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The results of extensive “zero-field-cooledMzg¢) and “field-cooled” (Mgc) magnetization and hyster-
esis measurements performed in the magnetic fidldand temperatur€T) ranges 2.5 OsH<3 kOe (10
kOe) and 1K <T=<1.4T. (Curie temperatupeon Ni,sAl,5 samples with varying degree of site disorder and on
samples with composition in the rand,, 3/Al54 6910 Nig59dAl24 g2 having the same degree of site disorder,
are presented and discussed in the light of the existing theoretical models. The diffekéndd;)
=Mec(T) —M2ec(T), is taken to be the direct measure of irreversibility in magnetization. As the temperature
is lowered fromT>T., M;,, as a function of temperature at a fixeld (i) deviates from zero at a temperature
Tw, (which marks the onset of weak irreversibi)ifyii) goes through gpeakat Tp (a new feature to our
knowledge not reported in the literature so far, observed in all the samples except for the quenghaddne
(i ) exhibits asteepincrease belowl'g, (the temperature at which a crossover to strong irreversibility ogcurs
While the occurrence of a peak M, (T) has not been theoretically addressed yet, the observed variations of
Tw andTg, with H as well as the observation thay,>T. andTg=T. are in conflict with the predictions
based on the mean-field vector-spin models. By establishing a clear link between the magnetic field variations
of Tw,, Tp, andTg, and the temperature dependencesigf(coercive field, the present work asserts that the
pinning of domain walls at the magnetiexchangginhomogeneities present in the samples under consider-
ation is at the root of the observed irreversibilities in magnetization.
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I. INTRODUCTION

Systems with widely different types of magnetic order

PACS nunider75.30.Kz, 75.60.Ej, 75.50.Cc

Tar(h)={1—[Tar(H)/T{(0)]}*=C'h?, 3)

such as spin glasses, ferromagnets, antiferromagnets, and fafith C’'=(n+1)(n+2)/8, which reduces to the AT form,
rites exhibit irreversibilities in the low-field magnetization at [Ed. (1)], for n=1. The GT line marks the onset of weak
temperatures below the ordering temperature regardless #feversibility in the magnetization brought about by the
whether they are crystalline or amorphous, metallic or insufreezing of spin degrees of freedotmansverseto the field
lating. A phenomenon so widespread has, however, receivedirection while the AT line signals erossoverfrom weakto
selective attention among magnetic materials: more in spigtrongirreversibility caused by the freezing of spin degrees
glasses and relatively less in ferromagnets/antiferromagnetéf freedomalong the field direction. In spin glass systems

Thus, it is not surprising that more progress has been mad&ith ! _
in understanding this phenomenon in spin glasses than iRzyaloshinsky-Moriya

other magnetic systems.

Mean-field (MF) vector spin models’ predict finite-
temperaturephase transition irzero as well asfinite mag-
netic fields for both Ising(spin dimensionalityn=1) and

Heisenberg 1f=3) spin-glasgSG) systems. In an Ising SG

system, this transition in the field-temperatuté-T) phase
diagram occurs along the de Almeida—Thoulé&E) line!

oY)

[where thereducedfield h=gugH/kgT;(0) is small and
T¢(0) is the SG freezing temperature lt=0] and is sig-
naled by an irreversibility in the magnetization. In iabtro-
pic spin glass system composed of vector spins witom-
ponents, transitions in theél-T plane occur atlow fields
alor;g two phase transition lifeshe Gabay-ToulouséGT)
line

73(h)={1—[T{(H)/T(0)]}3=(3/4)h?

