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The utility of the ferromagnetic-resonance (FMR) technique to determine accurately the spontaneous

magnetization and initial susceptibility critical exponents P and y, which characterize the ferromagnetic

(FM) -paramagnetic (PM) phase transition at the Curie temperature Tz for ferromagnetic materials is

demonstrated through a detailed comparative study on amorphous Fe90Zr, o alloy, which involves bulk

magnetization and FMR measurements performed on the same sample in the critical region. Magnetiza-

tion data deduced from the FMR measurements taken on amorphous Fe90 „Co„Zrla alloys with x=0, 1,

2, 4, 6, and 8 in the critical region satisfy the magnetic equation of state characteristic of a second-order

phase transition. Contrary to the anomalously large values of the exponents P and y reported earlier,

the present values, P=0.38%0.03 and y= 1.38+0.06, are composition indepen-dent and match very well

the three-dimensional Heisenberg values. The fraction of spins that actually participates in the FM-PM

phase transition, c, is found to increase with the Co concentration as c(x)—c(0)—=ax and possess a
small value of 11% for the alloy with x=O. The "peak-to-peak" FMR linewidth (hH») varies with

temperature in accordance with the empirical relation bH»(T) =EH(0)+ [ A /M, (T)], where M, is the

saturation magnetization. Both the Lande splitting factor g as well as the Gilbert damping parameter A,

are independent of temperature, but, with increasing Co concentration (x), A, decreases slowly while g
stays constant at a value 2.07+0.02.

I. INTRODUCTION

The ferromagnetic- (FM) paramagnetic (PM) phase
transition in amorphous (a-) Fesp+ Zrip and

Feso „(Co,Ni)„Zr, o alloys has become a controversial' is-
sue ever since the bulk magnetization (BM) measure-
ments ' in the critical region on these alloys have yielded
values for the spontaneous magnetization and "zero-
field" susceptibility critical exponents P and y that are
roughly 1.4 times larger than the renormalization-group
estimates for an isotropic nearest-neighbor (NN) three-
dimensional (3D) Heisenberg ferromagnet primarily be-
cause the unphysically large values for critical exponents
have been taken to reflect large fluctuation in the ex-
change interaction. Subsequently, an elaborate analysis'
(reanalysis) of high-precision magnetization data on a
FescZrio (published ' data on a-Fe»Zr9 and a-Fe92Zrs al-

loys) revealed that, contrary to the earlier finding, ' the
exponents P, y, and 5 (exponent for the critical isotherm)
possess values which are fairly close to the 3D NN
Heisenberg values. This result casts serious doubts about
the genuineness of the anomalously large critical ex-
ponent values reported for a-Fe90 „(Co,Ni)„Zrio alloys
and hence necessitates a detailed study of the critical be-
havior in these alloys. In this paper we describe an ex-
periinental determination of the exponents P and y,
which characterize the FM-PM phase transition at
T&, the Curie temperature, for the a-Fe9Q Co Zr, Q

al-
loys. Although the ferromagnetic-resonance (FMR) tech-
nique as such is old and the related technique called
the "zero"-applied-field ferromagnetic-antiresonance
(FMAR) tnicrowave transmission technique has been suc-

cessfully used in the past to determine the exponent P
for crystalline Fe and Ni, we demonstrate that the FMR
technique can yield accurate estimates of the exponents P
and y for ferromagnets through a detailed comparative
study on the a-Fe9QZr, Q alloy which involves bulk magne-
tization and FMR measurements performed on the same
sample in the critical region.

