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Magnon-fracton crossover in quenched random site-diluted ferromagnets
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The strong departure from the Bloci®? law behavior of magnetization in dilute amorphous
(TpNiz_p)goB16Sis (T=Fe,Co) alloys is shown to be a manifestation of the crossover from hydrodynamic to
critical spin wave dynamics induced by the diverging correlation length near percolation threshold. An appro-
priate choice of the density of states for magnetic excitations on self-siffitestal) percolation network
permits an accurate determination of the magnon-to-fracton crossover line in the magnetic phase diagram of
guenched random site-diluted ferromagnets. By unambiguously demonstrating that the fracton dimensionality
d¢=4/3 and the conductivity percolation critical exponent<2, the present results vindicate the Alexander-
Orbach conjecture and the Golden inequality for percolating network with Euclidean dimehsi®n
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I. INTRODUCTION magnetic fracton(critical) forms at a characteristic fre-
quencyw.,. Such a crossover not only substantially alters
Considerable effort has latélygone into understanding the functional dependence of magnetization on temperature,
the nature of quantized excitations in fractal networks, théV(T), but affects other static thermal properties also. This
crossover between extendgghonon, magnonand strongly ~ crossover is different from the usual thermal-to-percolation
localized (fracton) excitations, and the effect of this cross- Crossovetwhich occurs when the thermal fluctuations of the
over on thermodynamic and transport properties of randorQ'der parameter becomeritical at a concentration-
physical systems. One of the early attempts to determine tHé€pendenttemperatureTc(p) as the percolation critical

density of states and the dispersion relation for vibrationapcﬂmQ(p:pC ,T=0) is approached along the path-0 at
excitations of aD;-dimensional fractal network is due to P~ Pe- For a given concentratiofic(p) represents the tem-

Alexander and Orbacwho termed such excitations fige-  Perature at which a transition from the paramagnetic state to
. . T ferromagnetic(or antiferromagneticstate takes place when
tonsand conjectured that fracton dimensionality=4/3 for  he temperature is lowered from high temperatures.

percolation networks with Euclidean dimenside=2. Re- To date, only two attempt$ have been made to experi-
cent large-scale (hence most accurgte numerical  mentally determine the theoretically expectéétacton con-
simulation$ yield estimates fod, that are close to 4/3 only tribution to M(T) in site-diluted amorphous ferromagnets
for d=2 but substantially deviate from 4/3 fdre=3. Besides  with p=p,. Besides yielding widely different valu&sfor

this discrepancy, the major factor responsible for slowindg,  such studies suffer from a number of major flaws. These
down the progress in this field of research is the observatiofhclude the following(i) contrary to the claim made by Sala-
that many theore_tical predict_ions still await rigorous experi-., o o Yeshuruhthe expression for the density of states
mental confirmation, as eIumdatgd below. - used does not yield the correct asymptotic form in the frac-
One of the well-known realizations of a self-similérac- 5, regime,(ii) the magnon-to-fracton crossover frequency

tal) network is a quenched random site-diluted Heisenberg, \aq considered to be independent of the external mag-
magnet with the concentration of magnetic atofps near netic field, and(iii) the temperature renormalization of spin-

the percolation thresholdp(). At p=pc, an infinite mag- wave stiffness was not taken into account. Thus, the

netic cluster first appearsuch that forp<p, only finite o564 agreement between theory and experiment is for-
magnetic clusters are present and no long-range magneligiy,s. Some evidenédor antiferromagnetic fractons has
order exists even for temperatures as lowTasO K) and  (ocently heen provided by inelastic neutron scattering data

the percolation correlation length &t=0 K, £(p), di-  taken on a diluted Heisenberg antiferromagnet.
verges in accordance with the relaffon By subjecting the theoretical predictidri® to the most
-~ — rigorous experimental test, the results reported in this paper
So(P)=&p (P=Pc) 7. @ provide, by far, the strongest evidence for the occurrence of