761()=1-[Ter(H)/T((0)]=Ch? )

with C=(n?+4n+2)/4(n+2)?, followed at lower tempera-
tures by another liné,
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random anisotropy (resulting from anisotropic
interactions  Kotliar and
Sompolinsky (KS) contended that random anisotropy sig-
nificantly alters both the form and nature of the finite-field
transition even when the anisotropy is so weak as to practi-
cally have no effect on the zero-field transition. The KS
modef predicts that in thestrong anisotropy regimethe
transition is of the AT type, in that the transition line is de-
scribed by Eq.(3) but with C' replaced by C' =(n
+2)/4n, whereas in theaveak-anisotrtopy limjtthe transi-
tion is identical to the GT one, i.e., E(Q), but the zero-field
transition temperatur@;(0) shifts to lower temperatures by
an amourft that depends on the magnitude of anisotropy.
According to the KS model, the magnetic field should induce
a crossover from the AT to GT irreversibility lines. A number
of experiments have confirmed the existehef GT and

AT irreversibility lines in theH-T phase diagrams of several
spin-glass systems and a field-induced-AGT crossovet®

at a certain field-dependent temperature as the temperature is
lowered, as predicted by the MF vector spin modéefs.
However, such a behavior is not universal in the sense that,
in some spin glasses, irreversibility lines do not obey By.
The deviations from the AT behavior have been understood
in terms of a non-mean-field scaling thedry.
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According to mean-field vector spin modél%o, in ferro- TABLE I. Nominal and actual composition, and Curie tempera-
magnets, the GT and AT lines are associated with the formaire of the samples under consideration.
tion of the reentrant phase, which is essentially a canted fer

romagnet with transverse spin-glass order and a longitudinal Curie
spontaneous magnetizatidns, and the external magnetic Sample Nominal composition Actual compositiotemperature
field (H) leaves the functional dep_endenceTQ\fT onh, i.e., Ni Al Ni Al Te
Eq. (3), unaltzer_edbut changels(t)he field dependence dfgy (at %) (at% (at% (at % (K)
from Tg1~h<, i.e., EQ.(2), to
S 75.00 25.00 75.087) 24.92100 56.37%5)
rer(h)=1-[Ter(H)/Te(0)]=(2%C)h, (4 s, 7500 2500 75.087) 24.9210) 36.0025)

whereTg(0)=Tg(H=0) is the GT transition temperature Sra 74.00 26.00 74.317) 25.6919 47.605)
in the absence ofl. Equation(4) is valid for H<Mg. An Srs 75.00 25.00  74.737) 25.2719) 56.24Q5)
unambiguous correlation between the observed irreversibility S7e 76.00  24.00  75.98) 24.0210) 76.2985)
lines in theH-T phase diagram of ferromagnets exhibiting a 475 75.00 2500 74.336) 25.6115 41.0010)
reentrant behavior at low temperatures with the GT and AT
phase boundaries could not be establi¢fiddso far.
Irreversibilities in the magnetization of reentrant ferr

o- per wheel to form long thin ribbons of a width of 2 mm and

magnetic or antiferromagnetic systems have also found altefel_th'Ckness O_f 3Q‘T' The samPIes c_)f_ the alloy series
native interpretatio€1° in terms of the non-mean-field Ni7s=xAlzsex, in the “as-prepared” condition, are labeled as
models that include the phenomenological models, proposedr4: S7s: @ndSys. The annealed, quenched, galycrystal-
independently by Colest al® and Kaull” and invoke the Ime samples, and thsingle crystalof nominal composition
mechanism of thermally activated depinning of domainNi7sAl2s, are henceforth referred to &,S,, andZys, re-
walls. Unlike mean-field models, the models due to ColeSPectively. The pieces remaining after spark cutting samples
et al® and Kaul” assert that the irreversibility lines do not S1+574:575,S76 @nd Zz5 as well as ribbon pieces of the
represent true thermodynamic phase transition lif@sde- sampleS, were analyzed for chemical composition using the
tails, see Refs. 12 and L8However, even among the inter- X1y fluor'escencg .technlque and mductlvely—coupled-'
pretations of such irreversibilities offered by various non-Plasma optical emission spectroscopy. The actual composi-
mean-field models, there is no general agreement. tion of these samples is given in Table I. _