II. EXPERIMENTAL DETAILS

Amorphous Fe9Q „Co Zr, Q alloys with x =0, 1, 2, 4, 6,
and 8 were prepared under argon (inert) atmosphere by
the single-roller melt-quenching technique in the form of
-2-mm-wide and (20—30)-pm-thick ribbons. The amor-
phous state of the ribbons was confirmed by x-ray-
diffraction and electron microscopic methods. Using a
PAR 4500 vibrating-sample magnetometer, magnetiza-
tion (M) versus external magnetic-field (H,„) isotherms
were measured at 0.1-K intervals in the critical region on
several 6-mm-long strips of the a-Fe9QZr, Q alloy stacked
one above the other in fields upto 15 kOe directed along
the length in the ribbon plane so as to minimize the
demagnetization effects. The sample temperature was
held constant to within +25 mK by a Lakeshore DRC
93C temperature controller and monitored by a precali-
brated copper-constantan thermocouple in contact with
the sample. The microwave power (P) absorption deriva-
tive dP/dH for a-Fe9Q Co Zr, Q alloys with x =0, l, 2,
4, 6, and 8 was measured as a function of the external
static magnetic field (H) on 4-mm-long strips, cut from
the alloy ribbons, using horizontal-parallel (ii") and
vertical-parallel (ii") sample configurations (in which H
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lies in the ribbon plane and is directed along the length
and breadth, respectively) at a fixed microwave-field
frequency of -9.225 GHz on a JEOL FE-3X EPR
spectrometer in the temperature range —0. 1 ~ E
=(T —Tc )/Tc ~ 0. 1 at 0.5-K intervals. A copper
constantan thermocouple situated just outside the mi-
crowave cavity a few centimeters away from the sample
was used as a temperature-controlling sensor, and the
temperature T' at the location of this sensor was held
constant to within +0. 1 K at every temperature setting
by regulating the flow of cold nitrogen gas around the
sample, mounted in a stress-free condition inside a
quartz tube, by controlling the power input to the heater,
immersed in a container filled with liquid nitrogen, with
the aid of a proportional, integral, and derivative (PID)
temperature controller. The sample temperature T, in
this case also was measured by means of a precalibrated
copper-constantan thermocouple and was found to be
stable to within T+50 mK when T* fluctuates between
T—0. 1 and T+0. 1 K at a given temperature T. No
change in T, due to eddy currents was detected when the
microwave power level is increased from zero to 1 mW.
Note that P=1 mW for all the measured dP/dH-vs-H
isotherms and that the FMR and BM measurements were
performed on the same a-Fe90Zr, o sample. Based on a
detailed compositional analysis and the observed depen-
dence of Tc on Co concentration, we conclude that the
rounding of the transition in zero field should occur for
temperatures c&4X10 . Thus the data taken in this
temperature range are not included in the analysis. Re-
peated FMR experimental runs on the same sample have
revealed that the resonance field H„, (defined as the field
where the dP/dH=O line cuts the dP/dH vs Hcurve)--
and "peak-to-peak" linewidth lelkHpp are reproduced to
within +1% and +10%, respectively.
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III. EXPERIMENTAL RESULTS:
DATA ANALYSIS AND DISCUSSION

A. Bulk magnetization

Figure 1 displays the M-vs-H, „ isotherms taken on the
amorphous (a-) Fe9QZr, o alloy in a narrow temperature
range around Curie point Tc in the form of a modij7ed
Arrott plot [i.e., M' ~ vs (H/M)' rj. The values of the
exponents P and y used to construct this plot and given

8 l2
(H/M)'"

FIG. 1. Modified Arrott plot constructed using the bulk
magnetization data taken on the a-Fe9QZr, p alloy.

TABLE I. Values for the parameters that characterize the critical behavior near the FM-PM phase transition in amorphous
Fe9Q —„Co„Zr~p alloys and a comparison between the experimentally determined and theoretically predicted values for the critical ex-
ponents P and y and for the universal critical amplitude ratio pphp/ks Tc. The number in the parentheses denotes the uncertainty in

the least significant figure, and (1), (2), and (3) denote the first, second, and third experimental runs on the same sample. BM stands
for bulk magnetization, whereas FMR is the abbreviation for ferromagnetic resonance.

