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ac (“zero-field”) susceptibility of the amorphous ferromagnetic alloys j(¥fig_)goB16Sis (0.0546<p
=<0.1375) and (CoNi;_,1)g0B16Sis (0.1125<p’'=<0.2375) with Fe or Co concentration above the critical
concentrationp, or p; for the onset of long-range ferromagnetic order has been measured to very high
precision in the absence and presence dftitio magnetic field over a wide temperature range embracing the
critical region near the ferromagnetic-paramagnetic phase transition. Elaborate data analyses pacait the
rate determination of theasymptoticcritical exponentsBp, yp, and §p for spontaneous magnetization,
susceptibility and the critical isotherm as well as the leading “correction-to-scaling” exponent for suscepti-
bility (these exponents characterize fhetropic dipolar fixed poin) and hence assert that the asymptotic
critical behavior of amorphous ferromagnets with< p<<0.1 orp/=<p’<0.2 (that exhibit reentrant behavior
at low temperaturgss that of ad= 3 isotropic dipolarferromagnet. The presently determined values for the
exponentsBp, yp, and 6p do satisfy the Widom scaling relatiog+ y= 36 accurately. In addition, the
temperature dependence of thifectivecritical exponent for susceptibility observed in the amorphous ferro-
magnetic alloys wittp<<0.1 orp’ <0.2 for temperatures above the Curie point displays feathagacteristic
of the isotropic dipolar-to-isotropic Heisenberg crossover. A quantitative comparison between theory and
experiment exposes certain limitations of the existing theories. By contrast, such a crossover is not observed
even at reduced temperatures as close to Curie fgiaise=(T—T¢)/Tc=105 in the alloys withp>0.1 or
p’'>0.2, which behave as normal ferromagnets down to 3.8 K. A sharp contrast in the critical behavior of
ferromagnets that either do or do not exhibit reentrant behavior at low temperatures is shown to reflect the
decisive role played by the isotropic dipolar long-range interactions in establishing long-range ferromagnetic
order in dilute magnetic systems exhibiting reentrant behavior.

[. INTRODUCTION exponent for susceptibility as a function of temperature,
veti(€) (Wheree=(T—T¢)/Tc andT is the Curie tempera-
Recognizing that a complete theoretical description of theéure of isotropic dipolar ferromagnetgoes through a deep
thermal critical behavior ofeal d=3 (d is thespacedimen-  minimum (adip) in the crossover region far>0. However,
sionality) ferromagnets demands that long-range dipoletheoretical opinion is divided on the issue of whether or not
dipole interactions are considered in addition to the isotropithe dip in y.¢(€) is a universalfeature ofd=3 isotropic
short-ranggnearest-neighbdiHeisenberg exchange interac- dipolar ferromagnets. The RG theories that make use of ep-
tions, Aharony and Fishtmused the renormalization-group silon expansion® and parquet graphechniques assert that a
(RG) approach to demonstrate that dipolar perturbationpronounced dip iny.¢i(€) in the crossover region is @ni-
make the isotropic short-rang@earest-neighborHeisen-  versalfeature ofd=3 isotropic dipolar systems. On the con-
berg fixed point of RQunstableand give rise to a newtable  trary, the RG calculations employing field-theoretic mefhod
“dipolar” fixed point, whose nature depends on thype reveal that this is true foweak isotropic dipolar systems
(Ising, XY, cubig of anisotropy present. In an isotropit  only and that the occurrence of such a minimumyin(e)
=3, n=3 (n is the spin dimensionali}yspin systemisotro-  in systems withstrong dipolar interactions depends sensi-
pic dipolar fixed point is characterized by critical exponentstively on the initial value ‘U;” of the dimensionless renor-
whose values differ only slightly? (by less than 0.5%from  malized coupling constantu,” which essentially controls
those associated witth=3 pure isotropic Heisenberg ferro- the flow of RG trajectories. To elucidate the latter point fur-
magnet. Subsequent RG treatméritof ferromagnets with  ther, when dipolar interactions amgrong three distinctly
both short-range exchange and long-range dipolar interadifferent cases arise depending upon the value; of(l) for
tions revealed that despite the fact that éisgmptoticcritical u;=1/2 (the value corresponding to the Heisenberg fixed
behavior of an isotropic dipolar ferromagnets is practicallypoint), the dip iny.¢:(€), characteristicof d=3 weak dipo-
indistinguishable from that of d=3 ferromagnet with iso- lar systems, isetained (Il) for u;>1/2, vy starts with the
tropic short-range Heisenberg exchange interactions onlyd=3 isotropic dipolar value aé=0, goes through a mini-
their behavior in the intermediatrossoverregion displays mum at e=e€,,;, and rises steeply to surpass tle=3
certain striking features. Most notably, tle#fectivecritical Heisenberg value foe> €,i,, and(lll) for u;<1/2, d=3
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Heisenberg fixed point is either partially or completely Il. THEORETICAL CONSIDERATIONS
wiped out (depending upon the value af) and a direct
crossover from isotropic dipolar fixed point @aussianre-
gime occurs.