Varied explanations for the phenomenon of irreversibility EXtensive x-ray diffraction measurements, usindKGua-
in magnetization in spin systems with long-range magnetidiation, have been perform_ed at room temperature on these
order calls for a deeper study of such systems than attempt&@mples over the angle, 62 in a range of 10=26=100°
hitherto. To this end, an extensive investigation of irreversWith a view to accurately determiffélattice parameters and
ibilities in the magnetization of weak itinerant-electron fer- the long-range atomic order parameter, which is a direct
romagnetsNizs. Alys-, (x=0,1), “prepared” in different Mmeasure of the degree of site disorder present. The val_ues of
states of site disorder, has been undertaken. The rationaig® Curie temperature§c, for the samples in question
behind the choice of these samples is that they are devoid éfable ) have been determined using an elaborate critical-
the complications arising from the presence of a spin glass dt0!Nt analysi& of the bulk magnetization and ac susceptibil-
a reentrant phase at low temperatures and permit determindy data taken on them previously.

tion of the role of site disorder, if any, in affecting irrevers-  Each of the sampleS,, S;, Z75, Sy, Srs, andSze was
ibilities in the magnetization. cooled down to 14 K in a zero external magnetic field from

temperatures as high ag 2 and, using the EG&G Princeton
Applied Research 4500 Vibrating Sample Magnetometer, the
zero-field-cooled magnetizationM(;c) was measured at
Since details of the preparation and characterization otonstant(to within =5 mK) temperatures 0.5 K apart in the
some of the samples are given elsewhé@only the essen- heating cycle from 14 K td =T+ 10 K after a static mag-
tial ones are briefly described here. Starting with the highnetic field (H) of fixed magnitude in the range 2.5 &éH
purity (99.999% raw materials nickel and aluminum, <1 kOe was applied. The samples were then cooled in the
polycrystalline alloys with a nominal composition same field without changing the configuration and the static
Nizs.Alos5y (Xx=0,1) and a single crystal of nominal com- magnetization M (T) ] was measured at fixg@.5 K) tem-
position NkizAl,s were prepared under a high-purity perature steps in the cooling rlire., in the field-cooledFC)
(99.999% argon gas inert atmosphere by radio frequencymodd. Such magnetization curves at different but fixed val-
induction and zone refining techniques, respectively. Spherages of the field, representative of the samples in question, are
of 3-mm diametefa cylinder with cylindrical axis parallel to shown in Fig. 1.
the easy direction of magnetization, i.¢111] direction Magnetic hysteresis loops have been recorded at fixed
were spark cut from the polycrystalline ro@lsingle crystal temperaturegstable to+ 10 mK) ranging from 14 to tem-
rod). One of the NjsAl 5 spheres was annealed at 520 °C forperatures well abovel in the field range—3 kOesH
16 days in a quartz tube evacuated to a pressure df T0rr <3 kOe (in some cases in the range- 10 kOesH
and subsequently water quenched. A portion of the polycrys=10 kOe as we)l using the following modes of measure-
talline NizsAl ,5 rod was melt quenché¥onto a rotating cop- ment. In the first mode of measuremétite so-called zero-

Il. EXPERIMENTAL DETAILS
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FIG. 2. M-H hysteresis loops at temperatures below and above
10 | Curie temperature for sampl&; andS,.
0+ teresis loops are identical and centetegintred at the origin

L L L L L in both the modes of measuremdntly in the ZFC modg
0 20 40 60 80 100 120 for T<Tc (T>Tc); in the case of the “field-history” mode,

T (K) the center of the hysteresis loops shifts progressively to
negative fields as the temperature is raised aliQveas is

FIG. 1. Temperature variations of the “zero-field-cooled” = ™ .
evident from Fig. 2.

