
PHYSICAL REVIEW B, VOLUME 63, 094410
Magnon-fracton crossover in quenched random site-diluted ferromagnets
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~Received 9 October 2000; published 6 February 2001!

The strong departure from the BlochT3/2 law behavior of magnetization in dilute amorphous
(TpNi12p)80B16Si4 (T5Fe,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-similar~fractal! percolation network
permits an accurate determination of the magnon-to-fracton crossover line in the magnetic phase diagram of
quenched random site-diluted ferromagnets. By unambiguously demonstrating that the fracton dimensionality

d̃f.4/3 and the conductivity percolation critical exponentsp,2, the present results vindicate the Alexander-
Orbach conjecture and the Golden inequality for percolating network with Euclidean dimensiond53.

DOI: 10.1103/PhysRevB.63.094410 PACS number~s!: 75.40.Gb, 64.60.Ak, 75.30.Ds
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I. INTRODUCTION

Considerable effort has lately1 gone into understanding
the nature of quantized excitations in fractal networks,
crossover between extended~phonon, magnon! and strongly
localized ~fracton! excitations, and the effect of this cros
over on thermodynamic and transport properties of rand
physical systems. One of the early attempts to determine
density of states and the dispersion relation for vibratio
excitations of aD f-dimensional fractal network is due t
Alexander and Orbach2 who termed such excitations asfrac-

tonsand conjectured that fracton dimensionalityd̃f54/3 for
percolation networks with Euclidean dimensiond>2. Re-
cent large-scale ~hence most accurate! numerical
simulations1 yield estimates ford̃f that are close to 4/3 only
for d52 but substantially deviate from 4/3 ford53. Besides
this discrepancy, the major factor responsible for slow
down the progress in this field of research is the observa
that many theoretical predictions still await rigorous expe
mental confirmation, as elucidated below.

One of the well-known realizations of a self-similar~frac-
tal! network is a quenched random site-diluted Heisenb
magnet with the concentration of magnetic atoms~p! near
the percolation threshold (pc). At p5pc , an infinite mag-
netic cluster first appears~such that forp,pc , only finite
magnetic clusters are present and no long-range mag
order exists even for temperatures as low asT.0 K! and
the percolation correlation length atT50 K, j0(p), di-
verges in accordance with the relation3

j0~p!5jp ~p2pc!
2np. ~1!

The divergence inj0(p)[j(T50,p) induces a crossover in
the dynamics of Heisenberg spins from hydrodynamic
havior for kj,1 to critical behavior forkj.1, wherek is
the inverse wavelength of spin waves in the hydrodyna
regime and the inverse characteristic length of the locali
fracton modes in the critical regime. A change from Eucl
ean dimensiond to fractal dimensionD f results in a cross-
over in the dispersion relation and density of states fr
long-wavelength, low-frequency (v!vco) magnons~hydro-
dynamic! to short-length-scale, high-frequency (v@vco)
0163-1829/2001/63~9!/094410~7!/$15.00 63 0944
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magnetic fracton~critical! forms at a characteristic fre
quencyvco . Such a crossover not only substantially alte
the functional dependence of magnetization on temperat
M (T), but affects other static thermal properties also. T
crossover is different from the usual thermal-to-percolat
crossover3 which occurs when the thermal fluctuations of t
order parameter becomecritical at a concentration-
dependenttemperatureTC(p) as the percolation critica
point Q(p5pc ,T50) is approached along the pathT→0 at
p.pc . For a given concentration,TC(p) represents the tem
perature at which a transition from the paramagnetic stat
ferromagnetic~or antiferromagnetic! state takes place whe
the temperature is lowered from high temperatures.

To date, only two attempts4,5 have been made to exper
mentally determine the theoretically expected1,6 fracton con-
tribution to M (T) in site-diluted amorphous ferromagne
with p*pc . Besides yielding widely different values4,5 for
d̃f , such studies suffer from a number of major flaws. The
include the following:~i! contrary to the claim made by Sala
mon and Yeshurun,4 the expression for the density of stat
used does not yield the correct asymptotic form in the fr
ton regime,~ii ! the magnon-to-fracton crossover frequen
vco was considered to be independent of the external m
netic field, and~iii ! the temperature renormalization of spi
wave stiffness was not taken into account. Thus,
reported4,5 agreement between theory and experiment is f
tuitous. Some evidence7 for antiferromagnetic fractons ha
recently been provided by inelastic neutron scattering d
taken on a diluted Heisenberg antiferromagnet.