Existing magnetic susceptibility(T) datd ! on the
thermal critical behavior of well-knowd=3 dipolar ferro-
magnets EuO and EusS fail to resolve this issue, as is evide
from the following remarks. The neutron-scattering data
(which yield y=1.39, in agreement with the theoretical
estimaté? for either a pured=3 Heisenberg or a purd x=Te.™X(y), 1)
=3 isotropic dipolar systejrdo not facilitate an unambigu-
ous comparison with the theoretical predictions due to thavhere I' is a nonuniversal constant, e4=[T
uncertainty introduced by the extrapolation methéathich ~ —Tc(0)1/T¢(0), Tc(0)=Tc(g=0) is the transition tem-
assumes the Ornstein-Zernike form for the correlation funcperature, andyy is the susceptibility critical exponent of
tion) used to obtain zero wave-vecton+0) static suscep- pure (@=0) isotropic short-range Heisenberd=3, n=3)
tibility from g-dependent susceptibility measured in such exspin system,y=x/xg, ng/e,‘ﬁ, XgEg/eg, €,=[Tc(9)
periments. On the other hand, although static susceptibility;- Tc(0)]/Tc(0) is the shift in the transition temperature
when measured directly, does not suffer from this drawbackgaused by long-range isotropic dipolar interactiopss the
such measuremefita* have persistently yielded as low val- crossover exponent which, in the case under consideration,
ues of the critical exponeny as y=1.29 foP ' EuO and equal$ y,,, andX(y) is the crossover scaling function. The
y=1.06+0.05 for! EuS. Considering that the static suscep-asymptotic critical behavior is determined by the singularity
tibility measuremenfs™! cover temperature ranges that fall in X(y) occurring aty=1 (or equivalently, ate=[T
within the crossover regiofhence none of them unravels the —T(g)]/Tc(g) =0):
true asymptotic critical behaviprit has been arguéd that
the reportef®y values for EuO correspond to the value of X(y=1)~(1-y) 0, 2

Vet Al €= €y (i.€., yerr=1.28) predictetiby the theory. I \yhere 4, is the susceptibility critical exponent arif
completg d!sag_;gtoeement with this interpretation, a reanafysis =T.(g) is the true transition temperature of isotropic dipo-
of the eX|st.|n§ x(T) _data on EuO that takgs into account |5, ferromagnet. According to Eqél) and(2), dipole-dipole

the corrections to scaling yielded values-pkimilar to the  jnteractions are expected to manifest themselves in the vicin-
one theoretically expected for a pulle= 3 isotropic Heisen- ity of a crossover temperature.,=g"¢ such that fore
berg ferromagnet. Moreover, the mean—ﬁeld—lll_«_:: vahaed y > e, the spin system behaves apare d=3, n=3 system

in EuS has found no explanation so far. Additional compli-\ynereas fore< e, the asymptotic critical behavior is that of
cations arise from the theoretical prediction that the cubic; -3 isotropic dipolar ferromagnet. A detailed RG
anisotropy prevalent in EuQ and EdSstabllze%tP:)% ISOtro- cajculatiort” of the crossover scaling function yields the fi-
pic dipolar fixed point and results in a crossovéo the 5 expression for susceptibility and #fectivecritical ex-

cubic_;-d_ipolar fixed_ point asT—>'I_'C. Thus the t_heo_retical ponent, defined &8 yo(e)=d[In x~1(€)1/(In €), as
prediction concerning the behavior @t 3 isotropic dipolar

ferromagnets in the crossover region still await experimental —Tym/(1—y) " 3

confirmation and the existence ofstableisotropic dipolar xy)=ly (1=y) 7°p(y) @

fixed point in such systems has not been experimentalland

demonstrated so far. y Yo' (y)
Detailed investigations of the thermal critical behavior of =(1—yVe + ( )+ ( ”

amorphous §—)Fe,Nigo_ M (M stands for the metalloids YerlY) ==Y vt d 7o 1-y ¢ ply) ||’

alloys with concentrationt well abovethe critical concentra- (4)

tipn X. for the onset of IL%Q%range ferromagnetic_ order_pre-where p(y) is the “correction-to-scaling” function and
viously undertaken by revealed thatwveak isotropic y*1’¢—1=E=[(1+eg)/eg]e. The explicit forms ofp(y)

long-range dipole-dipole interactio®existwith relatively and itsy derivativep’ (y) are given in Ref. 4. Equation@)

strong isotropic "Heisenberg-like” exchange interactions in and(4) are valid across the entire crossover region and yield

these systems. In view of this findingeakisotropic “short- o .
range” exchange and weak isotropic dipolar interactionsthe valuesyp andy, for the susceptibility exponentin the

both are expected to be present in amorphous ferromagnefﬁ?}tmp"_'c ilonngb-r?ngtj f'ﬁ%ﬁr yﬁ:lr) sn;j irI]S&trOpIC rr?htortt|
alloys with x just above . Hence such systems are ideally ange Heisenberg/<1) S. Vioreover, € asymptotic

suited for rigorously testing the theoretical predictions. ThaC/tical regime (O<e<eco) y=1, the functionp(y) in Egs.

this is indeed the case is amply demonstrated in this pape".g) and(4) can be expanded to obtan

Before embarking upon a detailed data analysis, a brief
account of the theoretical considerations that form the basis
for such an analysis is given below. According to the general
theory**1718 of crossover, “zero-field” susceptibility of a
d=3 isotropic short-range Heisenberg ferromagnet with
Q\tleakisotropic dipolar interactions of normalized strength
for temperatures close to criticality, behaved‘as

The rgsults reported here assert that the asymptotic critical x(e)=A, ™ [1+a, o], (5)
behavior of amorphous ferromagnets witk X, is that of a

df3 isotropic dipolar ferromagne?, prov!de a.concluswe Yeri(€)=yp—a, Ap €to, (6)
evidence for the occurrence of isotropic Heisenberg-to-

isotropic dipolar crossover as the temperature is lowered to- aXzo.OQQEg_AD, 7

wards Tc and expose certain inadequacies of the existing
theories. and
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€,=0.34%, (8)

wherea, and Ap are theleading “correction-to-scaling”
amplitude and exponent, respectively, anis the reduced
temperatures at which the inverse initial intrinsic) suscep-
tibility x ! equals4r.