The divergence i,(p)=¢(T=0,p) induces a crossover in magnon-to-fracton crossover in quenched random site-
the dynamics of Heisenberg spins from hydrodynamic bediluted ferromagnets and testify to the validity of the
havior forkg<1 to critical behavior forké>1, wherek is  Alexander-Orbach conjecturéGolden inequality that d;

the inverse wavelength of spin waves in the hydrodynamic=4/3 (the conductivity exponent<2) for d=3. Moreover,
regime and the inverse characteristic length of the localizethe present results permit an accurate determination of the
fracton modes in the critical regime. A change from Euclid-hydrodynamic-to-critical spin-wave crossover line in the
ean dimensiord to fractal dimensiorD; results in a cross- magnetic phase diagram and clearly bring out the functional
over in the dispersion relation and density of states fronforms of the magnetic field dependence of the crossover fre-
long-wavelength, low-frequencyw< w.,) magnonghydro-  quencyw., as well as the temperature dependence of the
dynami¢ to short-length-scale, high-frequencyw¥$ w.,) spin-wave stiffness.
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Il. EXPERIMENTAL DETAILS p'

Magnetization(M) of the well-characterizédchemically 0.10 0.15 0.20 0.25

homogeneous  amorphous a)(Fe,Ni;_p)goB16Sia (P e O (CopNi, )wBySty

=0.0540, 0.0875, 0.1125, 0.137&nd (Cq:Niy_ ) goB16Sis > 50 — 50
(p’=0.1125, 0.1375, 0.23J5alloys with composition g

(p,p’) near the percolation thresho[gp.=0.028%5), p, o 0
=0.0684(4) for the appearance of long-range ferromagnetic OF——

order was measured as a function of the external magnetic N 350 250
field (H) at T=3.8 K in fields up to 70 kOe and as a func- 2 200
tion of temperature atl=2.5, 5.0, 7.5, and 10.0 kOe in the § 250r - 150
temperature range 5 KT=2T. (T.=Curie point) with a s 100
relative accuracy of better than 10 ppm using a supercon- 150

ducting quantum interferance devi¢8QUID) magnetome- 200 200
ter. The demagnetizing factdy for each composition was - — 100
determinefl from low-field (<20 Oe) magnetization data. ¥ 100

In these alloy systems, Ni atoms carry small even no =

magnetic moment and hence act as magnetic dilutents. The o O (Fe,Ni,),B,Si,
above choice oH values is dictated by the requirement that os 0.10 0.15
the field strength be high enough to completely wipe out the p

irreversibility observetf in the low-field magnetization
(which is an attribute of the reentrant behavior at low tem- FIG. 1. Variation of Tc(p) [Te(p')], M(T=0,p) [M(T
peratures in the alloys witp<<0.1 or p’<<0.2) but not so =0,p')] andDy(T=0,p) [Do(T=0,p")] with Fe[Co] concentra-
large as to completely suppress the spin waves. tion p [p']. The solid curves through the data poirfepen sym-
bols) represent the least-squares fits to the data based onZ&gs.
IIl. DATA ANALYSIS, RESULTS, AND DISCUSSION (3),_and(20), respectively. Horizontal arrows indicate the relevant
ordinate scales.

The Curie temperaturé. for all the compositions in the
presently investigated alloy series has recently been accu- In case spin-wave excitations are solely responsible for
rately determined by an elaborate anafysi$ the “zero-  thermal demagnetization, a plot of “in-field” magnetization
field” susceptibility in the critical region near the ferromag- versusT®? is expected to exhibit aoncave downwardur-
netic (FM) to paramagneti¢PM) phase transition. By least- vature due to(i) the presence of higher-order terms in the

squares fitting th&.(p) data to the expression magnon dispersion relatiofij) the temperature renormaliza-
tion of the spin-wave stiffness, aridi) the gap in the spin-
Te(p)=tp(p—pc)?, (20 wave spectrum introduced by and other anisotropy fields.

