + 10 K) to 450 K; (iii) A r~ M ,  (inset of figure 5) for the primary resonance within the 
temperatureregion 115 K s T s 0.8Tcwhere AH,,remainsconstant; (iv) Fmlinewidth 
possesses thesame value (within the error limits) regardless of the orientation of H in the 
ribbon plane and g has a temperature-independent value of g = 207 5 0.02 for both 
primary and secondary resonances; and (v) corrections to the observed values of H,, 
due to finite linewidth turn out to be negligibly small even for the main resonance for 
temperatures as high as 325 K where AHpp attains a fairly large value. The last result is 
consistent with the observation that the experimental values of HEs and HI;, satisfy the 
resonance conditions (see appendix for details) 

[ ( w / Y ) ~  + rib] = (HE$ + 4 n ~ ,  + H,J (HE$ + H ~ )  

[ ( w / Y ) *  + 

(40) 

(4b) 

and - 
= ( ~ k ,  + ~ Z M ,  - H,)(H& - ~d 

obtained by solving the Landau-Lifshib-Gilbert (LE) phenomenological equation of 
motion for dynamic magnetization 

for the sample geometries in question. In equation (5) ,  Herr is the effective magnetic 
field (Kaul and Siruguri 1987) ‘seen’ by the spins. Note that the exchange term 
( 2 A y / M z ) ( M  x V z M )  in equation (5) has been dropped in view of the observation 
(Bhagat et a1 1977, Kaul and Srinivasa Kasyapa 1989) thal the contributions due to this 
term to the linewidth and resonance field are so small as to fall well within the error 
limits because the macroscopic exchange stiffness parameter, A,  and conductivity are 
both at least an order of magnitude lower (Kaul1983, Beck and Kronmiiller 1985, Kaul 
eta1 1991) than their corresponding values for crystalline metals. Moreover, the values 
of the parameters g and 4 z M ,  [HJ determined from the lineshape analysis (equation 
(3)) of the data taken in the 11 geometry for the main resonance on amorphous 
and Fe&, alloys and the observed values of Ti when used in the expression (appendix) 

[(O/Y)* + r:] = (HA: - 4nMs  - Hk) (HA: - 4ZM,)  (6) 
toderive thevaluesofH,,forthe horizontal-perpendicular (lh) orientation yield values 
for HA! that exactly coincide with the experimentally observed values for Ta Tc. 
However, in the temperature ranges 77 K E T=s Tc for the primary resonance and 
(Tc + 10 K) S T S 500 K for the secondary resonance, 4zM8 is substantially large so 
that the resonance in the 1 configuration occurs at fields higher than 10 kOe, the upper 
instrumental limit. Therefore, in the lb geometry, the secondary resonance is not 
observedat any temperature whereastheprimaryresonanceisdetectedfor T >  Tconly. 



Egure'l. Resonance field, H,,, and 
peak-to-peak linewidth, AHppr for 
horizontal-parallel (lib) and ver- 

0 . . ~ ~  ~ ' .  ticd-pardel (11") sample geo. 
50 150 2 60 350 I 5 0  metries as functiom of tempera- 

: + *++y*+;#+#W++; e 6 + I 
ture for a-Co&r,,. 1 (K) 

In order to gain further physical insight into the nature of magnetism in Fe-rich Fe- 
Zr amorphous alloys for temperatures near the upper transition temperature, a detailed 
comparative FMR study on a-CowZrlo alloy, which is known (Kaul 1983) to exhibit 
conventional ferromagnetism down to 4.2 K, was undertaken. In contrast with the 
temperature-induced variations in the parameters H,,, AHpp, 4zM,, h and Hk for the 
main resonance in a-FeWZrlo and a-FeplZr, alloys, the quantities AHb = 100 ? 
10 Oe. A H b  = 290 2 10 Oe andg = 2.09 C 0.02 remain unaltered (within error limits) 
while Ff!k and ffk (hence M,, Hk and h) have a slight but finite variation with tem- 
perature for a-Co&rlo in the temperature range covered in the present experiments 
(figure 7), as expected for a ferromagnet with a high Curie temperature (T, > 700 K 
(Tange era1 1986) for a-Co,Zrlo). However, as in the case of former glassy alloys, both 
Hk and 2. scale with M ,  for a-CowZrl, too. 