Ill. EXPERIMENTAL DETAILS

Amorphous  @—)(Fe,Ni;_,)gB16Sls  (p=0.0540,
0.0875, 0.1125, 0.1375and (Cq/Niy_,/)goB16Sis (P’
=0.1125, 0.1375, 0.237%lloys were prepared in the form
of long ribbons of cross section 0.82mn¥ by the single-

roller melt-quenching technique under high-purity >

(99.999% argon atmosphere using 99.99899.98% pure

Fe, Co, Ni,(B, Si) as starting materials. Amorphous nature
of the ribbons so produced was first verified by x-ray-
diffraction method and later confirmed by high-resolution
scanning electron microscopic examination which revealed
no crystalline regions. Actual concentrations of Fe, Co, Ni in
the alloys in question were determined by the inductively
coupled plasma method and optical emission spectroscopy
and found to agree with the nominal ongs ¢r p’ given
above to within =0.0007. More details about sample prepa-
ration and characterization have been furnished in our earlier
report$3~*°on similar alloy systems.

High-resolution(relative accuracy better than 10 ppat
susceptibility fvey) measurements were performed on 30-
mm-long alloy ribbons in the absence and presence of dc
(stati magnetic fieldsH, at various® fixed frequencies
(18.7=v=<870 Hz) and rms amplitudes &H,
=300 mOe) of ac driving fieldH ... Considerations such as
optimum signal-to-noise ratio anlihear response toH .
whenHy.=0 (i.e., xext iS iNdependendf the magnitude of
H.c. which in the present case is true tdg. <25 mOe) at
a given temperature restrict the choicetdf. and v to 10
mOe and 87 Hz, respectively. Both,. and H4. were ap-
plied along the length within the ribbon plane so as to mini-
mize the demagnetizing effects. Zero-field . = 0) ac sus-
ceptibility was measured after compensating for the Earth’s
magnetic field. Each data set was taken in*fvans. In the
first run, ey Measurements were carried out at fixgd
within =5 mK) temperatures, 0.1 K apart, over a wide -
temperature range embracing the critical region near the fer-
romagnetid FM)-paramagneti¢PM) phase transition antl:
was roughly identified with the temperature at which the
peak occurs inex(T). In the second runye,(T) was mea-
sured in steps o&=25 mK in the range—0.05se=(T
—T¢c)/Tc=0.05. Sharp cusps in the real part of the mea-
sured zero-field ac susceptibilityq,(T), at T=T¢ (Fig. 1)
and transition widthgdefined as the interval bounded by the
temperatures corresponding to tfiéopkinson “peak” and
“knee” in x¢(T) curve <1 K are indicative of very good
chemical homogeneity of the samples. The Hopsinkon peak
is a result of competing claims made by the critical order
parameter fluctuations, which tend to diverge the susceptibil-
ity at Tc, and the formation of magnetic domains for tem-
peratures just below, which restricts the spin-spin corre-

lation length to the size of domains and hence prevents the FIG. 1. Real component of zero-field ac susceptibility as a func-
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susceptibility from diverging. By comparison, the tempera-tion of temperature for amorphous (JRé;_,)goB16Sis and
ture at which the knee occurs i, (T) curve marks roughly  (Co, Ni;_ ) goB16Sis alloys.
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the temperature beyond which the critical fluctuations of the 0.00 0.02 0.04 0.06 0.08 0.10
order parameter become less important. T T T T T 15

25 (Felel-p)SOBlﬁsl4
o p=0.0540
Previous studff of magnetic phase diagrams for the o p=0.0875
amorphous alloy systems in question revealed thathe x p=0.1125 L
critical concentrations for the onset of long-range 20F & p=01375
ferromagnetic order ina—(FeNi;_p)gB1eSla and a

—(CoyNiy_r)goB16Sis alloys arep, = 0.028%5) and p, L ]
=0.06885), respectively, andii) the alloys with composi-

tion in the range p.<p=<0.1 or p,<p’'=<0.2 exhibit - 15
reentrar® behavior at temperatures well below the Curie 'sQ
temperature whereas the alloys with»0.1 orp’>0.2 be-

have as normal ferromagnets for temperatures down to 1.€

K. The present results have to be viewed against this back- 10k
ground. 45

IV. DATA ANALYSIS AND RESULTS

10

A. Zero-field susceptibility

The intrinsic (volume susceptibility x(T) is obtained 5
from the real part of the measured zero-field ac susceptibility
XexdT) (Fig. 1) using the relation