_ . Contrary to this expectation, a markedncave upwaraur-
with t,, pe, and ¢ as free parametersFig. 1), the 4,6 is observed in the1-T32 curves regardless of the
thermal-to-percolation crossover exponefitis estlmate/d alloy composition(Fig. 2 depicts one such plotthis curva-
tf be ¢=1.10(2) [$=1.14(4)] and p;=0.0282(2) [Pc  tyre hecomes more pronouncedms p. (p’'—p.). The de-
=0.0685(2). Spontaneous magnetization at i Gaus$ 14 re from the expected behavior is indicative of the pres-
for each compositiorM(p)=M(T=0,p), is obtained as an e of an additional contribution to4(T,H) due to
intercept on the ordinate when thieear high-field portion  ¢o 1o magnetic fractons. To incorporate this additional contri-
of the M-H |sotherm taken al=3.8 K is extrapolated to  p tion properly, we adopt the following approach.

H=0. The expression The general scaling forth for the density of vibrational

states of a percolating network fpr>p. is
Mo(p)=my(p— PP ltaip—po)l, (3 P J P Pe

predicted by the percolation theory, with=1.0 and
the parameter valuesm,=839(1)G [m, =304(1)G],
B,=0.41(1) [B,=0.41(1)], and p.=0.0288(2) [p,
=0.0682(2), is found to closely reprodudgolid curves in
Fig. 1) the observed concentration depende(mgnbols in namic (phonon or magnonregime to the critical(fracta)

Fig. 1) of Mo. In Eq. (3), B, is the percolation critical expo- regime, andA is a constanindependendf w.,. The scaling

nent,a andA are the “correction-to-scaling” amplitude and . ) cor,
exponent, respectively. Note that the correction term in quunctlonf(z) in Eq. (4) has the asymptotic limit§(z) 1 as

(3) is very (not sg important in Co(Fe) containing alloys. 2% andf(z)—z* ~* asz—0 so that’
The presently determined values éfand g, are in perfect

N(w)=Awo* H(w/w.), (4)

wherex is the fracton dimensionality whose explicit expres-
sion depends on the particular fractal model chosen,is
the frequency at which a crossover occurs from hydrody-

agreement with not only those previously determiriéxy us Npy(®) :AwCOX*d'wd'*l (5)
for other amorphous systems but also with the theoretically
predicted one$? in the hydrodynamic ¢ <w,,) limit and
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250 2 (FeNi_)BS, respectively, WithA’ = (1/472) {ﬁw[plf(d’/ Df)]/dp}d’z. In ar-
riving at Eqgs.(8) and(9), use has been made of the following
1 p = 0.0875 relations.
200 (2) 20, [(D; fd)—1]
%) D(p)=dp (p—pc)="PH " (10)
N’
1-2.5 kOe and
150 ’ -
S E e P) o (P01 . ap
4-10.0kOe A comparison between the asymptotic limits of the DOS
oo—— expression, Eq(7), and those of the general scaling expres-
0 2 4 6 8 10 sion for DOS, Eq.(4), reveals the following(i) Notwith-
T3/2 1 02 K3/2 standing the difference in the exponentwf,, Egs.(8) and
( ) (5) are similar in form.(ii) Contrary to the theoretical
expectatior;'?i.e., Eq.(6), the prefactor of the terra* ! in
150 Eqg. (9) dependson w¢,. Thus, Eq.(7), at best, predicts a
(CoNi ) B Si correct asymptotic form in the magnon linbitit notin the
. e fracton limit. To remedy this flaw, we propose the density of
p'=0.1375 states of the form
%) (b) Nerf(@)=(p—Pc) PO INefi( @) =(L/4m?)[4/D(p)]*
= 100 -
o | @-dr2
12,5 kOe X (p=pe) e 9 w(d/Z)_l( 1+ w_) ’
> 2-5.0 kOe ©
3-7.5 kOe (12
4-10.0 kOe : : :
5oL : , with Ng¢i(w) given by Eq.(7_). Unlike the form of DOS
0 9 4 6 proposed earliet, Eq. (12) yields the correct asymptotic
T (102 K3/2) forms*+213
— ANV d;—d)/2 d/i2)—1
FIG. 2. M(T,H) is plotted againsT®?in order to highlight the Now(©) = A"we ™2 (12 (13
concave upward curvature for the alloy wita) p=0.0875 in  gnd
a-(FgNiy_p)goB1sSiy alloy series and (b) p’'=0.1375 in
a-(Cay/Niy_pr)goB16Siy alloy series. nfr(w):Anw(Eflz)fl, (14)
Ner(@)=Aw ™t ®  with A"=(1/47%) {hol “'d}92 in the magnon ¢