4. Discussion 

The finding that the 'in-plane' uniaxial anisotropy field, Hk = (2K,/M,),  is related to the 
saturation magnetization, M,, through a linear relation of the type Hk(Q = aM,(T),  or 
alternatively K,(Q = (or/2)[M,(T)IZ, indicates that the coupling energy of the ani- 
sotropy is dipolar in origin, i.e. this anisotropy probably results from the atomic pair 
ordering (Hasegawa 1975, 1983, Fujimori 1983) which may be introduced during the 
rapid solidification process. Slope (Y, determined by the least-squares-fit method (inset 
of figure 3), yields values of the uniaxial anisotropy constant K .  at T =  77K for 
a-Fe9nZr,o and a-Fe&r9 alloys as K ,  (77 K) = (2.91 -C 0.40) x 1O'erg and 
(1.6 C 0.2)  x 104ergcm-3, respectively. These values are fypical (Hasegawa 1975, 
Hasegawa ef al1976, Luborsky and Walter 1977, Takahashi and Kim 1978, Luborsky 
1980. Fujimori 1983) of amorphous 3d transition metal (TM)-metdlOid (M) alloys con- 
taining 78 to 85 at.% TM, which exhibit long-range ferromagnetism. 

Before embarking upon a discussion of the parameters deduced from the lineshape 
analysis, a few remarks need to be made concerning the lineshape analysis itself. The 
equation of motion for the dynamic magnetization, equation (57, on which (1) and ( 2 )  
are based, is strictly valid for a single-crystal ferromagnetic alloy in which magnetization 
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is uniform and Herr = H + H,,, where H is the static applied magnetic field and Hh, = 
Hk - Hdsm + H, includes the demagnetizing field, Hdsm. ti, and other anisotropy fields, 
H-, with easy axis along H. Detailed frequency-dependent FMR measurements (Kraus 
et ai 1981, Heinrich et ai 1984, Bhagat el a1 1985) on a large number of amorphous 
ferromagnetic alloys have revealed that AHppvaries with the microwave field frequency, 
U, as (a + bu) in the temperature range where AH,, remains constant. While the term 
linear in U has its origin in the LLG relaxation and hence can be adequately described by 
equation (5)providedMandHi,,are replaced by their average values, i.e. (M)and (Hi,,), 
the constant term arises from exchange fluctuations, inhomogeneous magnetization and 
local random anisotropy (caused by the topological disorder) and can be accounted for 
either by using the Euctuating parts of M and Hi,,, i.e. 6M(r, t)  and 6Hint(r, t ) ,  instead of 
M and Hi, in equation (5)  or by invoking two-magnon scattering mechanism (Heinrich 
eta1 1985, Cochrane et a1 1989). In other words, in the former approach, for amorphous 
ferromagnets, M andHerr in equation (5) should be replaced byM = ( M )  + 6M(r, r) and 
Ha = H + Hit(r, t )  = H + [(Hi.,) + &Yint(r, t ) ] .  Following Bhagat eta1 (1977,1985) and 
Heinrichetal(1984), themicrowave power absorbedduring the resonanceprocesscould 
then be calculated by assuming Gaussian distributions for magnetization and internal 
fields centred around (M) = M ,  and (H,) with standard deviations aM and aHi, respect- 
ively. It turns out that the inclusion of bM and 6si has only a slight (Bhagat et ai  1985) 
effect on the lieshape but explains the increased magnitude of AHpp. Consequently, it 
is possible to disregard the frequency- and temperature-independent contribution to 
AH,, and represent the resonance line by a Aeff value in equation (5) but now Aeff would 
be a function of Y .  While performing the lineshape analysis of the observed FMR spectra, 
we have adopted the latter approach, which is noticed (figure 2) to reproduce very 
closely all the observed spectra for the glassy alloys in question including those taken at 
T > Tc and exhibiting marked asymmetry. Instead of relying on & values so obtained, 
which are bound to overestimate A in the absence of a complete knowledge about the 
constant part of AH,,, a direct relation between A and ,Us of the type A a M ,  within the 
temperature range where AHpp remains constant is clearly brought out by plotting 
the reduced Gilbert damping parameter, [A(ll5 K) - A(7')]/A(ll5 K), against reduced 
magnetization, [M,(115 K) - Ms(0]/Ms(115 K), in the inset of figure 5. The general 
observation that the property A 0: M ,  is characteristic (Bhagat et a1 1977, Kaul and 
Siruguri 1987) of a wide variety of amorphous and crystalline ferromagnets then asserts 
that the main resonance in a-FepoZrlo and a-Fe,,Zr, alloys originates from the long- 
range ferromagnetic ordering of spins for T < T,. This claim is further substantiated by 
the fact that a comparison between the functional dependences of AH,, on Tshown in 
figures 1 and 5 demonstrates that the variation of AHpp with Tpresently observed for 
the primary resonance conforms very well with the behaviour of AHpp(T) usually 
found in amorphous ferromagnets which exhibit re-entrant spin-glass behaviour at low 
temperatures (case (b) in figure 1). 