(lower curveg and “field-cooled” (upper curvesmagnetizations at
different but fixed values of external magnetic field for samé&es
S, and (b) Sy. ll. RESULTS
field-cooled (ZFC) mod¢g, the sample was cooled to the A. Magnetic irreversibility

measuring temperature in zero-field fram=2T. before re- From the data presented in Fig. 1, it is observed that the
cording theM-H loops. In the second modghe so-called Mzec(T) andMec(T) curves do not fall on each other for
field-history modg the sample was cooled to the lowest temperatures below a certain characteristic temperature
measuring temperature=(14 K) in zero-field fromT=2T.  which depends orH. The difference betweeM - and

and theM-H hysteresis loops were recorded in the heatingVl ;¢ at a given temperature and field islimect measuref
cycle after holding the sample temperature constant at differirreversibility in the magnetizationM;,, (H,T)] at that tem-

ent values in the range K4&T=<1.5T.. In this mode, perature and field. The plots pMgc(T) —Mzec(T)] versus
sample has the memory of field cycling it was subjected to atemperature at different but fixed valueskbfare shown for

the previous value of temperature. Both types of measuresamplesS, and S;¢ in Fig. 3. The representative M,
ments yield identical hysteresis loopwhich aresymmetric  =[Mgc—Mgzgc] curves(taken at fixedH) depicted in Fig. 3

and centeredat the originH=0 andM =0) at a given tem- present the following striking features. The difference
perature in the range covered in the present experiments f@Mgc— M c]=M;,, (i) deviates from zero below the tem-
all the samplesxceptfor the quenched sampl§, for T  peratureTyy(H)>T (the Curie temperatuyevhich marks
>Tc. To elucidate this point further, in sampg, the hys- the onset ofweak irreversibility(WI) in the magnetization,

024410-3



ANITA SEMWAL AND S. N. KAUL PHYSICAL REVIEW B 68, 024410(2003

* 50e 1.08;
<
° 5
3l a . 1.06¢
) v g
= ° £ 1.04}
— A -~
2 o 2
= 2r % T .02t
|8 v -
=
f— : 1.00 [ ) ) ’
" 1L \ 0.92 0.96 1.00
= H/H
ol |||||l||||l|||||||||||IIII||I|||I|| i g 0.20+ .
20 30 40 50 j 0.15} 2
T (K) o
”o Z 0.0}
’ o 50e pa
o 100e T 0.05¢
v 500e — (b)
1.6 + 100 0e 0.00!
X 200 oe : . . ‘ . .
%) o 3000e 0.00 0.05 0.10 0.15 0.20
=1.2r - 400 0e s
- | 500 Oe (H/H)
S < 750 0e
., 0.8 1000 Oe FIG. 4. Scaling of the reduced weak irreversibility temperature
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L0.4f
= By comparison, in the quenched samp®)(, the relation
% AN 7si(H)~H [i.e., Eq.(7)], as in other cases, isbeyed the
0.0r (b) rp—H irreversibility line does not exist, and the weak irre-
x versibility line is described by the expression

20 40 60 80 100 120

- Twi(H)=1=[Twi(H)/Tw(0)]= (H/HY,)? (8)
. ] [which is at variance with E(5), as is notable from the data
FIG. 3. The difference between field-cooleM {c) and zero-  esented in Fig. @)]. In these expressions, the characteris-

field-cooled M zgc) magnetizations as a function of temperature attic field H* varies from sample to sample and hence depends
fixed values of external magnetic field for the sampi@sS, and

(b) Sie on the degree of site disorder or chemical disorder present.
. . 0.30
(i) goes through a pealobserved in all the samples except
for the quenched sampl&,) at the temperaturd (H) 0.25}
(=T¢), and (iii) increases steeply below the temperature =
Tsi(H)(=T¢) which signals the onset atrong irreversibil- < 0.20¢
ity (SlI) in the magnetization. The irreversibility lingwci of o015t
Twi(H), Tp(H), andTg,(H) temperaturelsn the T-H phase =)
diagrams of the sample&s; ,Z5,S;4,S;5, and S;g follow, at ;a 0.10}
low fields (H=H**), the relationgFigs. 4—6 = 0.05}
—
wn(H)=1-[Tu(H)/Twi(0)]=—H/HY,, () oo0r &
_ _ . 0.0 0.1 0.2 0.3

mp(H)=1~[Tp(H)/Tp(0)]=H/HE, (6) o

and i
FIG. 5. Scaling of the reduced peak irreversibility temperature
7si(H)=1—[Tg(H)/Ts(0)]=H/Hg,, (7 with the reduced field.
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The numerical values of the quantiti€g,(0), Hy,, Tp(0),
HE, Ts(0), HE,, andH** are listed in Table II.