By subjecting the theoretical predictions1,2,6 to the most
rigorous experimental test, the results reported in this pa
provide, by far, the strongest evidence for the occurrence
magnon-to-fracton crossover in quenched random s
diluted ferromagnets and testify to the validity of th
Alexander-Orbach conjecture~Golden inequality! that d̃f
54/3 ~the conductivity exponents<2) for d53. Moreover,
the present results permit an accurate determination of
hydrodynamic-to-critical spin-wave crossover line in t
magnetic phase diagram and clearly bring out the functio
forms of the magnetic field dependence of the crossover
quencyvco as well as the temperature dependence of
spin-wave stiffness.
©2001 The American Physical Society10-1
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II. EXPERIMENTAL DETAILS

Magnetization~M! of the well-characterized8 chemically
homogeneous amorphous (a)(FepNi12p)80B16Si4 (p
50.0540, 0.0875, 0.1125, 0.1375! and (Cop8Ni12p8)80B16Si4
(p850.1125, 0.1375, 0.2375! alloys with composition
(p,p8) near the percolation threshold@pc50.0285(5), pc8
50.0684(4)# for the appearance of long-range ferromagne
order was measured as a function of the external magn
field ~H! at T53.8 K in fields up to 70 kOe and as a fun
tion of temperature atH52.5, 5.0, 7.5, and 10.0 kOe in th
temperature range 5 K<T.2TC (TC5Curie point) with a
relative accuracy of better than 10 ppm using a superc
ducting quantum interferance device~SQUID! magnetome-
ter. The demagnetizing factorN for each composition was
determined8 from low-field (<20 Oe) magnetization data
In these alloy systems, Ni atoms carry small9 or even no
magnetic moment and hence act as magnetic dilutents.
above choice ofH values is dictated by the requirement th
the field strength be high enough to completely wipe out
irreversibility observed10 in the low-field magnetization
~which is an attribute of the reentrant behavior at low te
peratures in the alloys withp,0.1 or p8,0.2) but not so
large as to completely suppress the spin waves.

III. DATA ANALYSIS, RESULTS, AND DISCUSSION

The Curie temperatureTC for all the compositions in the
presently investigated alloy series has recently been a
rately determined by an elaborate analysis8 of the ‘‘zero-
field’’ susceptibility in the critical region near the ferroma
netic ~FM! to paramagnetic~PM! phase transition. By least
squares fitting theTc(p) data to the expression3

TC~p!5tp~p2pc!
f, ~2!

with tp , pc , and f as free parameters~Fig. 1!, the
thermal-to-percolation crossover exponentf is estimated
to be f51.10(2) @f51.14(4)# and pc50.0282(2) @pc8
50.0685(2)#. Spontaneous magnetization at 0 K~in Gauss!
for each composition,M0(p)[M (T50,p), is obtained as an
intercept on the ordinate when thelinear high-field portion
of the M -H isotherm taken atT53.8 K is extrapolated to
H50. The expression3

M0~p!5mp~p2pc!
bp@11a~p2pc!

D#, ~3!

predicted by the percolation theory, withD51.0 and
the parameter valuesmp5839(1)G @mp85304(1)G#,
bp50.41(1) @bp850.41(1)#, and pc50.0288(2) @pc8
50.0682(2)#, is found to closely reproduce~solid curves in
Fig. 1! the observed concentration dependence~symbols in
Fig. 1! of M0. In Eq. ~3!, bp is the percolation critical expo
nent,a andD are the ‘‘correction-to-scaling’’ amplitude an
exponent, respectively. Note that the correction term in
~3! is very ~not so! important in Co~Fe! containing alloys.
The presently determined values off andbp are in perfect
agreement with not only those previously determined11 by us
for other amorphous systems but also with the theoretic
predicted ones.1,3
09441
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In case spin-wave excitations are solely responsible
thermal demagnetization, a plot of ‘‘in-field’’ magnetizatio
versusT3/2 is expected to exhibit aconcave downwardcur-
vature due to~i! the presence of higher-order terms in t
magnon dispersion relation,~ii ! the temperature renormaliza
tion of the spin-wave stiffness, and~iii ! the gap in the spin-
wave spectrum introduced byH and other anisotropy fields
Contrary to this expectation, a markedconcave upwardcur-
vature is observed in theM -T3/2 curves regardless of th
alloy composition~Fig. 2 depicts one such plot!; this curva-
ture becomes more pronounced asp→pc (p8→pc8). The de-
parture from the expected behavior is indicative of the pr
ence of an additional contribution toM (T,H) due to
ferromagnetic fractons. To incorporate this additional con
bution properly, we adopt the following approach.