Recent bulk magnetization measurements (Kaul 1991) taken in fields up to H = 
15 kOe on amorphous alloy samples having the same composition and coming from the 
same batch as the present one reveal that (i) the observed temperature dependence of 
magnetization is best described by a combination of T3lz and TZ power laws (the Bloch 
PIz law represents the spin-wave contribution whereas the T2 dependence arises from 
the single-particle excitations) and (ii) the values of the spin-wave stiffness coefficient 
D = 32 t 1 (29 -t 1) meV Az and the coefficient of T z  term A = 1.0 2 0.2 
(1.5 0.2) x K-Z for a-FewZrlo (a-Feq1Zr9) are field-independent. The reduced 
bulk magnetization, M ( H ,  T)/M(H, 0), data taken at H = 7.5 kOe (mid-value of the 
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II 
E 0.4 - 

0.2 - 
Figure 8. Temperature dependence of M,(7')/ 
Ms(0), open symbols, and M(H = 7.5 kOe. r)/ 
M(H = 7.5 kOe, 0), full symbols, for amorphous 
Fe&r,oandFeJr, alloys. 

field range covered) with M ( H ,  0) = 1010 G (1000 G) are compared with the reduced 
saturation magnetization, M,(T)/M,(O),  data, deduced from the present FMR measure- 
ments(mainresonance),withM,(O) = 903 G(896 G) infigure8. Averygoodagreement 
between the two sets of data is evident from this figure. Note that M,(T) can be 
approximated by a T2 law alone within the temperature range 77 K S T S 200 K for 
both the alloys and the above values of M,(O) are deduced from such fits. Another 
important observation worth noting is that the temperature range over which the two 
sets of data overlap broadens and M ( H ,  0) approaches Ms(0) as the bulk magnetization 
(BM) data taken at lower field values are used for comparison, e.g. for the M(H = 
1 kOe, T ) / M ( H  = 1 kOe, 0) data, M(H = 1 kOe, 0) = 900 G (894 G) for a-FewZrIo 
(a-Feg,Zr,) and the FMR data conform very well with the BM data for temperatures up to 
T = Tc. For the time being, we ignore the spin-wave contribution and consider only the 
contribution to thermal demagnetization due to single-particle excitations within the 
framework of a theory (Wohlfarth 1976). based on the collective (itinerant) electron 
model, for a weak itinerant ferromagnet, i.e. 

M,(T)/M,(O) = 1 - ATZ (7) 

= 1 - ( h Z k & f / p 2 ) [ N ( E ~ ) ] 2 p  ( 8 4  
with 

where I( is the magnetic moment per alloy atom, &'(EF) is the density of single-particle 
states at the Fermi level EF, and "(EF)  ("'(E,)) is its first (second) energy derivative. 
A comparison betweenequations (7) and (Ea) then yields the following relation between 
N(EF) and the coefficient A of the T2 term 