Alloy
concentration

(x)/theory Method Tc (K) mp (G) hp Imp hp (10 G) pp(pg ) pphp Ikg Tc p&p(pg ) c (%)

3D Heisenberg

FMR (1)
FMR (2)
FMR (3)
BM
FMR (1)
FMR (2)
FMR (1)
FMR (2)
FMR (1)
FMR (2)
FMR (1)
FMR (2)
FMR (1)
FMR (2)

238.55{15)
238.50(15)
238.55(15)
238.50(5)
254.50(20)
254.80(20)
284.00(25)
284.50(25)
336.00(10)
335.85(10)
377.04(10)
377.10(10)
419.50{10)
419.55(10)

0.380{30)
0.370(30)
0.380(30)
0.360(20)
0.380{30)
0.380(30)
0.375(25)
0.385(25)
0.386(20)
0.380(20)
0.375(25)
0.385(25)
0.384(20)
0.382(20)
0.365(3)

1.40(6)
1.39(6)
1.38(6)
1.38(3)
1.38(6)
1.38(6)
1.38(5)
1.38(5)
1.38(5)
1.39(6)
1.38(5)
1.39(6)
1.38(6)
1.38(6)
1.386(4)

870(30)
870(30)
865(30)
870(25)

1030(35)
1045(25)
1070(25)
1065(25)
1075(20)
1075(20)
1160(30)
1165(30)
1215(35)
1215(35)

500(50)
525(50)
500(50)
500(50)
500(75)
430(50)
400(60)
450(50)
650(50)
650(50)
950(50)
950{50)

1200(50)
1200(50)

4.4(6)
4.6(6)
4.3(6)
4.4(6)
5.1(9)
4.5(7)
4.3(8)
4.8(6)
7.0(6)
7.0(6)

11.0(9)
11.0(8)
14.6(7)
14.6(7)

1.386
1.386
1.386
1.386
1.50
1.50
1.61
1.61
1.68
1.68
1.70
1.70
1.70
1.70

0.172(17)
0.180(20)
0.168(17)
0.172(16)
0.202(35)
0.178(22)
0.164(30)
0.182(22)
0.235(16)
0.235(16)
0.333(25)
0.333(25)
0.397(18)
0.397(18)
1.58

12.7(16)
12.2(17)
13.0(15)
12.7(16)
11.7(18)
13.3{15)
11.3(10)
13.9(15)
11.3(10)
11.3(10)
8.0(6)
8.0(6)
6.8(5)
6.8(5)

11.0(10)
11.0(11)
11.0(10)
11.0(10)
12.8(15)
11.3(10)
10.4(16)
11.6(10)
15.0(12)
15.0(12)
21.5(15)
21.2(15)
25.0(18)
25.0(18)

'Values obtained from the bulk magnetization measurements taken at 4.2 K on the glassy alloys under consideration.
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in Table I have been determined by the modified asymp-
totic analysis (AA-II; for details see Ref. 9), and the mag-
netic field H has been corrected for the demagnetizing
effects (i.e., H =H,„H—~, , where Hz, is the demagnet-

izing field estimated from the "low-field" magnetization
data}. The isotherms are seen to be a set of straight lines,
and the critical isotherm at T=Tc=238.50 K passes
through the origin, as expected for a correct choice of the
exponents P and y.

46K

B. Ferromagnetic resonance

The variation of dP/dH with H in the ~~" configuration
at a few selected values of temperature in the critical re-
gion is depicted for a-Fe90Zr, o in Fig. 2. These curves are
also representative of those recorded for a-Fe90Zr, o in the
()' configuration and for other alloys in both ((" and ()"

geometries. It is evident from Fig. 2 that as the tempera-
ture is increased through Tc, the peak in the dP/dH-vs-
H curves at a lower field value -800 Oe develops into a
full-fledged resonance (secondary resonance) for
T ~ Tc+ 10 K, whereas the main (primary) resonance
shifts to higher fields and broadens out. A detailed FMR
study' carried out on the glassy alloys in question in a
wide temperature range 77 ~ T & 500 K reveals that the
secondary-resonance (whose signature is first noticed in
the most sensitive setting of the spectrometer at a tern-
perature close to Tc or above Tc) exhibits a "cluster
spin-glass-like" behavior, whereas the primary resonance
possesses properties characteristic of ferromagnets
with"' (for x S2) or without' (for x~2} reentrant
spin-glass behavior at low temperatures. Since the study
of critical behavior near the FM-PM phase transition in
a-Fe90 „Co„Zr&0 alloys is of prime concern in this paper
and the data recorded in ~~" and ~~" configurations yield ex-
actly the same results so far as the critical behavior in the
investigated glassy alloys is concerned, henceforth we
deal with the primary resonance part of the dP/dH-vs-H
curves, recorded in the ~~" configuration, only. Now that
in the critical region hH -=H„, /4, the observed value
of H„, could significantly differ from the "true" reso-
nance center, and hence a detailed line-shape analysis for
each resonance line separately is called for. The dP/dH
vs-H curves recorded at different temperatures in the ~~"
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FIG. 2. Power absorption derivative curves for a-Fe90Zr, o at
a few representative temperature values in the critical region
recorded using the ~~" sample configuration. Solid curves depict
the observed variation of dP/dH with H, whereas the open cir-
cles denote the calculated values based on Eqs. (1) and (2) of the
text. Numbers on the left-hand side of the curves are a measure
of the sensitivity at which the spectra are taken.