X HT)=fekT)—4mN, © 0 . . . 10
where N is the demagnetizing factor. Since in the present 0.00 0.0 0.10 0.15 0.20
caseN (=5x10%) is negligibly small,y *(T) essentially
equalsj(gxlt(T). The x%(T) data for different compositions, €
obtained by correctingy 1e,(T) for demagnetization, are
displayed in Fig. 2 and analyzed in terms of the single power 000 001 002 0.03 0.04

law, 40 15
x HT)=Agpre™!, >0, (10

(Co,Ni, ),B,Si

801674
. ) . 1316 ] o p'=01125
with th.e aid of range-of-flt analysis: In t.hIS type of o p'=0.1375
analysis, changes in the values of free fitting parameters A 5202375
[e.9.,Actf, Tc andyessin Eq.(10)] and the sum of deviation 30k p=5
squares are monitored as the fit rargg,=< €< e,y IS var-
ied by keepingeni, fixed at its lowest valugwhich in the
present case iss 10 °) and progressively raisingy,,, from
a value not too far above,,, to the upper limit of the
temperature range covered in the experiment. The range-of—~
fit analysist®*~*®based on Eq10), is performed in two steps. =20
In the first step,T¢ is accurately determined from the
x~X(T) data spanning temperatures in the immediate vicin-
ity of T¢ by varying all the three parametefg;, T, and
vetf- IN the second steplc is kept constant at the value
obtained in step one and the temperature dependence c 10
veif, depicted in Fig. 3, is arrived at by optimizing the val-
ues of Agss and vy in different temperature ranges. The
salient features of the.¢1(€) data, presented in Fig. 3, are as
follows. For the alloys that exhibieentrantbehavior at low
temperatures(l) adip in yqss Occurs atep,;, and ey, shifts
rapidly towardse=0 as the Fe or Co concentrations in- 0 ' .
creases(ll) irrespectiveof the alloy composition;y.¢; has
the valueylif'=1.280(2) atemin, and(lll) ye¢; assumes the 0.00 0.05 0.10 0.15
valuesyp=1.40 andyqi(e** )= y,=1.38 fore=0 ande
> €emin, respectively. By contrast, no such dip jR;¢(€) is £
observed at any temperature abdvefor the alloys withp
>0.1 or p’>0.2, which behave asormal ferromagnets FIG. 2. Inverse intrinsic susceptibility versus reduced tempera-
down to the lowest temperature; instedd)(ye(; possesses ture. Arrows indicate the relevant ordinate and abscissa scales.

110
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thed= 3 isotropic Heisenberg value of 1.38% for tempera-
0.00 0.02 0.04 0.06 0.08 0,15) tures in the close proximity tac (e<e*), (I1") for €
2.40| FeNi LB ' [ T 6 >€e*, vei INnCreases steeply to go throughpaakat €.y,
. . pp:oBf)ul;SA I Dndﬂu_ 24 and (11") the peak valuey®;; reduces drastically while*
and e,,,4 get displaced toward$: asp (or p’) increases.

2.20 ¢ p=0.1375 | & o )
. 12.2 Now that the compositionp=0.0875 is close to the
boundary® between reentrant and ferromagnetic phases in
2.00 12.0 the magnetic phase diagram of the- (Fe,Ni;_)goB16Sis
1.80 118 alloy series,vqti(€) exhibits adip as well as apeak (not
. ’ shown in Fig. 3 for this alloy.
11.6 With a view to ascertain the asymptotic critical behavior
" 1.60 of zero-field susceptibilityy(T) data have been analyzed in
P:a J@jﬁﬁﬁﬂ“ 11.4 terms of the single power law, i.e., E.0), and the expres-
LAQ oo sion, Eq.(5), that includes the leading correction-to-scaling
1.38E term, using the range-of-fit analysis. Such an exercise reveals

3 that in a narrow temperature range= T (Table )), Eq. (5)

1.36 & describes thg/(T) datafar betterthan Eq.(10) in the case of

1.34 amorphous reentrantp{<p=<0.1 orp,<p’=0.2) whereas
’ the reverse is true for the amorphous ferromagnets with

1.32 (a) >0.1 orp’>0.2. The values for thasymptoticcritical ex-
’a" ponentyp (or yy), correction-to-scaling amplituda, and
1.30} § correction-to-scaling exponenty , that characterize thiso-
LV o p=00540 tropic dipolar (or isotropic Heisenbejdixed point, obtained
1.28 & p=0.0875 in this way and listed in Table I, are cross checked by least-
0.00 0 65 0 '10 0.15 0.20 squares fitting Eq(6) to the y.¢1(€) data in the temperature
: ) ) ) ) ranges specified in Table I. The continuous curves and
e straight Iir_les 'Fhroug_h thg*(e_) and yeff(eA_D_) data points,
symbols, in Fig. 4Fig. 5 testify to the validity of Eqs(5)
0.00 0.01 002 003 0.04 and (6), respectively[Eq. (10) with y.¢= y4], and to the
- - - - 2.0 accuracy of the presently determined valueygfyy),Ap,
(Co,Ni, B (Si, anda, displayed in Table I.
o p=0.1125 11.9
s 3':8'21337755 11.8 B. In-field susceptibility
Figure 6 serves to illustrate the effect of the static biasing
11.7 field Hy. (=<14.5 Oe) on the temperature variation (af
{1.6 susceptibility. AsHy. grows in strength, the Hopkinson
* peak, evident in the zero-field susceptibiliiig. 1), progres-
£ & 1.5 sively broadens, gets suppressed, and shiftlower tem-
‘ peratures, revealing, in the process, a secondary maximum in
1.40t [ 114 (T) atT~T.. The data presented in Fig. 7 and 8 highlight

thetypical static field dependence of such secondary maxima
observed in amorphous reentrants and normal ferromagnets,
respectively. In both the cases, the secondary peak reduces in

e height (v,,) and its position T,,) gets displaced tdigher

1.34 temperatures ad 4 increases. It is widely acceptéd®that

& such peaks are eharacteristic signaturef critical fluctua-
o~ 1.32 tions of the order parameter that drive tfeecond-order

magnetic phase transition @t since the field and tempera-
ture dependences of these peaks are consistent with the static