N E , )  = (p /nks f l  (A/2)'". (9) 
Equation (9) permits a calculation of N(EF)  provided the exact value of the functionfis 
known. This requires complete knowledge about the actual shape of the density-of- 
states curve (equation (8b))  which is lacking at present for the alloys in question. 
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However, ultraviolet and x-ray photoelectron emission spectroscopic studies (Gun- 
therodt et a1 1980, Amamou 1980, Oelhafen et a1 1980, Onn et a1 1983, Tenhover and 
Johnson 1983, Tenhover et a1 1984) on Zr-rich (Fe, CO)-Zr amorphous alloys show that 
the Fermi level lies fairly close to the top of the Zr 4d band. If we assume that EF for the 
investigatedalloysliesclose to the topofthe (Fe, CO) 3d bandand3d bandsareGaussian- 
like in shape, f = 1. Settingf= 1 and using the experimentally determined (Kaull991) 
values of the coeficient A and p in equation (9) yields the values for the density of states 
at EFasN(EF) = 3.4 % 0.1 states/eVatom and4.0 * 0.1 states/eVatomforamorphous 
Fe,Zrlo and F%,Zr9 alloys, respectively. These values compare favourably with those 
determined from the low-temperature specific-heat measurements (Mizutanietal1984), 
i.e. N(EF) = 4.4 states/eV atom (4.7 states/eV atom) for a-F%Zrlo (a-Fe,,Zr9), after 
making corrections for the electron-electron and electron-phonon enhancement (Bat- 
alla et af 1985) and also with the estimate of 2.0 states/eV atom for Fe,Zr compound 
based on the band-structure calculations of Malozemoff er a1 (1983). From the finding 
that a large value of the coefficient A of the T2 term, characteristic (Nakai et af 1983) of 
invar systems, is responsible for a close agreement between magnetization and specific- 
heat results we conclude that a major contribution to the term linear in T in the 
low-temperature specific heat for a-Fe,,JrloT, alloys is due to the invar effect or 
equivalently due to weak ferromagnetism. 

In order to facilitate a discussion of the FMR results presented in figures 2-6 in terms 
of the physical pictures proposed hitherto in the literature to understand the type of 
magnetism in amorphous F%+xZrlosx alloys, we recall the main findings of the present 
investigation, namely, (i) a primary resonance, characterized by afinite anisotropy field, 
Hk,  which scales with saturation magnetization, and a temperature dependence of the 
peak-to-peak linewidth reminiscent of that usually found in re-entrant spin-glasssystems 
(figure l(b)), persists to temperatures as high as 1.5Tc, and (ii) a secondary resonance, 
characterized by Hk = 0, large M ,  and a variation of AH;, with Tsimilar to that observed 
in cluster spin glasses (figure l(c)) (but this resonance in the amorphous alloys in 
question, unlike the one in cluster spin-glass materials, is much sharper and symmetrical 
with respect to the baseline), is observed only for T > T,. In view of the widely different 
properties of the two resonances and the fact that the secondary resonance can be 
observed only for temperatures well above Tc, the possibility of interpreting these 
resonances as arising from regions of the sample that differ slightly in composition 
is completely ruled out. Moreover, the model descriptions like the ‘wandering-axis’ 
ferromagnet (Ryan et a1 1987, Coey et al 1987) and a strongly exchange-frustrated 
spin system with short-ranged (Fish and Rhyne 1987) ferromagnetic correlations, by 
definition, preclude development of a long-range ferromagnetic order at any tem- 
perature and hence can at best qualitatively explain certain features of the secondary 
resonance, i.e. Hk = 0 and AH;,(T) ,  but certainly not the occurrence of this resonance 
only for temperatures above a certain temperature, Tc, and the existence of another 
(main) resonance with properties characteristic of long-range ferromagnetic order. Now 
that the diverse aspects of Mossbauer data (Kaul et a1 1988, Siruguri et a1 1991), spin- 
wave excitations (Kaul 1991) and critical behaviour near the FM-PM phase transition 
(Kaul et a! 1986, Kaul 1987, 1988) in a-F%oI.Zr,051 alloys find a simple but coherent 
interpretation in terms of the infinite three-dimensional (3D) ferromagnetic network 
(matrix) plusfinite spin clusters picture, an attempt is made to find out whether or not 
this model can provide a plausible explanation for the present results too. Within the 
framework of this picture, the primary and secondary resonances could occur when the 
frequency ofthemicrowave field coincidesrespectivelywith the frequency ofthe Larmor 