configuration have been fitted to the theoretical expres-
sion' '

dP
[( ~2+ ~~2)1/2+ «]1/2

dH dH

with the real and imaginary components of the dynamic
permeability given by

and

[(H+H )(B+H )
—I —(co/y) ][(B+H ) —I (co/y) ]+—2I (B+H )(B+H+2H )

[(H+H )(B+H )
—I 2 —(co/y) ] +I (B+H+2H )2

(2a}

—2I (B +H )[(H+H }(8+H ) —I —(co/y) ]+I (B+H+2H )[(B+H ) —I —(co/y) ]

[(H+H )(B+H ) —I —(ei/y) ] +I (B+H+2H )
(2b)

derived for dP/dH in the parallel geometry and obtained
by solving the Landau-Lifshitz-Gilbert (LLG) equation of
motion in conjunction with Maxwell's equations, by
making use of a nonlinear least-squares-fit computer pro-

gram which treats the Lande splitting factor g and satu-
ration magnetization M, = (B H)/4m as free fit—ting
parameters and uses the observed values of
bH =1.45I =1.45ico/y M, (where )1, is the Gilbert
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damping parameter, y=g~e~/2mc, and v=co/2~ is the
microwave-field frequency), and values of the "in-plane"
uniaxial anisotropy field Hz deduced from the relations'

and

res res K
II = II (3a)

H„,=H„,+Haec (3b)

In Eqs. (3a) and (3b), H,'i„and Hi'„are the estimates for
the resonance fields in the ~~" and ~~" configurations, re-
spectively, obtained after correctinq the observed values
for the demagnetization fields Hfi, and H)~,m, deter-
mined from the low-field magnetization measurements
performed on the samples used for the present FMR
study with the external magnetic field applied along the
easy (ff"-configuration) and hard (ff"-configuration) direc-
tions in the ribbon plane, and HII„ is the resonance field
in the absence of Hz. In the line-shape calculations lead-
ing to Eqs. (1), (2a), and (2b), the exchange-conductivity
contribution has been dropped in view of the well-known
observation' ' ' that this contribution to the linewidth
as well as to the resonance field is so small as to fall well
within the error limits because the values for the ex-
change stiffness parameter and conductivity both are at
least an order of magnitude smaller' ' than their corre-
sponding values for crystalline metals.

Theoretical fits, depicted by open circles in Fig. 2, not
only assert that the line-shape analysis yields "true"
values of the line centers for the primary resonance even
in the presence of a secondary resonance because the
baseline for the two resonances is the some (Fig. 2), but
also indicate that the LLG equation adequately describes
the resonant behavior in the critical region. In addition,
the line-shape calculations reveal that the splitting factor
g has a constant value of 2.07+0.02 within the investigat-
ed temperature range. That the g factor is temperature
independent and the LLG equation forms an adequate
description of H„,(T) and hH (T) in the critical region
for crystalline ferromagnets also has been claimed by
Rodbell' and by Haraldson and Pettersson, ' but this
claim has been refuted by Bhagat and Rothstein. The
present results are, however, consistent with our earlier
observation' that M, (T) deduced in this way ' from the
FMR data are in excellent agreement with M (T) mea-
sured on the same sample at an external magnetic field
whose strength is comparable to H„,.

m =fz(h), (4)