The general scaling form12 for the density of vibrational
states of a percolating network forp.pc is

N~v!5Avx21f ~v/vco!, ~4!

wherex is the fracton dimensionality whose explicit expre
sion depends on the particular fractal model chosen,vco is
the frequency at which a crossover occurs from hydro
namic ~phonon or magnon! regime to the critical~fractal!
regime, andA is a constantindependentof vco . The scaling
function f (z) in Eq. ~4! has the asymptotic limitsf (z)→1 as
z→` and f (z)→zd82x asz→0 so that12

Nhy~v!5Avco
x2d8vd821 ~5!

in the hydrodynamic (v!vco) limit and

FIG. 1. Variation of TC(p) @TC(p8)#, M (T50,p) @M (T
50,p8)# andD0(T50,p) @D0(T50,p8)# with Fe @Co# concentra-
tion p @p8#. The solid curves through the data points~open sym-
bols! represent the least-squares fits to the data based on Eqs~2!,
~3!, and ~20!, respectively. Horizontal arrows indicate the releva
ordinate scales.
0-2
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MAGNON-FRACTON CROSSOVER IN QUENCHED RANDOM . . . PHYSICAL REVIEW B63 094410
Ncr~v!5Avx21 ~6!

in the critical (v@vco) limit. In the case of phonon-fracton
~magnon-fracton! crossover, the fracton dimensionalityx and
the dimensiond8 are1 x5d̃ (x5d̃f /2) and d85d (d8
5d/2), respectively. Salamon and Yeshurun4 have suggested
the following expression for the effective density of sta
~DOS! in d53 percolating ferromagnetic networks:

Ne f f~v!5~1/4p2! @\/D~p!#d/2 v (d/2)21S 11
v

vco
D (d̃f2d)/2

,

~7!

whereD(p) is theconcentration-dependentspin-wave~SW!

stiffness andd̃f is the ferromagnetic fracton dimensionalit
In the limits v!vco andv@vco , Eq. ~7! reduces to

NSW~v!5A8vco
d[ ~ d̃f /D f !21]/2

v (d/2)21 ~8!

and

Nf r~v!5A8vco
d̃f [ ~d/D f !21]/2

v (d̃f /2)21, ~9!

FIG. 2. M (T,H) is plotted againstT3/2 in order to highlight the
concave upward curvature for the alloy with~a! p50.0875 in
a-(FepNi12p)80B16Si4 alloy series and ~b! p850.1375 in
a-(Cop8Ni12p8)80B16Si4 alloy series.
09441
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respectively, withA85(1/4p2) $\vp
[12(d̃f /D f )] /dp%

d/2. In ar-
riving at Eqs.~8! and~9!, use has been made of the followin
relations:1

D~p!5dp ~p2pc!
2np[ ~D f /d̃f !21] ~10!

and

vco~p!5vp ~p2pc!
2npD f /d̃f . ~11!

A comparison between the asymptotic limits of the DO
expression, Eq.~7!, and those of the general scaling expre
sion for DOS, Eq.~4!, reveals the following.~i! Notwith-
standing the difference in the exponent ofvco , Eqs.~8! and
~5! are similar in form. ~ii ! Contrary to the theoretica
expectation,1,12 i.e., Eq.~6!, the prefactor of the termvx21 in
Eq. ~9! dependson vco . Thus, Eq.~7!, at best, predicts a
correct asymptotic form in the magnon limitbut not in the
fracton limit. To remedy this flaw, we propose the density
states of the form

ne f f~v!5~p2pc!
np(D f2d)Ne f f~v!5~1/4p2!@\/D~p!#d/2

3~p2pc!
np(D f2d) v (d/2)21S 11

v

vco
D (d̃f2d)/2

,

~12!