.. 
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precession of spins constituting the 3D FM matrix and with that of the coherent precession 
of spins within the finite spin clusters around the external static magnetic field (H) 
direction, as explained below. For temperatures well below Tc, local anisotropy fields 
are expected to be as large as (Elsasser er a1 1988, Bohm et ai 1989, Kronmiiller 1985) 
100 kOe or even larger particularly in the immediate vicinity of the interface (frustration 
zones) between the 3D FM matrix and finite spin clusters, so that within the external 
magnetic field range covered in the present experiments, H can hardly affect the orien- 
tation of these clusters and hence they do not participate in the resonance process (note 
that Hm€ 2 kOe for T S  Tc). By contrast, the spins in the 3~ FM network respond to 
the field and give rise to a resonance whose temperature dependence and other proper- 
ties, i.e. Hk M,, h a M,, etc, are characteristic of crystalline and amorphous 3D ferro- 
magnets. However, as Tis increased above TC where local anisotropy fields are small, 
the frustrationzones (which survive solongasthe net exchange interaction that thespins 
within these zones experience due to the rest of the spinsdistributed in the finite clusters 
and in the FM network is zero) start 'melting' away because the increased randomness in 
thespinarrangement ofthe FM matrixcaused by thermalagitation weakens theexchange 
interaction outside whereas the direct exchange interaction between the spins within the 
finite clusters is strong enough to polarize the spins (some of the spins) originally 
belonging to the frustration zones (FM matrix) and two or more neighbouring clusters 
coalesce to form a bigger cluster. Consequently, the finite clustersgrow in size and their 
relaxation rate decreases. Such clusters are exposed to the external field, which bodily 
orients the clusters along its own direction and hence induces ferromagnetic interaction 
between them, and the spins constituting these clusters start precessing around H. In 
the presence of a field, the relaxation rate of the clusters is thus further reduced and as 
such the secondary resonance sharpens as temperature increases. But beyond a certain 
temperature (=410 K), the clusters start shrinking in size because the ferromagnetic 
exchange coupling between the spins within the clusters is now weak enough for the 
clusters to disintegrate into smaller clusters and individual spins and, as a result, the 
resonance starts broadening. In this context, it is worth mentioning that the bulk 
magnetization measurements (Kaull988, Reisser el al1988) also indicate the presence 
of strongly interacting giant 'superparamagnetic-like' clusters at temperatures well 
above Tc. In the case of a-FeplZr9, T = 450 K marks the onset of nucleation (irreversible 
atomicorderingprocess) and both H i ,  and A H h  decrease withincreasingtemperature. 
(We did not, however, detect any crystalline regions in the electron micrographs taken 
at room temperature on samples which had been cycled to 500 K, even though the 
relaxation effects were evident in spectra taken for T 3  400 Kin that the location and 
sharpness of the secondary resonance depended on the duration of time for which the 
sample was at a particular temperature.) Thus the secondary resonance is observed only 
for T 3  Tc. While the shape and stress anisotropies decide the 'easy' direction of 
magnetization in the FM matrix for T S  Tc, the easy direction of magnetization for the 
finite spin clusters for T >  T,  lies always along the external magnetic field direction 
owing to the fact that the field H bodily orients these clusters along its own direction. As 
a result, the primary resonance is associated with a uniaxial 'in-plane' anisotropy field, 
Hk, of appreciable strength for temperatures well below Tc whereas Zfk = 0 for the 
secondary resonance. In view of the foregoing remarks, weak itinerant electron ferro- 
magnetism and invar effect are inherent properties of the FM matrix, and a major 
contribution to the term linear in T in the low-temperature specific heat for a- 
FesoaxZrlorx alloys is due to the invar behaviour (FM matrix). Note that in these alloys 
the ferromagnetic state gives way to a mixed sfare (Kaul el al 1988), in which both 
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ferromagneticandcluster spin-glassstatescoexistwithone another at low temperatures. 
In a-Co&,,, however, the finite spin clusters are few in number and are completely 
isolated from the 3D FM matrix by the frustration zones so that the cluster spin-glass 
behaviour does not set in at low temperatures but instead ferromagnetic behaviour 
persists down to the lowest temperature. It should be emphasized at this stage that the 
above interpretation of the present data in terms of the clusters plus FM matrix picture is 
not entirely free from speculation. Clearly more data, obteined through complementary 
techniques on the same samples as the present ones, are needed to test the validity of 
the conjectures involved. In this context, the inference drawn from the recent high- 
resolution small-angle neutron scattering studies (Rhyne et ai 1988) on a-FewtJrlo-x 
alloys that two types of spin clusters (those which are typically 200-4008, in size, 
presumably static and persist to temperatures well beyond the bulk Curie temperature, 
Tc, and those which disintegrate at T, and are responsible for a steep increase in the 
spin-spin correlation length as Tc is approached on either side) coexist in these non- 
crystalline materials lends further support to the foregoing arguments. 