C. Critical exponents, amplitudes,
and scaling equation of state

IAHaving determined M, (T) and H„,( T) [=HJi„(T); the
superscript

~~
is henceforth dropped for convenience] to a

high precision from the line-shape calculations, accurate
values of p, y, and Tc are extracted from the
M(H, T)=M, (H„„T)data by identifying H„, with the
ordering field H conjugate to M (=M, ), and using the
"range-of-fit" scaling-equation-of-state (SES} analysis,
which is based on the magnetic equation of state,
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FIG. 3. Plots of In(M /~ s ~s) against ln(H /~ s ~s+" ) for
different values of Tc for a-Fe9OZr, o.

where plus and minus signs refer to temperatures above
and below Tc and m =M/~s~~ and h:H/)Is)~+~ are—the
scaled magnetization and scaled field, respectively. In the
conventional SES method, M(H, T) data, in the critical
region, are made to fall on two universal curves, f for
s (0 and f+ for s) 0, through an appropriate choice of
the parameters Tc, p, and y in an m-vs-h plot, but this
choice is by no means unique in the sense that nearly the
same quality of data collapse onto the two universal
curves can be achieved for a wide range of parameter
values (tyPically, +2% for Tc and +10%%uo for P and y}.
This problem is, however, effectively tackled by employ-
ing the range-of-fit SES analysis in which more and
more of the data taken at temperatures away from Tc are
excluded from the m-vs-h plot so that the exponents p
and y become increasingly sensitive to the choice of Tc
and the data exhibit strong departures from the curves

f ( h } and f+ (h ) if the choice of the parameters differs
even slightly from the correct one. This procedure,
therefore, goes on refining the values of the critical ex-
ponents until they approach the asymptotic values. The
final values of the parameters Tc, p, and y for a-Fe9OZr&o

so obtained are given in Table I. Figure 3 serves to illus-
trate the effect of the variation in the value of T& on the
quality of data collapse. Similar effects are observed if
one of the exponents is varied while keeping Tc and the
other exponent fixed.

A comparison between the lnm-vs-lnh scaling plots for
a-Fe9oZr&o constructed using the BM and FMR data
(recorded in three different experimental runs} taken on
the same sample is shown in Fig. 4. A perfect agreement
between different sets of FMR data and between the re-
sults of FMR and BM measurements is evident from this
figure. However, a more rigorous means of ascertaining
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FIG. 4. 1n(M/~s ~s)-vs-1n(H/~s ~s+") plots for a-Fe9OZr, o con-
structed using the bulk magnetization data and saturation mag-
netization data deduced from FMR spectra employing line-

shape analysis.
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whether or not the above method yields accurate values
for the critical exponents and T~ is provided by a SES
form that differs from Eq. (4), i.e.,

m = +a++b+(h/m) (5)
1.0

M, (s)= lim M(H, s) = mo ( —s)~, s (0
H~O

and

(6a)

(where the plus and minus signs as well as m and h have
the same meaning as given above}, because even the
slightest deviations of the data from the universal curves
f (h) and f+(h), which do not show up clearly in a
lnm-vs-lnh plot because of the insensitive nature of the
double-logarithmic scale, become easily discernible
when the same data are plotted in the form of an m -vs-

(h/m) plot. Another advantage in using Eq. (5) is that
the critical amplitudes mo=a'/ and ho/mo=a+/b+,
defined by

0.0
0 6 8 10

h/m (10')
12 14

FIG. 5. m -vs-h/m plot for a-Fe9O „Zr,o constructed using

(a) bulk magnetization data and (b) saturation magnetization
data deduced from the FMR spectra taken in the first (open cir-
cles), second (open squares), and third (open triangles) experi-
mental runs on the same sample. The data near the origin are
plotted on a sensitive scale in the inset with a view to bring out
values of the intercepts mo and ho/mp on m and h/m axes
clearly.