with Ne f f(v) given by Eq. ~7!. Unlike the form of DOS
proposed earlier,4 Eq. ~12! yields the correct asymptotic
forms1,12,13

nSW~v!5A9vco
(d̃f2d)/2 v (d/2)21 ~13!

and

nf r~v!5A9v (d̃f /2)21, ~14!

with A95(1/4p2) $\vp
[12(d̃f /d)] /dp%

d/2, in the magnon (v
!vco) @cf. Eqs.~5! and~13!# and fracton (v@vco) @cf. Eqs.
~6! and ~14!# regimes, and ensures asmoothcrossover be-
tween the two regimes atv5vco . Consequently, the ratio
nf r(vco)/nSW(vco)5a constantindependent11 of vco ~i.e.,
the ratio is noncritical!. To facilitate the computation of mag
netization at finite fields and temperatures, Eq.~12! is cast
into an alternative form

ne f f~v!5~1/4p2! @\/D~p!#d/2 @mp* /M0~p!# v (d/2)21

3S 11
v

vco
D (d̃f2d)/2

~15!

by making use of the relation1,6

D f5d2~bp /np! ~16!

and Eq.~3!. In Eq. ~15!, mp* 5mp @11a (p2pc)
D#.

The magnetizationM (T,H) is calculated by numerically
integrating over the density of states,ne f f(v), Eq. ~15!, and
using the Bose-Einstein function, which accounts for the g
introduced in the spin-wave spectrum by theeffectivefield
0-3
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He f f5H2Hd1HA ~whereHd54pNM andHA are the de-
magnetizing and uniaxial anisotropy fields,14 respectively!:

M ~T,H !5M ~0,H !2gmBE
0

v ne f f~v!dv

e(\v1gmBHe f f)/kBT21
. ~17!

The calculated values ofM (T,H) do not depend on the up
per integration limitv when v .1013 Hz. At any given
value ofH, the agreement between the observed and ca
lated values ofM at different temperaturesT<TC is opti-
mized, at first, by keepingd̃f fixedat values differing by 0.01
in the range 1.2<d̃f<1.4 and varyingM (0,H), D, andvco .
When this exercise yields the optimum values ofd̃f and
M (0,H) asd̃f51.33(3) andM (0,H)5M (3.8 K,H), d̃f and
M (0,H) are kept constant at these values in the subseq
fits. The optimization process reveals that the quality of fi
based on Eq.~17!, improvesconsiderably if the temperatur
dependence of the spin-wave stiffnessD is taken into ac-
count. Out of the relations14

D~T!5D0 ~12D5/2 T5/2! ~18!

and

D~T!5D0 ~12D2 T2!, ~19!

predicted, respectively, by the Heisenberg~localized-
electron! and itinerant-electron models for the thermal ren
malization ofD, Eq. ~18! reproduces theM (T,H) datamore
closely, as is evident from a typical plot of the percenta
deviation of the experimental data from the best lea
squares fits, based on Eqs.~18! and ~19!, shown in Fig. 3.
From the optimum fit~illustrated by the solid curves throug
the data points in Fig. 4!, the parametersD0(p)[D(T
50,p), D5/2, andvco at a given value ofH are determined
for each composition.Irrespectiveof H, the power laws1

D0~p!5dp ~p2pc!
up, ~20!

with pc50.0285(2) @pc850.0686(2)# and up52np@(D f /

d̃f)21#51.45(2) @1.45(3)#, and

vco~p!5vp ~p2pc!
up12np, ~21!

with pc50.0286(2) @pc850.0684(3)# and up12np

53.17(2) @3.17(3)#, describe theD0(p) and vco(p) data
quite well ~Figs. 1 and 5!. At this stage, it is gratifying to
note that different sets of data, i.e.,TC(p), M0(p), D0(p),
andvco(p), all yield thesamevalue for the critical concen
tration pc , within the uncertainty limits, for a given alloy
series. While the quantitiesD0 , dp , up , and up12np are
independentof H, D5/2, vco , andvp decreasewith increas-
ing H for a given composition. That the observed field d
pendence ofvco is closely reproduced by the empirical rel
tion

vco~H !5a @11b e2H/H* # ~22!

is clearly borne out by the optimum fits~solid curves! to the
vco(H) data~open circles!, based on Eq.~22! and displayed
09441
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in Fig. 6. The effect of the field is to suppress spin-wa
excitations and to induce long-range correlations betw
spins. As a result of the reduction in the number of magn
and the increase inj0 with increasingH, D5/2 ~which is a
measure of the strength of magnon-magnon interaction14!
andvco(p,H);D0(p)/@j0(p,H)#2 both diminish.