<w¢o) [cf. Egs.(5) and(13)] and fracton > w.,) [cf. Egs.
(6) and (14)] regimes, and ensuressanoothcrossover be-
tween the two regimes ab=w.,. Consequently, the ratio

in the critical (w> w¢) limit. In the case of phonon-fracton
(magnon-fractoncrossover, the fracton dimensionalityand

the dimensiond’ are' x=d (x=d;/2) and d’=d (d’ : :
o ) N (weo)/Nswl@co) = a constantindependentt of w., (i.e.,
=d/2), respectively. Salamon and Yeshufiave suggested the ratio is noncritical To facilitate the computation of mag-

tgeofsoll_ovxgrlgsexpreslsm_)n f?r the effect_lve denS|lt<y.of StateSpetization at finite fields and temperatures, EIR) is cast
( ) in d=3 percolating ferromagnetic networks: into an alternative form

® (di—d)r2 _ 2 dr * (dr2)-1
Neff(w):(1/4772) [ﬁ/D(p)]dlz w(d/2)71 1+ w_) , neff(ﬂ)) (1/47T ) [ﬁ/D(p)] [mp/Mo(p)] (O]
co ) w (d¢—d)/2
X 1+—) (15
whereD(p) is theconcentration-dependespin-wave(SW) @eo
stiffness andl; is the ferromagnetic fracton dimensionality. by making use of the relatidf
In the limits w< w., and w> w¢,, EQ. (7) reduces to
Di=d~(Bp/vp) (16)

_ pr dl@/D)=112 (di2)-1
Nsw(@)=A"wg, w(@?) ®  and Eq.(3). In Eq.(15), my=m, [1+a (p—pc)*].
The magnetizatioM (T,H) is calculated by numerically
integrating over the density of stateg,:f(w), Eq. (15), and
L ALAD) =112 (G- using the Bose-Einstein function, which accounts for the gap
Nir(w)=A"wg, D71, 9 introduced in the spin-wave spectrum by thectivefield

and
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Hefi=H—Hg+Ha (WhereHy;=47NM andH, are the de-

= 04
magnetizing and uniaxial anisotropy fielfsiespectively: ,_g\i (FeNi, ) B,Si,  p=00875
o) 021 o @i
M(T,H)=M(OH fw Lol 1 S ave,
( 3 )_ ( ’ ) glu’B o e(ﬁw+gMBHeff)/kBT—l . ( 7) ZE O'O_____ - V A3 & ( _____
fan) 05;( b O
The calculated values o (T,H) do not depend on the up- 5 02 H=5k0e &
per integration limite when o >10'® Hz. At any given = —
value ofH, the agreement between the observed and calcu- ?I, -0.4}° D(T)_Do(l'DJJ)ﬂ °
lated values ofM at different temperature$<T is opti- = 0.6 . D(TI)=D0(.1-D5/2.TS )|
mized, at first, by keepind; fixedat values differing by 0.01 2770 25 50 75 100

in the range 1.2d;=<1.4 and varying (O,H), D, andw,. T (K)

When this exercise yields the optimum values dyf and = 1.0 : i
- ~ 5 (Co Ni_ ) B, Si p'=0.1375
M(OH) asd;=1.33(3) andM (0,H)=M(3.8 K,H), d; and = v s
M(OH) are kept constant at these values in the subsequent = 05 )
fits. The optimization process reveals that the quality of fits, < "‘
based on Eq(17), improvesconsiderably if the temperature EE 0.0 Quun TGN, —§
dependence of the spin-wave stiffndssis taken into ac- ) '{‘.
count. Out of the relatiori$ 0.5 ®
b ’ T2 o
p= ° D(M=Dy(1-D,T) |
D(T)=Dg(1—Dsgj, T?) (18) <
° o = -10te  pm=p1-D, 1| %
and =R 25 50
D(T)=Do(1-D; T?), (19 T&)
predicted, respectively, by the Heisenbefépcalized- FIG. 3. Temperature variations of the percentage deviation of

electron and itinerant-electron models for the thermal renor-the M(T,H=5 kOe) data from the optimum fits based on Egs.
malization ofD, Eq. (18) reproduces thé (T,H) datamore (17 and(18) or (17) and (19) of the text for the alloy with@ p
closely, as is evident from a typical plot of the percentage™0-9875 ina-(F&Ni_)agB1¢Sis series and(b) p’=0.1375 in
deviation of the experimental data from the best least® (€% Nii-p)scBisSis series.

squares fits, based on Ed48) and (19), shown in Fig. 3.