5. Summary and conclusions 

Ferromagnetic resonance (FMR) measurements have been performed on amorphous 
(a-) F%t&lo-x alloys with x = 0 and 1, and on a-CowZrlo in the horizontal-parallel, 
vertical-parallel and horizontal-perpendicular sample configurations at a k e d  micro- 
wavefrequencyof=9.25 GHzinthe temperaturerange77to500 K.Theresultsobtained 
and the conclusions drawn from them are summarized as follows. 

(i) The temperature dependence observed for the resonance fields in the horizontal- 
parallel ( [ I h )  and vertical-parallel (Ip) sample geometries in the case of the primary 
resonance for a-Fe,ZrIo and a-Fe9,Zrq and for a-CoqoZrlo yields the result that Hk M ,  
for T S  To This res1;lt is taken to imply that the anisotropy energy is of dipolar origin. 

(ii) The property of a-Few=xZrlo3r alloys that the Gilbert damping parameter scales 
with M,,  characteristic of a large number of crystalline and amorphous ferromagnetic 
materials, strongly suggests that a long-range ferromagnetic ordering exists in these 
alloys for T s Tc. 

(iii) In conformity with results of our earlier bulk magnetization studies (Kaull983, 
1991) on samples from the same batch as the present one, the FMR data reveal that 
both the Stoner single-particle and spin-wave excitations contribute to the thermal 
demagnetization and a large single-particle contribution leads to an enhancement of the 
term linear in Tin the low-temperature specific heat for the Fe-rich Fe-Zr glassy alloys, 
and that a-Co,Zr,, exhibits a behaviour typical of normal ferromagnets with a very high 
Curie temperature. 

(iv) AU the diverse aspects of the FMR data, i.e. the findings (i)-(iii) above, the 
existence of only a single (primary) resonance for T S Tc and two resonances (primary 
and secondary) for T > Tc, and Hk = 0 for the secondary resonance even though M ,  has 
a considerably large value, find a tentative explanation in terms of thefinite spin clusters 
plus an infinite 3D ferromagnetic matrix picture. 
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Appendix 

In thissection, we briefly outline the calculations leading to equations (2)-(4) and (6) of 
the text. 

Consider an ellipsoidal isotropic ferromagneticsample which is subjected to a homo- 
geneousextemalstatic magnetic fieldHdirectedalong the raxisand toa weakalternating 
magnetic field, h(t) = h e'"' (Ih(f)l 4 \HI) acting in the xy plane. As a result of the 
combined action of these fields, the magnetization comprises asteady and an alternating 
component, i.e. M = M, + m(t) with m(f) = me'"'and Im(t)l< IMJ. Assuming that the 
steady field is intense enough to saturate the ferromagnetic sample so that M, and 
H point in the same direction, the Landau-LifshitzCilbert (LLG) phenomenological 
equation of motion for magnetization is 

dM/dt = -u(M X H.8) + (A /yM2) (M X dM/dt). (AI) 
In this equation, the first term is the torque experienced by the magnetization vector 
and the second term is the damping term of Gilbert form, Heff  = H + h(t) - Hdem + Hk, 
where Hdem = D. M and Hk = -Ox - M denote the demagnetizing field and the uniaxial 
anisotropy field (with easy axis along H), respectively, D and D ,  are diagonal tensors, 
y = glel/2mc is the magnetomechanical ratio, M, is the saturation magnetization and A 
is the Gilbert damping parameter. 