Beyond a threshold fieléH., (whose value varies from
sample to sample, as is evident from the magnituded of
displayed in Table ), the Mgc(T) and Mzec(T) curves
coincide with one another down to the lowest measuringhan in other samples. The hysteresis loops for the samples in
temperature, i.e., 14 K. This implies that,, is the field question in the “field-history” mode are depicted in Fig. 2 in
strength at and above which the irreversibilities cease to exigt harrow field range of-100 OesH=100 Oe because the
for T=14K. Representativel,y,—H, Tp—H and Tg—H coercive fields H¢) are of the order of a few Oe. The varia-
plots, shown in Fig. 7 serve to highlight the finding that all tions of the remanent magnetizatiok () andHc with tem-
the characteristic temperatur@s,,, Tp, and T, for irre-  perature for all the samples are shown in Figs. 9 and 10.
versibility in magnetization suddenly drop even for fields Note that theH¢ values atT>T¢ for the sampleS, (solid
well below H,. That the height of the peak M, (T), triangles in Fig. 1D refer to the centers of the hysteresis
m(H), |n|t|a||y increaseswith the field H, reaches anaxi- |OOpS depiCtEd in F|g 2. It is noticed from the data presentEd
mum M.« at a certain value ofH (Wthh is Samp|e- in these figures thdtl) Mr(T) almost mimics the tempera-
dependent and drops to zero at the critical field,,, is  ture variation of the spontaneous magnetizafibhy(T) ] for
shown in Fig. 8. This figure also serves to demonstrate that =Tc but does not go to zero ;. asMg(T) does; andii)
the ratiom/m,,.,, when plotted againsti/H,, for all the  Hc(T), like M(T), does not vanish & but remains finite
samples, causes tme(H) curves to fall onto one universal €ven for temperatures well aboVe .
curve.

FIG. 7. Representative plots of the weak irreversibility, peak
irreversibility and strong irreversibility temperaturég,;, T, and
Tg, vs field.

IV. DISCUSSION

B. Magnetic hysteresis loops The mean-field vector-spin models, applicable to ferro-

Figure 2 demonstrates that, irrespective of temperaturenagnets exhibiting a reentrant behavior at low temperatures,
the hysteresis loops are much broa@es., an order of mag- predict that at low fields,(H)~H [Eqg. (4)], and 75,(H)
nitude higherH¢) in the case of the quenched sam@e ~H?3 [Eq. (3)]. The theoretically predicted field depen-

TABLE Il. Fit parametersTy,(0), Hy,,, Tp(0), HE andTg,(0), HE, in Egs.(5)—(8) and the correspond-
ing values ofH** andH¢, for samplesS,, S,, Zs5, S;4, Sy5, andSy.

Weak irreversibility Peak Strong irreversibility
Sample  Ty,(0) Hivi HW, Te(0) Hp HE* Tsi(0) HS HS'  Her

(K) (kOg)  (Og) (K) (kOg)  (Oe) (K) (kOg)  (Og) (O¢
St 66.752) 3.203) 250 59.706) 1.923) 250 58.6615 0.72511) 250 500
S, 56.0313) 0.10401) 45 - - - 35.011) 0.8744) 100 500
Zs5 68.928) 3.52) 100 49.681) 7.12) 100 49.762) 0.5152) 100 -
Sa 70.643) 3.517) 150 61.115) 0.5413) 150 511) 0.302) 150 600
Sis 68.092) 3.433) 200 63.4%22) 1.41) 100 49.7728 0.74932) 200 800
ST 94.893) 552) 1000 70.161) 8.71) 1000 68.6852) 0.94618) 500 3000
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FIG. 8. Reduced peak heigm/m,,,, vs the reduced field,