From the values ofvco at different fields for each com
position, vco at zero field, vco(0), is calculated from Eq.
~22!, using the magnitudes of the coefficientsa and b ob-
tained from the best fit to thevco(H) data based on Eq.~22!;
i.e., vco(0)5a(11b). The vco(0,p) or vco(0,p8) data, so
obtained, obey the power law, Eq.~21!, with the same value
of pc or pc8 as that mentioned above but with the expone
up12np53.23(3) for both alloy series. That Eq.~21! @Eq.
~22!# does indeed describe the concentration@field# depen-
dence of vco(0) @vco(H)# for the alloys in question is
clearly demonstrated by the data presented in figure 5@Fig.
7#. Since the quantity of interest in the theory isvco(0) and
not vco(H), the values of the exponent forvco(0) andup

are used to arrive at the resultnp50.89(3). Moreover, the
relation15 up5sp2bp @wheresp is the conductivity perco-
lation critical exponent, defined as1,3 macroscopic conductiv-
ity S;(p2pc)

sp# and Eq. ~16! yield sp51.86(4) and
D f52.54(3). The estimates for the percolation critica
exponentsbp ,up ,np ,sp , thermal-to-percolation crossove

FIG. 3. Temperature variations of the percentage deviation
the M (T,H55 kOe) data from the optimum fits based on Eq
~17! and ~18! or ~17! and ~19! of the text for the alloy with~a! p
50.0875 in a-(FepNi12p)80B16Si4 series and~b! p850.1375 in
a-(Cop8Ni12p8)80B16Si4 series.
0-4
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FIG. 4. Temperature variations of magnetization at fixed m
netic fields H52.5, 5.0, 7.5, and 10.0 kOe fo
a-(FepNi12p)80B16Si4 alloys. The solid curves through the da
points are the best least-squares fits to theM (T,H) data based on
Eqs.~15!, ~17!, and~18! of the text. The experimental and theore
ical variations of magnetization with temperature aretypical of
those found ina-(Cop8Ni12p8)80B16Si4 alloys as well.

FIG. 5. The lower~upper! panel of the figure displays Fe~Co!
concentrationp(p8) dependence of the crossover frequency (vco)
at different but fixed values of field (H). The straight lines through
the data points represent the optimum fits to thevco(0,p) or
vco(H,p) data based on Eq.~21! of the text.
09441
exponent f, and fractal dimensionD f obtained either
directly or with the aid of exponent equalities conform ve
well with those predicted by the theory.1,3 Such an agree-
ment asserts that quenched randomness does not alte
critical behavior of percolation on a regulard53 lattice.
While the result d̃f 5 1.33(3) vindicates the Alexander
Orbach conjecture,2 the findingsp,2 is consistent with the
Golden inequality.16

-

FIG. 6. Variation of the crossover frequencyvco with field H
for a-(FepNi12p)80B16Si4 alloys. The curves through the data poin
~open circles! are the best least-squares fits based on Eq.~22! of the
text. The experimental and theoretical variations ofvco with field
are typical of those found in thea-(Cop8Ni12p8)80B16Si4 alloys as
well.

FIG. 7. Scaling of the quantity ln$b/@(11b)vco(H)/vco(0)#21%
with reduced fieldH/H* for all the compositions in the amorphou
alloy series (FepNi12p)80B16Si4 and (Cop8Ni12p8)80B16Si4. This
scaling form is based on Eq.~22! of the text.
0-5
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S. N. KAUL AND S. SRINATH PHYSICAL REVIEW B63 094410
vco(0) permits determination of the temperatureTco*
5\vco(0)/kB at which the crossover from the hydrod
namic regime to the critical regime occurs. The locus ofTco*
values for different compositions in a given alloy series
the crossover line~dashed curve! that divides theordered
~ferromagnetic! FM phase into two regions~1! and~2! in the
magnetic phase diagrams shown in Fig. 8. In region~2!,
thermal demagnetization is solely due to hydrodynamic s
waves whereas in region~1! both hydrodynamic and critica
magnons~ferromagnetic fractons! are responsible for the de
cline of spontaneous magnetization with increasing temp
ture. This crossover line occurs at lower temperatures an
in addition to the thermal-to-percolation crossover line~solid
curve!, i.e., the phase boundary between thedisordered
@paramagnetic~PM!# phase andordered~FM! phase.