dm(f)/dr = - y [ M ,  X h(t)  + m(t) x H - M x (D * M) - M x (D, M)] 

Substitution for M and Heff in equation (AI) yields 

+ (WfZ) ([Ms + 491  x (d /d t ) [~ ,  + m(t)l)  ( A 3  

where use has been made of the relation dM,/dt = 0 = -y(M, x H) and the term 
- y [m( f )  X h(r)] has been dropped because of its small magnitude. Using the ahove- 
mentioned exponential variation of m with time and neglecting the second-order terms, 
the Cartesian components of (A2) can tinally be written in the form 

(A3) (io/y)m, + [H + ( D y  + Dky - D, - Db)M, + ir]my = M,hy 

- [ H + ( D ,  +D&-D,  -D,)M,+iT]m, +(io/y)m, = -M,h, (-44) 

m, = O  (-45) 

mx ~ n h x  + Xxyhy (A6) 

xu = [H + ( D y  + Db - D ,  - Db)M,  + iT]M,q-' (A7) 

x r y  = (iw/y)Ma-' (A81 

and 

where r = Aw/y*M,. Elimination of my from equations (A3) and (A4) gives 

with 
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and 
ll=[H+(D,+D,-D,-D,)M,][H+(Dy +0k~-Di-Dlu)Ms]-rz-(w/y)2 

+ iT[W + (D, + D ,  + D ,  + Dk, - 20, - 2Dk,)M,]. ('4% 
If we had eliminated m, instead of my from equations (A3) and (A4), we would have 
obtained the result 

( A W  
where xu = xyy = xis  the dynamic susceptibility andxXy = -xyx = iG, G is the gyration 
vector. Recalling that both the dynamic susceptibility x and dynamic permeability p are 
complex, i.e. ,y = x' - ifandp = p' - ip", and using the relation p = 1 + 4zx, the real 
and imaginary components of the (complex) dynamic permeability are given by 

my = xph ,  + xYYhY 

p'=[LY([H+ (D, +Dky-D,-D&f,] [ B + ( D ,  +D,-D, -Dk)]-r2 - ( W / Y ) ' }  

p = r[2H + (D, + Dy + D, + Dky - 20, - 2Dk,)h'f$] (A141 

(A151 

and 
B = H + 4xM,. 

For a flat plate (the sample shape used in the present experiments), with Happlied along 
the symmetry axis (z  axis) so far as the uniaxial anisotropy is concerned and lying in the 
sampleplane (parallelgeometry or configuration), D, = D, = 0, D, = 4x(x axisistaken 
tocoincidewiththepolaraxis), D&$ = Dk,Ms = HkandDk, = O.Inthiscase,equations 
(All)  and (A12) together with equations (A13) and (A14) reduce to equations (2a) and 
(26) of the text, respectively. 

Returning back to equations (A3) and (A4), the resonance frequency w = w, is 
given by the condition that m, and my have non-trivial solutions when h, = hy = 0. 
Alternatively, this condition implies that 

iw,Jy I -[HE,+ (0, +D,-D,  -D,,)M,+ ir] 
[&,+ (Du 'DlY - D ,  -Db)M,+ ir] 
io,& 

)=o  

where H ,  i s  the steady field corresponding to w , ~ ~ .  After a few simplifying steps, we 
finally obtain 

[ (W/V)'  + r2] [ H ~ e s  + (Dy + Dky - Dz - &)Ms1 

x I K e s  + (D, + - D z  - D,)M,1. (A161 
Note that the subscript 'res' in U,, has been dropped because in the present FMR 
experiments the microwave field frequency, w ,  is kept constant while the steady field, 
H, isswept through the resonance. 