From the optimum fi{illustrated by the solid curves through

the data points in Fig. 4 the parameterD,(p)=D(T in Fig. 6. The effect of the field is to suppress spin-wave

=0,p), D5, andw, at a given value oH are determined excitations and to induce long-range correlations between

for each compositionirrespectiveof H, the power laws spins. As a result of the reduction in the number of magnons
) and the increase g, with increasingH, Ds, (which is a
Do(p)=dp (P—pc) P, (200 measure of the strength of magnon-magnon interactipns

2 . . .
ith p.=0.0285(2 ' 0.0686(2 do.=2 D./ and w.o(p,H)~Do(p)/[ £o(p,H)]* both diminish.
(val) 1p]°_1 45(2)([1)£2(°3)] and (2} and 6,=2v,[(Dy From the values ofv,, at different fields for each com-
i) — 1= 1. . ,

position, w., at zero field w¢y(0), is calculated from Eq.
wco(p):wp(p_pc)€p+zypv 21) (2?), using the magnjtudes of the coefficie@sand b ob.-
tained from the best fit to the.,(H) data based on ER2);
with  p.=0.0286(2) [p.=0.0684(3) and 6,+2v, ie. w,(0)=a(l+b). Thew.(0,p) or w.o(0,p’) data, so
=3.17(2) [3.17(3)], describe theDy(p) and w.o(p) data obtained, obey the power law, EQ1), with the same value
quite well (Figs. 1 and % At this stage, it is gratifying to  of p, or p. as that mentioned above but with the exponent
note that different sets of data, i.8.¢(p), Mo(P), Do(P),  ¢,+21,=3.23(3) for both alloy series. That E¢21) [Eq.
and wq(P), all yield thesamevalue for the critical concen-  (22)] does indeed describe the concentratiield] depen-
trat_ion Pe, _vvithin the ur_u_:ertainty limits, for a given alloy gence 0f weo(0) [weo(H)] for the alloys in question is
series. While the quantitieBo, dy, 6, and 6,+2v, are  (jearly demonstrated by the data presented in figufEic

independendf H, Dz, wco, andw, decreasavith increas- 71 gjnce the quantity of interest in the theoryais,(0) and
ing H for a given composition. That the observed field de'not weo(H), the values of the exponent fare,(0) and 6,

pendence ofv., is closely reproduced by the empirical rela- are used to arrive at the resulg=0.893). Moreover, the

tion relation”® 6,= o,— 8, [Where o, is the conductivity perco-
lation critical exponent, defined a$macroscopic conductiv-
ity X~(p—py)’] and Eq.(16) yield o,=1.86(4) and
is clearly borne out by the optimum fitsolid curve$to the  D;=2.543). The estimates for the percolation critical
w¢o(H) data(open circleg based on Eq22) and displayed exponentsg,,6,,v,,0,, thermal-to-percolation crossover

weo(H)=a[1+b e HH"] (22)
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A\ (Fe,Ni )ooB, Si, 4 (Fe Ni, ),B,Si, p=0.1375
Jp= 00540 p = 0.0875 180
150} 200l 10
) ) . .
=~ ~ (Felel_p)goBmSl , 160
= 125 K00 = 1-2.5kOe
2-5.0k0e 2-50k0e p=0.1125
X 3-7.5k0e ~~ 35}
100} Z_Zgg f(e)e 100} | 4100 k0e E
0 10 20 30 40 0 20 40 60 80 100 = 30
T (K) T K) NG 55
300 (Fel’Ni"P)WB“’Si“ (FepNil-p)soBmSia 8 P =0.08751 12
p=01125 p = 0.1375 3
300} 110
G 200 o
= 1-2.5 kOe S 200} | -25KkOe p =0.0540 8
2-50k0e 2-50k0e 0.8}
375 kOe 375 k0e :
L | 4-10.0 kO 4-10.0k0e X
100 . e . 1 100k : : ‘ L 0.7t
0 50 100 150 0 50 100 150 200
T ®) T K) 0.6¢