~}M(H,s)
Xo BH H =O

= (ho/mo) sr, s) 0

(6b)

are given by the intercepts of the universal curves with
m and h/m axes, respectively, in an m -vs-h/m plot.
Such plots constructed using the choice of parameters
Tc, P, and y given in Table I are shown in Figs. 5(a) and
5(b). Consistency among different sets of data is now all
the more obvious, particularly when the BM and FMR
data are plotted on a highly sensitive scale and only those
BM data that are taken at fields comparable in strength
to those used in FMR experiments are included in Fig.
5(a). From the observation that no deviations from the
universal curves are evident even at low fields in Figs. 5(a)
and 5(b), we conclude that the values for the critical ex-

ponents and Tz determined by the range-of-fit SES
analysis are reasonably accurate. Moreover, the value of
the specific-heat critical exponent a= —0. 14, computed
using the presently determined values of the exponents p
and y (which conform very well with those previously re-
ported ' for this alloy based on the BM measurements) in
the scaling relation a=2(1—p) —y, and the present value
of Tc (Table I) agree closely with those
(a= —0.13+0.06 T =238.6+0. 1 K) extracted from re-
cent electrical resistivity measurements' on a sample cut
from the same a-Fe9oZr, o ribbon as that used in this
work. Table I lists the values of Curie temperature, criti-
cal exponents p and y, critical amplitudes mo and

(ho/mo}, and the ratio poho/ks Tc, deduced for the a-

Fe9OZr&o alloy from the BM data and from the different
sets of FMR data taken on the same sample, and com-
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pares them with the theoretical values predicted for an
isotropic NN 3D Heisenberg ferromagnet. An assess-
ment of the data presented in Table I reveals that a re-
markably close agreement exists not only between the
BM and FMR results, but also between the theoretical
and experimental values for the critical exponents. How-
ever, the observed value of the ratio poho/k~TC is one
order of magnitude smaller than the theoretically predict-
ed one. Since ho is presumably an effective exchange in-

m

C)

mo

teraction field, the product of ho and an average effective
elementary moment (p,s) involved in the FM-PM phase
transition, i.e., the effective exchange energy p,go, is ex-

pected to equal the thermal energy k&Tc at Tc. Obvi-
ously, this is not the case for a-Fe90Zr, o unless p,z is tak-
en to be very much larger than po (average magnetic mo-
ment per alloy atom at 0 K). Now that the exponents
possess 3D Heisenberg values, the ratio p,golk~Tc is
also expected to equal the 3D Heisenberg estimate of
1.58. This is possible only when JM,& assumes the values
given in Table I. Moreover, if the concentration of such
effective moments is c, then c =po/p, &; The values of c
calculated in this way and included in the Table I strong-
ly indicate that only a small fraction of moments (i.e., the
moments on Fe atoms in the case of a-Fe9oZr, o) partici-
pates in the FM-PM phase transition.

Having demonstrated that the FMR technique is a
powerful tool for investigating the critical behavior in

ferromagnets, accurate values for Tc, the critical ex-

ponents P and y, critical amplitudes mo and (ho/mo),
and concentration of effective moments participating in

the FM-PM transition, c, have been determined by
analyzing the FMR data taken on the alloys with x = 1,
2, 4, 6, and 8 using the same method as mentioned above.
The values so obtained are listed in Table I and are used
to construct the m -vs-h/m scaling plots for the Co-
containing glassy alloys shown in Fig. 6. A number of in-

teresting points emerge from a comparison of the present

mo

0
6 9

h/m (lo')

F ~90-x«xz«10

12 15

1.8—

Fe A-4~
O

-2

mo

EO

C)

mo
CQ

25

15-

M

O
2

0 2 4 6 8
Co concentration x

10

2
mo

'0 6 9
h/m (10')

12 'l5

FIG. 6. m -vs-h/m plots for a-Fe9p Co Zr, p alloys con-
structed using the saturation magnetization data deduced from
the FMR spectra recorded at different temperatures in the criti-
cal region.