(b)

1.28¢ s scaling description of such a transition.
' ' ; Magnetic behavior near the ferromagneti-M)-
0.00 0.04 0.08 0.12 paramagneti¢PM) phase transition is described by the scal-
e ing equation of staté?6:27
FIG. 3. Temperature variation of the effective critical exponent m(h,t)=tPF(h/t*?), (11)

for susceptibility yets. €min,€max.€*, ande** mark, respectively, ) ) o

the temperatures corresponding to the minimum, maximum, crossvhere the(unknown scaling functionF is different for tem-
over, and limiting values oy at high temperatures in a given Peratures below and abovi., t=(T—T¢)/T¢ stands for
verf(€) curve. Note the change in the sensitivity of the ordinateboth e ande=e€p, his Hy. corrected for demagnetization,
scale ate** =0.08 for they,(€) data(open squargf the alloy  h andt are the conventional linear relevant scaling fieils,
with p=0.0875 in the series (i _p)goB16Sis. the critical exponentg,y, and 8, for spontaneous magneti-
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TABLE |. Comparison between experiment and theory. Abbrevations=Iotropic dipolar, IH= isotropic Heisenbergp and p’
denote the Fe and Co concentrations in the amorphous alloy aefiBe,Ni; _ ;) gB16Sis anda— (Coy/Niy 1) goB16Sis While D (H) in the
subscript/superscript refer to the quantities relevant to the isotropic difistaropic Heisenbengfixed point.

Experiment/alloy composition RG theory
Parameters p p’ d=3 d=3
0.0540 0.0875 0.1125 0.1375 0.1125 0.1375 02375 2D [IHP
Te(9)=TR2(K) 38.7385) 96.04@5) 39.6785) 67.5985)
YD 1.3972) 1.3962) 1.3962) 1.3962) 1.372
a, 0.901) 0.831) 0.531) 0.761)
Ap 0.535) 0.545) 0.545) 0.555) 0.425
Fit range for
above parameters
(1079 4.1-275 0.52-28.2 6.3-223 0.59-89.4
€min 0.0502)  0.0141) 0.0531)  0.0412)
yoin 1.2811)  1.2811) 1.2801)  1.28Q1) 1.28
5920.349'5 0.054 0.018 0.047 0.024
To(0)= Ii_(Z(K) 36.751)  94.381) 37.901)  66.001)
Y= Yerf(€**) 1.382 1.390 1.388 1.384
Bo 0.3644) 0.3664) 0.3644) 0.3673) 0.381
Sp 4.823) 4.823) 4.833) 4.803) 4.45
Bo+ vo 1.76Q3) 1.7622) 1.7592) 1.7643) 1.753
Bpdp 1.75430) 1.76430) 1.75830) 1.76125) 1.700
TR(K) 142.38@5) 187.95@5) 195.6905)
Br 0.3646) 0.3666) 0.3655) 0.3653)
YH 1.3862) 1.3852) 1.3872) 1.3864)
Fit range foryy
(1074 0.63-106 0.63-79.5 0.2-81.9
on 4.794) 4.81(4) 4.81(2) 4.804)°
Bu+ v 1.7504) 1.7526) 1.7515)
By 1.74440)  1.76Q40) 1.75535)

8References 2 and 4.
bReference 28.
“Value obtained through the scaling relatién= 1+ (y/3).

zation m(0,t), zero-field susceptibilityy(0t), and critical
m-—h isothermm(h,0), that characterize the FM-PM phase
transition, are defined as(0,t)~tA(t<0), x(0t)~t (t
>0), andm(h,0)~h*°(t=0). Equation(11) permits deter-
mination of in-field susceptibility(h,t) as follows:

x(h,t)=0m/oh=hI)=1G(h/tF"7), (12)

whereG(x) =x"#*"E(x) andF(x)=dF/sh. In arriving at

The t,(h) and x(h,t,,) data,characteristicof amorphous
reentrantge.g., the alloy withp=0.0875) and ferromagnets
(e.g., the alloy withp’=0.2375) investigated in this work,
displayed in Fig. 9, demonstrate the validity of EGk3) and
(14). The values of the critical exponengst y (hence ofB

as y has already been accurately determined from the zero-
field susceptibility data taken in the asymptotic critical re-
gion) and & obtained in this way are listed in Table I. In
sharp contrast with the customary approach of estimating

Eq. (12), use has been made of the Widom scaling equalityritical exponents3 and y from spontaneous magnetization

B+vy=pB5. A maximum in susceptibility, measured in a
fixedvalue ofh (so that the prefactdr*’°~! is constantas a
function of temperature, occurs whely/dt=0, which im-
plies thatG does not depend onhatt=t,,=(T,,—Tc)/T¢.
This condition is satisfied ih/t#*”=const. It immediately
follows that the peak positioty, and peak height,, depend
onh as

tp~hYE+ (13

and

Xm(h,tm) ~hE =L, (14)

(for T<Te) and zero-field susceptibilityfor T>T.) data
obtained througtextrapolationto zero field of the magneti-
zation data taken ifinite fields, the present method of deter-
mining these exponents completely avoids such extrapola-
tions and hence uncertaintiésnherent in them.