. .  
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In the horizontal-parallel (/Ih) configuration, His directed along the L axis (the ribbon 
length and also the symmetry axis) in the sample (thin ribbon) plane, which also contains 
the x axis. Hence, 0, = D, = 0, Dy = 4n, D&, = DkyMs = f f k  and D, = 0, and 
equation (A16) reduces to 

(A171 
Since in the vertical-parallel (1'') configuration, both H and the symmetry axis lie in the 
ribbon plane and point in the L direction (perpendicular to the ribbon axis) and x 
direction, respectively, 0, = D, = 0, Dy = 4a, &,h& = D b M ,  = Hk and DlU = 0. 
These values when substituted in equation (A16) yield 

[(w/# + rib] = (H% + 4nM, + Hk)(H?4, + Hk). 

[ (W/Y)*  -k riV] = (Hk + 4nhfs)(H& - Hk). (A18) 
Inorderthat equation(A18) hasaformsimilartothatofequation(A17)andisconsistent 
with equation (36) of the text, we assume that Hk 4 4nM, and put equation (A18) in the 
desired form, i.e. 

[ (W/y) '  + riv] = (Hk + 4nMs -Hk)(Hks - Hk). ('419) 
(It will be shown in the concluding part of this section that the condition H k 4  4nM,, 
which holds for amorphous ferromagnetic alloys in general, is actually satisfied in the 
presently investigated glassy systems.) Since the linewidth parameter r is independent 
of Hk and w is kept fixed in the present experiments, the left-hand side of equations 
(A17) and (A19) has the same value regardless of the magnitude of Hk. Setting Hk = 0 
in these equations, therefore, yields 

+ 4nM,)HU, = (H!L + 4nM, + Hk)(H!L + Hk) 

(Hk + 4nM,)& = (&, -!- 4ZMS - Hk) (Hks - Hk) 

('420) 

('421) 

and 

where HI, in the resonance field in the absence of Hk. 
It immediately follows that these equations are identically satisfied only when 

H?, = HE$ + Hk or H!& = H?, - Hk ('422) 

H!,, = H$$ - Hk or H &  = H L  + H ~ .  (A23) 

and 

Another sample configurationof interest is the horizontal-perpendicular ( lh) geometry 
in which H points in the L direction and is normal to the sample plane, which contains 
bothxandy(symmetryaxis)axes.Inthiscase,D, = Dy= O,D, = 4n,DkzM, = DkM, = 
Hk and Dky = 0 so that equation (A16) assumes the form 

[(w/y)' + r t h ]  = (Hi! - 4nM, - Hk)(HA! - 4nM,). ('424) 

With a view to test the validity of the assumption Hk < 4nM, and hence to ascertain 
whether or not the use of equations (A22) and (AD) to determine Hk is permitted, 
magnetization (M) of the samples used in the present FMR study was measured as a 
function of the external static magnetic field (H) in fields up to 18 kOe at various fixed 
temperature values in the range 77 K to T = Tc along the easy (length, '1') and hard 
(breadth, 'b') directions in the ribbon plane using the vibrating sample magnetometer. 
Values of Hk at different temperatures were then deduced from the difference in the 
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areas enclosed by the M versus H isotherms (taken along ‘b’ and ‘I,), the ordinate and 
the line M = M, with the aid of the relation 

where Wb and W, stand for the work done by the field to magnetize the sample along the 
breadth (hard direction) and length (easy direction), respectively. The results of this 
investigation demonstrate that Hk is ur least two orders of magnitude smaller than 4nM, 
at all temperatures within the investigated temperature range and that the values of Hk 
deduced from the magnetization measurements using equation (A25) are in excellent 
agreement with the corresponding values estimated from the FMR data employing 
equations (A22) and (A23). For instance, the bulk magnetization measurements yield 
the values for Hk (4nM,) at 77 K for a-Co&rIo, a-FeguZr,o and a-Fq,Zr, alloys as 
40 2 5 Oe (12.95 kG), 85 C 5 Oe (11.05 kG) and 55 t 5 Oe (11.55 kG), respectively. 
These values of Hk should be compared with the corresponding numerical estimates 
43 +- 3 Oe, 90 t 5 Oe and 60 t 5 Oe obtained from the FMR data. 
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