FIG. 7. Functional dependences of Curie temperature T&,

magnetic moment per alloy atom at 0 K, pp, Gilbert damping

parameter A, , and the fraction of spins participating in the FM-
PM phase transition, c, on the Co concentration x for a-

Fe9p „Co„Zrlp alloys. The solid curves are the least-squares fits

to the data, whereas the dashed curves serve as a guide to the

eye. Note that the error limits for A, are typically +5%%uo of its

value at a given x. The error limits for the other quantities are

given in Table I.
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results with those previously obtained and with those
predicted by the theory; namely, (i} contrary to the ear-
lier finding, the exponents P and y do not depend on the
alloy composition and possess 3D-Heisenberg-like values;
(ii) the fraction of spins that actually participates in the
FM-PM phase transition, c, is small for the parent alloy
(x =0), but increases with Co concentration x as
c(x)—c(0)—=ax, with c(0)=11+1% and a —=0.23, in
the investigated composition range (Fig. 7); and (iii) in
conformity with the previously reported' result, the
Curie temperature T& increases roughly linearly with
the composition x [i.e., Tc(x ) =Tc(0)+23.2x, with

Tc(0}=237.2 K], whereas the moment per alloy atom at
0 K, po, increases steeply with x in the range 0&x & 2
and attains saturation for x R 4 (Fig. 7).

D. FMR linemdth

Variation of the peak-to-peak FMR linewidth LakHpp

with temperature is displayed in Fig. 8. A slope change
in 5Hz~(T) at Tc (B=O) for all the glassy alloys under
consideration is indicative of a well-defined magnetic
phase transition at T&. It should be emphasized at this
stage that the values of b,H are the same (within error
limits) for both ~~" and ~~" configurations at all tempera-
tures within the temperature range covered in the present
experiments. Hence b H~~( T) observed in the
configuration and depicted in Fig. 8 reproduces all the
features b,H" (T) even to the minutest detail. FMR mea-
surements carried out, in the past, over a wide range of
microwave-field frequencies at constant temperature

bH ( T)=b H(0) +[ A/Ms(T)] . (7)

If the first and second terms on the right-hand side of Eq.
(7) are identified with bHt and EH„„o, respectively, the
coefficient A in Eq. (7}, determined by the least-squares
method for different compositions, permits a straightfor-
ward calculation of the damping parameter A, . Note that
Eq. (7) with the meaning of the terms EH(0) and
A/M, (T) same as above has been previously used to

(T & Tc ) on a large number of amorphous ferromagnetic
alloy systems have revealed that the two main con-
tributions to hH are EHI, which is nearly indepen-
dent of the microwave-field frequency v=co/2na. nd is
most probably caused by the two-magnon scattering from
spatially localized magnetization inhomogeneities, ' ' '
and AHLz6=1. 45K,co/y M„which has a linear depen-
dence on v and results from a LLG relaxation mecha-
nism. In such materials, hH is found to remain practi-
cally constant ' ' ' ' over a wide range of tempera-
tures well below Tc (T 5 0.8Tc) and the Gilbert damping
parameter A, varies linearly' ' ' ' with M, . An im-
mediate consequence of the result X~M, is that hH„~z
does not vary with temperature, so that in view of a con-
stant value of LalHpp even EHI should not depend on tem-
perature. In the critical region (

—0.05 5 s -0.05),
hH (T) for all the amorphous alloys in question, with
the exception of those with x =0 and 4, can be very well
described (Fig. 9) by the empirical expression
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FIG. 8. Variation of the peak-to-peak FMR linewidth
(AH» ) with temperature in the critical region for a-
Fe90 „Co„Zr» alloys. The AH»(T) data taken in the first,
second, and third experimental runs on the same sample are de-
picted by the symbols open circles, squares, and triangles, re-
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FIG. 9. Peak-to-peak FMR linewidth (hH„) plotted against
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(7) of the text in the temperature intervals —0.05~a~0 and
—0.05 ~ c &0.05 respectively.
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describe the temperature dependence of hH in Fe-rich
PP