2 4 6 8 10
FIG. 4. Temperature variations of magnetization at fixed mag- H (kOe)
netic fields H=2.5, 5.0, 7.5, and 10.0 kOe for
a-(FeyNi;—)goB16Sis alloys. The solid curves through the data  FIG. 6. Variation of the crossover frequeney, with field H
points are the best least-squares fits totheT,H) data based on  for a-(Fe,Ni; - ,) sgB16Sis alloys. The curves through the data points
Egs.(19), (17), and(18) of the text. The experimental and theoret- (open circleyare the best least-squares fits based or(E2).of the
ical variations of magnetization with temperature aypical of  text. The experimental and theoretical variationsugf, with field
those found ina-(Ca,/Ni; /) goB16Sis alloys as well. are typical of those found in the-(Co,/Ni;_,/)goB1eSis alloys as
well.

exponent ¢, and fractal dimensionD; obtained either

0 1 2 3 4 directly or with the aid of exponent equalities conform very
1-H=0 [(CoNi_).BSi, well with those predicted by the theoty.Such an agree-
2-H=25k0e 112 ment asserts that quenched randomness does not alter the
3-H=30k0e critical behavior of percolation on a reguld=3 lattice.
4-H=75k0e . ~ . .

5 H=10.0 kOe 2 While the resultds = 1.33(3) vindicates the Alexander-

o i Orbach conjecturéthe findingo,<2 is consistent with the
2 5 Golden inequality®
E
s 0 = 4
5 1 - 00O A (FeNi ),B,Si,
3 = 4l
1.0} 2 8
i S
0.5} > 2
(Fe Ni_) B Si EA
e Ni i Z
N A p , 1p’80 16 4 - A . .
085 02 04 06 03 10 2 e GBS
£ 0 1 2 3 4

R 32 1 -3 .
(p-p)~ (107 H/H
FIG. 5. The lower(uppe) panel of the figure displays R€o)
concentratiomp(p’) dependence of the crossover frequeney FIG. 7. Scaling of the quantity {b/[(1+b)w.(H)/w(0)]—1}
at different but fixed values of fieldH). The straight lines through with reduced fieldH/H* for all the compositions in the amorphous
the data points represent the optimum fits to thg,(0,p) or alloy series (FgNij_p)goB16Sis and (Cq/Niy_p1)goB16Sis. This
weo(H,p) data based on E@21) of the text. scaling form is based on E{R2) of the text.
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coexist’ with infinite ferromagnetic network. A is in-

000 005 010 015 creased abovp,, the infinite ferromagnetic network grows
o 200 - - ' at the expengé of finite ferromagnetic clusters whose num-
= (Co,Ni, )yB,Si, ber reduce¥ rapidly and size distribution narrows dowh.
~ 150f& T, P The finite spin clusters interact with one another through
*&8 ° T&|pMm 4 weak long-range Ruderman-Kittel-Kasuya-YosidBRKKY )
= 100 interactions and at low temperatures freeze in random orien-
‘S: 13\)’1 tations so that below a certain temperatiligg: a (reentrank
;u 50 " EM mixedstate is formed in which long-range ferromagnetic or-
@ der (i.e., infinite ferromagnetic netwoyrkcoexists’*® with
200 B . cluster spin glass order. Especially for concentratigns
o (Fe Ni, )g,BSi, ~p., Trels very close to, but below, the Curie temperature
< 150f T¢ and forT<Tgg the finite spin clusters, frozen in random
. PM orientations, give rise to a sizablecal random anisotropy
*8; 1007 ® (this anisotropy, however, cannot destro}f long-range fer-
= FM 7 romagnetic order in the infinite spin cluster because the cou-
.« 50f O 5 pling between the infinite cluster and finite clusters is weak
= O,/' lg\)/l Consequently, the external magnetic fidldhas to work
= (900 = 00 0.10 against a large anisotropy field to alter the orientations of
’ ) ) finite-cluster magnetizations. In other words, extremely large
(p- Pc) magnetic fields are required to saturate magnetization in fer-