V. DISCUSSION

Table | compares the presently determined values of the
asymptotic critical exponents as well as the leading
correction-to-scaling amplitude and exponent with those pre-
dicted by the RG theorié$1828 for pure d=3,n=3 spin
systems with or without isotropic dipolar long-range interac-
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SA FIG. 5. Temperature dependence of! in the critical region

(e<e*) for the alloys withp=0.1125, 0.1375 ang@’=0.2375 in

FIG. 4. Temperature variations of ! and y.; in the  the series (RgNiy_p)goB16Siy and (Cq/Nij_p,1)g0B16Sis that be-
asymptotic critical region of the ferromagnetic-paramagnetic phaséave as normal ferromagnets down to the lowest temperature. The
transition for the alloys with p=0.0540, 0.0875, andp’ curves through they (€) data points represent the best least-
=0.1125, 0.1375 in the series (fNi;_p)gB1eSk and  squares fits based on EQ0) of the text.
(Coy/Niy_ 1) g0B16Sis that exhibit reentrant behavior at low tem-
peratures. The continuous curves and straight lines through theange Heisenberg exchange and isotropic long-range dipolar
X ~'(€) and ye((€*°) data points depict the best least-squares fitsinteractions, a detailed quantitative comparison between the
based on Eq45) and(6) of the text. experiment and theory is attempted below.

. . Having determined, (the shift in the transition tempera-
tions. From a perfect agreement between the experlmentﬁlJr

. o e caused by long-range isotropic dipolar interactions
and theoretical values of the critical exponefits, vy, and - .
54, we infer that the critical behavior of the alloys with o™ Ed-(8), and therebye=(1+ €g)/(€/g), ey is plotted
=0.1125, 0.1375, anf’ =0.2375(which behave asormal ~ @gainst logge in Fig. 10 for the alloys exhibiting reentrant
ferromagnetsdown to the lowest temperatyrés that of a behgvior and the observec_i variat_ion is compared with that
d=3 isotropic HeisenbergIH) ferromagnet. Apeak in ~ Predicted by the RG theories, which make use of two-loop
verf(€) (Fig. 3 concomitant withd=3 Heisenberg-like matching technigueé (continuous curveor field-theoretic
critical behavior is a feature that these alloys share with a{_nethot‘? (dashed Cur_"?@)- The more accurafe RG calcula-
host of otherdisordered d=3, n=3 spin system&3-1521-23 juon.of the two, leading to Eq4) and the contlnuous.curve
This featurecharacteristicof such systems, has been gener-in Fig. 10, yields thesamevalue for ygti' as the experimen-
ally attributed to theinterplay*>~>222*petween the length tally determined on¢Table ) and the variation ofy.¢; with
scales describing thifinite d=3 ferromagnetidFM) ma- e that is in better agreement with the obsergeg( ). How-
trix or network andfinite FM spin clusters within the frame- ever, even this RG theoty predicts a muctbroadercross-
work of the model originally proposed by Kafil.In sharp  over region andower values for the susceptibility critical
contrast with the temperature dependencggf observed in  exponentsyp andy, , as is evident from Table I. The entries
normal ferromagnets with quenched disorder, the(€) in in this table also reveal that theomposition independent
the alloys withp=0.054, 0.0875 ang’=0.1125, 0.1375 and hence universal, magnitudes of the critical exponents
(that enter into theeentrantstate at temperatures well below Bp=0.3655), yp=1.397(3) [or y4=1.386(4), &p
the Curie pointexhibits a pronouncedip at €,;, and attains =4.825), and theleading correction-to-scaling exponent
different limiting values ag—0 ande(> €,;,) — €** (Fig.  Ap=0.54(6)[characterizing the IDor IH) fixed poini], ob-
3). In order to ascertain whether or not the observed variatiomained in this work, substantially differ from the correspond-
of y.¢s With € for the amorphous reentrants is the experimening theoretical estimates! Similar discrepancy is found be-
tal signature of the isotropic short-range Heisenl@r to  tween the experimental values of the leading correction-to-
isotropic dipolar(ID) crossover, which the RG theorfé®®  scaling amplitudea, and those calculated using E¢g) and
predict for ad=3 ferromagnet with both isotropic short- (8) (see Table)l Such a disparity exposes the inherent limi-
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FIG. 6. ac susceptibility as a
function of temperature for tha
10 — (Fe&yNiy_p)goB16Si, alloy Wit_h
p=0.1125 measured at various
fixed static biasing field H o)
values. The data presented in this
_5 figure demonstrate the suppres-
sion and broadening of the Hop-
kinson peak observefFig. 1(a)]
in zero-field susceptibility, as well
O as the emergence, evolution and
shifting to higher temperatures of
the critical peak aT ~ T with in-
creasingH 4 -

00000 50 00 NS e
1

E
|

W R

120 140 160
T (K)

% 100

tation of the epsilon expansion method to yield accurate nuent initial valuesu; of the dimensionless renormalized cou-
merical estimates for the quantities just mentioned. Notwithpling constant (i.e., the three cases mentioned in the
standing this numerical disagreement, there seems to h@troduction, demonstrate that the observegd;(e) corre-
some internal consistency between the theoretical predictiorgponds to the case($ee Sec. | for the details of this case
and eXperimental observations when it comes to the relative Several important observationS, which have a direct bear-
magnitudes of thesymptoticcritical exponents of pure iso- ing on the discussion of present results, have been made by
tropic Heisenberg ferromagnepy,y4,dy, andAy) and s previously on amorphous alloys same as, or similar to, the

those Bp , yp,6p, andAp) of d=3, n=3 spin system with yresent ones. These includ@: Fe or Co atoms are the only
isotropic dipolar interactions, as elucidated below. The RGy,oment bearing atoms; Ni atoms do Hotarry magnetic

calculations, due to Bruce and Ahardryjeld the result that moment,(ii) Curie temperature increases at a much sté@per
I D= B op= i while thg critical exponentyp and the 40 \yith p or p’ than spontaneous magnetization &t
eading correction-to-scaling exponedip, are roughly 0.5 _ 5 0 andiii ) only a small fractiof®**?3of the total
and 20%higherthany, andAy, respectively. The presently . - .