We conclude the discussion of results with a few rema
about a possible contribution toM (T,H) due tofinite ferro-
magnetic clusters. The only effect of the magnetic fieldH
considered in this work is theincrease in the percolation
correlation lengthj0(p) @and hencedecreasein the cross-
over frequencyvco in Eq. ~15!# and the suppression of spi
waves~thermally excited in theinfinite ferromagnetic cluster
or network! through a gap in the spin-wave spectrum, E
~17!. However, the fieldH is also expected to align the mag
netizations of finite clusters along its own direction a
thereby affect the dependences onT and H of the overall
magnetization. For dilute ferromagnets with composition~p!
in the close proximity to the percolation threshold (pc), finite
ferromagnetic spin clusters with a broad size distribut

FIG. 8. Magnetic phase diagrams for the amorphous alloy se
in question that display the two crossover lines: the thermal
percolation crossover or the paramagnetic~PM! to ferromagnetic
~FM! phase transition, Tc(p), line ~solid curve! and the
hydrodynamic-to-critical spin wave crossover, or the magnon
fracton crossover,Tco* (p), line ~dashed curve! within the FM phase.
09441
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coexist17 with infinite ferromagnetic network. Asp is in-
creased abovepc , the infinite ferromagnetic network grow
at the expense17 of finite ferromagnetic clusters whose num
ber reduces17 rapidly and size distribution narrows down.17

The finite spin clusters interact with one another throu
weak long-range Ruderman-Kittel-Kasuya-Yosida~RKKY !
interactions and at low temperatures freeze in random or
tations so that below a certain temperatureTRE a ~reentrant!
mixedstate is formed in which long-range ferromagnetic o
der ~i.e., infinite ferromagnetic network! coexists17,18 with
cluster spin glass order. Especially for concentrationsp
'pc , TRE is very close to, but below, the Curie temperatu
TC and forT,TRE the finite spin clusters, frozen in random
orientations, give rise to a sizablelocal random anisotropy
~this anisotropy, however, cannot destroy17,18 long-range fer-
romagnetic order in the infinite spin cluster because the c
pling between the infinite cluster and finite clusters is wea!.
Consequently, the external magnetic fieldH has to work
against a large anisotropy field to alter the orientations
finite-cluster magnetizations. In other words, extremely la
magnetic fields are required to saturate magnetization in
romagnets withp'pc . This inference is consistent with ou
observations based on theM -H isotherms taken at 3.8 K
Moreover, very high temperatures (T@TC) are needed to
excite spin waves within the finite ferromagnetic clusters
their local Curie temperatures lie well above thebulk Curie
temperature of the infinite cluster. Thus a significant con
bution toM (T,H) from finite spin clusters is expected on
for dilute ferromagnets withp'pc at high temperatures (T
.TC) where the thermal energy is high enough to set
finite clusters free and excite intracluster spin waves. For
reasons stated above, such a contribution toM (T,H) has
been completely ignored in the present case where Eqs.~15!
and ~17! have been used in the temperature rangeT<TC .

IV. SUMMARY

High-resolution magnetizationM (T,H) data have been
taken on well-characterized amorphous (FepNi12p)80B16Si4
and (Cop8Ni12p8)80B16Si4 alloys with composition (p,p8) in
the vicinity of the percolation threshold for the appearance
the long-range ferromagnetic order. An elaborate data an
sis yields the results that~i! allow an accurate determinatio
of the hydrodynamic-to-critical spin-wave crossover line
the magnetic phase diagram, the percolation-to-ther
crossover exponent, fractal and fracton dimensionalities,
percolation critical exponents for magnetization, spin-wa
stiffness, correlation length, and conductivity,~ii ! clearly
bring out the functional forms, i.e., Eqs.~18! and ~22!, of
D(T) andvco(H), ~iii ! vindicate the Alexander-Orbach con
jecture and the Golden inequality ford53 percolating net-
works, and~iv! permit us to conclude that quenched rando
ness does not alter the critical behavior of percolation o
regulard53 lattice.
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