H/H, .

dences do not conform to the observed ones as is evident
from the following remarks. Ifry, (7g)) is identified with

7e1 (7aT), @ccording to the theoretical predictions, i.e., Eqgs.
(4) and(3), mw, and 75, shouldincreasewith magnetic field

as H and H?®, respectively. However, in the sampl&s,

Z45, Sy, Sy, and Sy, Ty, instead of increasingde-
creaseslinearly with H [Fig. 4(@] as contrasted with the
sampleS, in which 7, increaseswith magnetic field not as

H but asH? [Fig. 4b)], while 7, does not increase a$*°

but increasedinearly with H (Fig. 6) for all the samples.
None of the existing theories predicts a peak in the magnetic
irreversibility versus temperatufee., [ Mgc—Mzgc] vs T)
curves. Moreover, in sharp contrast with the theoretical
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irreversibility line Ty, (H) lies well above & while the
strong irreversibility lineTg,(H) is locatedcloseto T for

all the samples under consideration. Such a wide disparity
between the theoretical predictions and experimental obser-
vations may not be surprising in view of the fact that the
presently investigated systems do not exhibit a reentrant or
spin glass behavior.

In conventional ferromagnets, irreversibility in the mag-
netization at low fields, and temperatures well belby, is
normally attributed to the progressive stiffening of domain
wallls (alternatively, to the increase in magnetic viscoség
the temperature is lowered throudl to low temperatures.

By contrast, in the samples of the Al ,5 alloy that vary
either in the degree of site disorder or slightly in composi-
tion, irreversibility in the magnetization at low fields is first
observed at temperatures well abdvg. The occurrence of

FIG. 9. Remanent magnetization as a function of reduced temireversibility at T>T. suggests that the above mechanism

perature.

may not be relevant to the present case. Nevertheless, an
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TABLE IV. T range,T(0), Ho andH¢ values for samples, ,
Sy, Sz, Sz, andSys. The typical errors in the values &ff is
+0.5 Oe.

Sample Temperature range T(0) Ho HE Tr(0)

[Ts(0)]

(K) (K) (O (O (K)

S 44.8-56.2 59.66) 0.0 35.57 59.7(B)
S, 28.93-33.03  39.25) 0.0 85.76 [35.0410)]
Su 26.10-46.70  61.18) 1.59 3.06 61.1()
Srs 20.68-50.67  63.39) 0.32 4.9 63.482
Se 33.10-70.00  70.08) 1.60 9.15 70.16.0)

FIG. 11. Reduced temperature vs reduced coercive fieldFig. 10. In view of this observation, thel(T) data in the

(Hc/HE)S.

specified temperature rang€Rable V) have been recast in
the form 7(H:) and least-squares fitted to the expression

attempt is made to ascertain if anisotropy and/or inhomoge- N

neities and/or pinning effects are at the root of the observed m(He)=1—[T(Hc)/T(0)]=(Hc—Ho)/He . (10)
irreversibility. To this end, an extensive study of magneticThe outcome of this exercise, shown in Fig. 12, asserts that
hysteresis in the samples under consideration was undefs; gl the samples under consideration,indeed has the

taken, as detailed in Sec. II.
In order to facilitate a comparison betweldg(T) and the
characteristic irreversibility temperaturésy(H), Tp(H)

samedependence on field ag(H) and r5(H) have. More-
over, from the values of the parametdi€), Ho andH ¢,
listed in Table 1V, a perfect agreement between the values of

andTg(H), Hc(T) data are converted infb(H¢) data such T(0) andTp(0)[Ts,(0)] for the sam
; . pless;, S74, Sz5, and
thatT(H¢) denotes the temperature corresponding to a givers (sampIgSz) isScLIearIy noticed. As farlas tﬁe wseak irre-

value ofH¢ . Figure 11 clearly demonstrates that thigH )
data, so obtained, follow the relation