) , . romagnets wittp~p.. This inference is consistent with our
_ FIG. 8. Magnetic phase diagrams for the amorphous alloy serieg, e ations based on thé-H isotherms taken at 3.8 K.
in quest_lon that display the two crossover lines: the therm_al-to-Moreover' very high temperature3 % T) are needed to
percolation crossover or the paramagnéfd/) to ferromagnetic . . i . .
o . . excite spin waves within the finite ferromagnetic clusters as
(FM) phase transition, Te(p), line (solid curve and the their local Curie temperatures lie well above thalk Curie
hydrodynamic-to-critical spin wave crossover, or the magnon-to- S L .
fracton crossoveT*,(p), line (dashed curvewithin the FM phase.  [cPerature of the infinite cluster. Thus a significant contri-
bution toM(T,H) from finite spin clusters is expected only
for dilute ferromagnets withp~p. at high temperaturesT(
>Tc) where the thermal energy is high enough to set the
weo(0) permits determination of the temperatuf€, finite clusters free and excite intracluster spin waves. For the
=hw(0)/kg at which the crossover from the hydrody- reasons stated above, such a contributioVitéT,H) has
namic regime to the critical regime occurs. The locu§§f  been completely ignored in the present case where Eg5s.
values for different compositions in a given alloy series isand(17) have been used in the temperature rangel¢ .
the crossover linddashed curvethat divides theordered
(ferromagnetic FM phase into two regiongl) and(2) in the
magnetic phase diagrams shown in Fig. 8. In regi@n
thermal demagnetization is solely due to hydrodynamic spir,E
waves whereas in regiofl) both hydrodynamic and critical
magnongferromagnetic fractonsare responsible for the de-
cline of spontaneous magnetization with increasing temper
ture. This crossover line occurs at lower temperatures and
in addition to the thermal-to-percolation crossover ligelid
curve, i.e., the phase boundary between ttisordered

IV. SUMMARY

High-resolution magnetizatioM (T,H) data have been
aken on well-characterized amorphous (\¥ig _ ;) goB16Sis
and (Cq/Ni; /) goB16Si4 alloys with compositiong,p”) in
the vicinity of the percolation threshold for the appearance of
?@e long-range ferromagnetic order. An elaborate data analy-
Sis yields the results thék) allow an accurate determination
of the hydrodynamic-to-critical spin-wave crossover line in

[paramagneti¢PM)] phase andrdered(FM) phase the magnetic phase diagram, the per_colati(.)n-to.-tlhermal
We conclude the discussion of results with a féw remark<rossover exponent, fractal and fracton dimensionalities, the

about a possible contribution ¥ (T,H) due tofinite ferro- percolation critical exponents for magnetization, spin-wave

: L stiffness, correlation length, and conductivitiii) clearly
magnetic clusters. The only effect of the magnetic field . : .
considered in this work is thécreasein the percolation bring out the functional forms, i.e., EqE18) and (22), of

correlation lengthy(p) [and hencedecreasein the cross- D(T) andw¢o(H), (iii) vindicate the Alexander-Orbach con-

: : . jecture and the Golden inequality fdr=3 percolating net-
over frequencyw., in Eq. (15)] and the suppression of spin J . . i
waves(thermally excited in thénfinite ferromagnetic cluster works, and(iv) permit us to conclude that quenched random

or network through a gap in the spin-wave spectrum, Eq."€SS does not alter the critical behavior of percolation on a

(17). However, the fielH is also expected to align the mag- regulard=3 lattice.
netizations of finite clusters along its own direction and
thereby affect the dependences ©rand H of the overall
magnetization. For dilute ferromagnets with compositipn One of the authorgS.N.K) is grateful to Professor
in the close proximity to the percolation threshofi}), finite ~ H. Kronmuler for permitting the use of a SQUID magneto-
ferromagnetic spin clusters with a broad size distributionmeter.
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