; o number of magnetic moments actually participates in the fer-
determined values for the quantitigh, ,yp,dp, andAp, . . g
when compared with the most accurate theoretica[omagn(_ayc(FM)-paramagnetlc(PM) phase transmon_ for
estimate® of B, =0.3643), yy=1.3864), 5y=4.804), compositions not tcao far. above. the critical concentration and
and A,=0.552), corroborate the above relationship be- 8P~ Pec (Or p’—pc), this fraction reduces further at a rate
tween the critical exponents characterizing the isotropic diNuch faster than a simple magnetic dilution would suggest.
polar and isotropic Heisenberg fixed points. Since the magnetic dipole-dipole interaction energy is pro-

Above comparison between theory and experiment assergortional to the magnetic moment squared andreflects

that amorphous ferromagnets with composition just abov&ssentially the strength of exchange interactions, the obser-
the percolation threshold behave ad-a3 isotropic dipolar ~vations (i) and (i) indicate that with increasing Fe or Co
ferromagnet in the asymptotic critical region and exhibit iso-concentration, isotropic short-range exchange interactions
tropic dipolar(ID) to isotropic Heisenberg crossover as thegrow in strength more rapidly than isotropic dipolar interac-
temperature is raised above the critical temperature of the Ilions. This inference is consistent with our finding that the
fixed point. Moreover, the results presented in Fig. 10, wherHopkinson peak X2,,) in the measured ac susceptibility is
compared with the variations of.¢; with € predicted by the almost completely suppressed by a dc magnetic fielg.
field-theoretic treatmefiof d=3 isotropic Heisenberg ferro- as low as the Earth’s magnetic fielec0.3 Oe) particularly
magnet withstrongisotropic dipolar interactions for differ- for the alloy with composition just above the percolation
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FIG. 7. Typical temperature
10.8 variation of ac susceptibility for
05 i the amorphous ferromagnet that

exhibitsreentrant behavior at low
temperatures observed at a few
representativdixed static biasing
field (Hy.) values, highlighting
the suppression, and shifting to
higher temperatures, of the critical
peak at T~T. with increasing
HdC'
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threshold and the sensitivity af?,, to Hg. reduces as the Fe range (direct, nearest-neighborHeisenberg interactions.
(or Co concentration increases. Since the parametgris Lowering temperature belowl'c results in progressive
the ratio of isotropic dipolar energy to isotropic exchangefreezinél of finite spin clusters in random orientations and
energy,g quickly drops in magnitude as or p’ increases. in ordering spindetterin the infinite FM network as the spin
Consequently, a precipitous fall in the ID-to-IH crossovermisalignment due to thermal energy reduces. At low tem-
temperatures.,~g¥” occurs ap (or p’) progressively ex- peratures, a reentrant state is formed in which nearly perfect
ceedsp, (or p.) so much so that.,<10 ° for the alloys ferromagnetic long-range order coexists with cluster spin
with p>0.1 orp’>0.2. Hence the present experiments fail Olass order. Thus, even though infinite ferromagnetic net-
to detect this crossover in the compositions 0.1125, p work coexists with finite spin cIusFers in both ferromagnetic
=0.1375, anch’ =0.2375(Fig. 3 and instead the =3 iso- and reentrant states, ferromagnetic state pogslmges en-
tropic Heisenberg critical behavior is observed in the temiToPy. The present results therefore help in resolving the
perature range 1I0=<e<e* (Fig. 3. long-standing reentra_mt spin-glass paraddsy explaining

As detailed elsewheré-15233%he infinited=3 FM net- why the ferromagnetic state has larger entropy than the re-
work plus finite FM spin clusters modéthe so-called K  €ntrant spin-glass state.
modef®) provides a straightforward explanation for the ob-
servation (iii) mentioned above. Direct consequence of a
rapid depletion of spins in the infinite FM network @s
—p, (or p’—p() is that the probability for the existence of ~ We report the results of extensive ac susceptibility mea-
the nearest-neighb@NN) moment pairs is extremely small surements performed on well-characterized amorphous
and the average intermoment spacing is much larger than tHgeg,Ni; ) goB16Sis (p=0.0540,0.0875,0.1125,0.1375) and
NN distance. At such distances and for temperatufes (Co,/Nij_p)goB16Sis (p'=0.1125,0.1375,0.2375) alloys at
<T¢, long-rangeisotropic dipolar interactions provide a the ac driving field of rms amplitudd ,.=10 mOe and fre-
more effective mechanism for ordering spins thstmort-  quencyr=87 Hz in the presence and absence of superposed