7(Ho)=1-[T(Hc)/T(0)]=(H/HE)*® )

for T<T, or equivalently, foH-=HE* , regardless of the
degree of site disorder present or the alloy Mg y)
composition in the range 74.3x=<75.98 at%. The values
for T(0), HE, andHE* are listed in Table Ill. The best
least-squares fits based on KE®). are depicted in Fig. 10 by
the continuous curves. A comparison of E§) with Egs.
(5)—(8) reveals that the field dependencerofloes not con-
form to the variations ofy,,, 7p, andrg, with H. At the first

versibility is concerned, thénear increase irH: with tem-
perature forT>T. (indicated by the scanty data in Fig.)10

in the case of sampl&3;, S;,4, S;5, andS;g augurs well with

the linear decline in 7y, with increasingH [Eq. (5)], ob-
served in these samples at>T: [Fig. 4a]. The above
agreement suggests that the same underlying mechanism
may be responsible for both(H:) and 7(H) or 7g,(H)
[7(Hc) and 7y, (H)] for T=Te (T>Tg).

Now that there are strong indications thdt and the
irreversibilities in the magnetization may have a common
origin to start with, we focus our attention on the temperature
dependence dfi¢ (Fig. 10. TheH(T) data shown in Fig.
10 demonstrate thatl. decreases linearly with increasing

sight, this disparity may be taken to indicate that diﬁeremtemperature up to a temperatufé (which varies from

mechanisms are responsible for the irreversibility in thezO.GTC to Te

depending on the sampleand forT>T* the

magnetization and coercivity. However, close scrutiny re-

veals that within the temperature range wherein the values of 0.8

mo(H) and 7g(H) for a given sample fallH: decreases
linearly with increasing temperatur@otted straight lines in

TABLE Ill. T(0), HE andHE* values for the sampleS,, S,,
S;4, Sy, and Syg. The typical errors in the values dig* is
+0.5 Oe.

Sample T(0) HE HE*
(K) (Oe) (Oe)
S, 59.1938) 22.7614) 2
S, 36.7712) 63.4220) 14.5
Su 73.2665) 4.503) 2.3
Sis 56.3129) 4.893) 1.1
S 73.3147) 9.405) 1.5

1-[T,(H) /T, (0)]
(= &
S =)

O 0O e X

&
o

e
=

00 02 04 06 08
H,-H)H,.'

FIG. 12. Reduced temperature vs reduced coercive field, (
—Hg)/H¢.
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rate of decline inH. is faster. The theory due to Guaht FM (Ni-poor) phase. As the temperature is raised through
considers domain-wall pinning by sample inhomogeneitiesT -, the domain structure of the majority phase disappears as
as the main mechanism for remanence and coercivity in redl— T but that of the minority phase remains still in tact.
magnetic materials. In the conventional terminolggysare  Normally, the strong irreversibility would have paved the
impediments to domain-wall motion that locally decrease thewvay for the weak irreversibility a§— T had only the ma-
wall energy. According to this theory, the temperature depenjority phase been present. However, in the samples under

dence of the coercive field is given by the expression consideration, the finite FM spin clusters belonging to the
majority phase act as pinning centers for the domain walls of
Ho(T)=Hc(0)[1—(25kg/31yb?)T], (11)  the minority phase at temperatures close to, and abtyve,