a-Fe, oo B„alloys for temperatures well below Tc. The
temperature-independent values of A, so computed range
between 2X10 and 3X10 sec ' and exhibit a weak de-
creasing trend with Co concentration as shown in Fig. 7.
By contrast, the intercept b H (0) does not show any sys-
tematic trend with x; i.e., a minimum [bH;„(0)=20 Oe]
in the EH(0)-vs-x curve at x =2 is followed by a max-
imum [EH,„(0)-=140 Oe] at x=4. Different sets of
FMR data taken on the same sample demonstrate that
the values for A, are reproduced to within +10%.
Another important finding which merits attention is that
the quality of the least-squares fits to the b,H (T) data
based on Eq. (7) improves, as inferred by a lower value
for the sum of deviation squares (y ), if the range of tem-
peratures over which such fits are attempted is confined
to temperatures just below Tc, i.e., 0.05~@.&0. Howev-
er, a marked improvement in the quality of these fits,
brought about by a widely different choice of the parame-
ters EH(0) and A [i.e., b,H(0) decreases by a factor of
about 1.5, while A (and hence A, ) increases by the same
factor] is observed for the alloys with x =0 and 4 only;
for the remaining alloys, the slope and intercept values
change only slightly from their previous estimates, with
the result that only a marginal decrease in g occurs.
The appearance of the secondary resonance at T=—Tc for
a-Fe90Zr&o and at a temperature a few degrees above Tc
for the alloy with x =4 as against at temperatures well
above Tc for other alloys could be at the root of the
unique behavior of the alloys with x =0 and 4. A com-
plete understanding of this aspect of the FMR data must,
however, await a detailed investigation which sheds light
on the exact origin of the secondary resonance. The
presently determined values of the damping parameter I,
are about 3 times larger than those reported for a wide
variety of crystalline' ' ' ' and amorphous ' fer-
romagnets at temperatures well below the Curie tempera-
ture Tc. Such a large enhancement in the value of X for
temperatures close to Tc is not uncommon. ' ' More-
over, the finding that k does not depend on temperature in
the critical region is a property which the investigated
glassy alloys share with crystalline ferromagnets
detailed but accurate measurements of bH~„(T) in the
critical region for amorphous ferromagnets are presently
lacking.

Considering the well-known' ' fact that the dynamic
permeability attains its maximum value at the field corre-
sponding to ferromagnetic resonance and the microwave
radiation penetrates only a thin surface layer (typical-
ly' ' 10 A) in a ferromagnetic metal, FMR measure-
ments have also been performed on the BM samples after
etching them with nital (10% concentrated HNO3 +
90%%uo C2H5OH) solution for 30 min so as to ensure that
the results are representative of the bulk. From the
weight-loss measurements, we infer that the thickness of
the sample is reduced to nearly half after the etching

treatment. Apart from a systematic downward shift (up-
ward shift) in the resonance field (saturation magnetiza-
tion) versus temperature curve for the etched samples
with respect to the similar curve in the "as-quenched"
samples, no change in the values quoted for different
quantities in Table I has been detected. It should be em-
phasized at this stage that the full potential of the FMR
technique to yield accurate values for the critical ex-
ponents can be exploited only when this technique is used
to study the magnetic order-disorder phase transition in
good quality thin films since the skin depth in that case is
comparable to the film thickness and the conventional
methods to measure bulk magnetization for samples in
thin-film form lack the required sensitivity.

IV. CONCLUSION

From a detailed study of critical behavior in amor-
phous Fe90 Co Zrio alloys using bulk magnetization
(for the alloy with x =0 alone) and FMR techniques, the
following conclusions can be drawn.

(i) The FMR technique can be used to determine the
critical exponents P and y for ferromagnets to an accura-
cy which compares well with that achieved in the bulk
magnetization method.

(ii) Contrary to the earlier claim, the critical ex-
ponents P and y are composition independent and possess
values which are close to the renormalization-group esti-
mates for a spin system with spin as well as spatial
dimensionality of three. Alternatively, the transition at
Tc is well defined and the quenched disorder does not
alter the critical behavior of an ordered 3D Heisenberg
ferromagnet; i.e., the well-known Harris criterion is
satisfied.

(iii) The fraction of spins that actually participates in
the FM-PM phase transition, c, increases from 11% at
x =0 to 25%%uo at x =8 and the functional dependence of c
on x is well described by the empirical relation
c(x)—c(0)-=ax .

(iv) bH z(T) closely follows a relation of the type
bH (T)=AH(0)+ [ A /M, (T)] in the critical region.

(v) Both the Lande splitting factor g and Gilbert damp-
ing parameter A, are temperature independent within the
investigated temperature range, but with increasing Co
concentration A, decreases while g remains constant at the
value 2.07+0.02.
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