VI. SUMMARY AND CONCLUSION
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FIG. 8. Typical temperature
variation of ac susceptibility for
the amorphous ferromagnet that
does notexhibit reentrant behav-
ior at low temperatures observed
at a few representativiexed static
biasing field Hy.) values, high-
lighting the suppression, and shift-
ing to higher temperatures, of the
critical peak atT~Tc with in-
creasingH 4 .
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dc fields over a wide temperature range embracing the crititFig. 4), goes through a deeminimum at €, in the
cal region near the ferromagnetiEM)-paramagneti¢PM)  crossover region and approaches tlie=3 isotropic
phase transition. In the present experiments, unprecedentgfbisenberg(IH) value at temperatures** well above
(relative accuracy in the megsurement of suscepti_b_ility hasrc(6> €min) for the amorphous (Fli;_p)gB16Sis and
been_ achleved_sp_ that the field dgpendence chﬂrte:al (Coy/Ni;— ) ggB16Sis alloys with composition in the range
peakin susceptibility could be studied even at fields as low .=p=0.1 orp.=p’=0.2 (Figs. 3 and 1pthat exhibitre-
" X =p=0. c=p’'=0. .
als 0.1 t())eﬂ?nd tZe Cg"c?" p0|dr1tc Za? been ?ppro_atzped entrant behavioat low temperaturesl(<T). Scaling equa-
closer by three decadesin reduced temperature=( tion of state analysis, based on Eq$3) and (14), of the

~Tc)/Tc than in previous investigatiofison similar amor- “in-field” susceptibility x(h,t) data on these systems yields
phous alloy systems. Closer approacf g ability to detect h | for th toticeritical : 45
the critical peak in susceptibility even at very low fields and ' 'c V& ues Tor the@symptoticcritical éxponen $p and dp
higher accuracy in zero-field ac susceptibility measurementﬁr spontanequs magnetlzatlon and cr|t|ca{_—h _|S_otherm
combined with an elaborate data analysis have made it podat are consistent with the value asymptoticcritical ex-
sible to arrive at the true values of thssymptoticcritical ~ Ponent for susceptibility, deduced from the zero-field sus-
exponentsg,y, and & for spontaneous magnetization, sus- ceptibility data in that the presently determined values of the
ceptibility, and criticalM —H isotherm, respectively. exponentsBp, yp, andép satisfy the Widom scaling rela-
Consistent with the theoretically predicteft'® behavior —tion S+ y= B4 accurately. Now that the exponems , vp,
of ad=3 ferromagnet with both isotropic Heisenbeiigl)  and ép characterize thésotropic dipolar (ID) fixed point,
short-range exchange and isotropic dipdldd) long-range  above observations assert that the asymptotic critical behav-
interactions effectivecritical exponent for zero-field suscep- ior of amorphous reentrant ferromagnets witiz 0.1 or p’
tibility y.¢(€) obeys Eq(6) in the asymptotic critical region =<0.2 is that of ad=3 isotropic dipolar ferromagnet. The
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= <
=
{-5 — 1.38 A
=
—’
1-6 <F 1.36
| S—)
= 5
{7 > 1.34
3l |8 1.32
= 2r 1.30
*-LE 1t
= 1.28
E O - 1 1 1
K 2 -1 0 1 2
= -1r 1 A
o[+ =0 0g,¢
& p'=02375
3 . . . . FIG. 10. Comparison of the experimentally observed variation
) -3 -2 1 0 1 2 3 of yets With Iogmé for the amorphous ferromagnetic alloys that
exhibit reentrant behavior at low temperatures with that predicted
]Il h by the renormalization-group theories: continuous cuiRef. 4

and dashed curviRefs. 6 and 2P

FIG. 9. (a) The reduced peak temperatupgversus the internal deviation f h . int di din th
field h on a double logarithmic plot. The inverse slopes of the eviation from the Curie point discerned in the present ex-

straight line fits, based on E(L3) of the text, yield the gap expo- periments. Hence neither Fhe ID _f'xed _pomt nor th(_—:‘—l[H
nent B+ v. (b) The peak value at,, of the critical peak in the CroSSover but only thd=3 isotropic Helsenberg critical be-
in-field susceptibility x,,, versus the internal fieldh on a double haV|or is observed in the temperature range 0e=<e*
logarthmic plot. The slopes of the straight line fits, based on qulo_
(14) of the text, determine the values of the critical expon&mf The main findings of the present investigation together
the critical isotherm. with those previously reported by us on the glassy alloys
same as, or similar to, the ones under consideration, when
unique property of such systems that isotropic long-rang&iewed within the framework of the infinite three-
dipolar and isotropic short-range Heisenberg interactions oflimensional ferromagneti&M) network plus finite FM spin
comparable magnitude coexist in them thus permits the firstlusters modelthe so-called K modgloriginally proposed
unambiguous observation of ID fixed point and-HIH by Kaul?® strongly suggest that long-range isotropic dipolar
crossover. As the Fe or Co concentration in these alloys exnteractions are largely responsible for establishing long-
ceedsp=0.1 orp’'=0.2, isotropic Heisenberg exchange in- range ferromagnetic order in such dilute magnetic systems.
teractions grow in strength at a much faster rate than isotrowith this input, the K model convincingly explains as to why
pic dipolar interactions do, with the result that the reentranthe ferromagnetic state has larger entropy than the reentrant
behavior is completely suppressed and thellBl crossover — spin-glass state and thereby offers a possible way to resolve
temperature falls below=10"°, the minimum temperature the long-standing reentrant spin-glass paratfox.
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