Consequently, the weak irreversibility in the magnetization
where y is the domain-wall energy per unit area anol ¥ of the main FM phase competes with the strong irreversibil-
the range of interaction between the domain wall and the pinity in the magnetization of the minor phase FM phase to give
For weak pinning, the domain wall breaks away simulta-rise to the peak itM;,, versus temperature curvgsig. 3b)]
neously from many pins and the statistical fluctuations of pingt different but fixed fields for temperatures closeTto(the
density essentially determine the valuettf at T=0K, i.e.,  weak irreversibility in the magnetization of the major FM
Hc(0). Thelinear temperature dependencettf predicted phase is completely masked in the progesereas the
by Eq. (11), when the productyb? remainsconstant con-  weak irreversibility in the magnetization observedrat T
forms well with the observeti(T) for T<T* (Fig. 10.  actually corresponds to the minor FM phase. Moreover, the
The departure from the linear temperature dependentl.of peak height increases with magnetic field up to a field
for T>T* (Fig. 10 thus basically reflects the fact that the =0.2H,, (Fig. 8), because the domain walls encounter an
product yb? is no longer independent of temperature. For aincreased number of pinning centdfiite FM clusters as
180° domain wall in a ferromagnet with uniaxial anisotropy, they traverse larger regions of a given sample under the in-
domain-wall energ¥ is y=4/(AK;) and the wall width®  fluence of the magnetic field. As the field is increased beyond
is 4b=4/(A/K;), whereA is the exchange energy per unit this threshold value, pinning becomes less and less effective,
length andK; is the leading uniaxial anisotropy constant. with the result that the peak height is progressively sup-
Since bothA andK; are temperature dependent, the productpressed. Absence of the peakNh,, (T) particularly in the
yb? need not be independent of temperature in the entirguenched sampleFig. 3(d)] basically indicates that quench-
temperature range0T=<T.. ing does not favor the nucleation of the minor FM phase but

So far as the presently investigated samples are corinstead leads to a fine dispersion of a large number of small-
cerned, site disorder and/or chemical disorder give rise tsized finite FM spin cluster§for details, see Ref. 37n the
local compositional fluctuationglocal atomic density fluc- infinite FM matrix such that the finite clusters do noio)
tuations which, according to the phenomenological modeldiffer significantly in compositiorfatomic density from the
proposed earlier by Colest al*® (Kaul'’) result in the for-  infinite matrix. Due tohigh cluster densitypinning of do-
mation offinite ferromagnetidFM) spin clusters that coexist main walls is stronger in this sample than in other samples
with the infinite three-dimensional FM matrix &<T.. In  for T=Tc and even at temperatures well abovg, strong
the regions that surround the finite FM clusters, the exchangeompeting interactions operate between the finite FM spin
coupling between spins of clusters and the matrixvesak  clusters. This explains the much stronger irreversibiliig.
(because of quenched random-exchange dispatedt such  3) and substantially larger magnitudeshf andH (Figs. 9
regions act as pinning centers for the domain walls of theand 10, for T<T., on the one hand, and the field depen-
infinite FM matrix as they reduce the domain wall energydence ofry, [Fig. 4b) and Eq.(8)] as well as thefield-
locally. Now that statistical fluctuations of the pin density, history-dependenshift in the center of theM-H hysteresis
caused by site and/or chemical disorder, at the absolute zetoops for T>T, characteristicof spin glasses or cluster
of temperature essentially determine the valueHef(0),  spin glasse§cf. Eq.(2)], on the other hand, in the quenched
Hc(0) varies from sample to sample. sampleS, as compared to the other samples.

The occurrence of strong and peak irreversibility in mag-
netization for temperatures in the immediate vicinity Tof
as well as of weak irreversibility in the magnetizationTat
>T. can bequalitativelyunderstood in terms of the models  The *“zero-field-cooled” magnetization Mzrc) and
due to Coleset al!® and Kaul’ as follows. According to ‘field-cooled’ magnetization Nlc) have been measured at
these models, the infinite FM netwodksordersat T while  different but fixed values of magnetic field from 14 K to
the finite FM spin clusters, by virtue of substantially highertemperatures well above the Curie temperature on samples of
local ordering temperatures, disorder at temperatures wellomposition NjsAl.s with varying degrees of site disorder
aboveT¢. Thus, forT>T, finite FM spin clusters coexist (S;, S,, andZ;s) and on samples of varied composition in
with a paramagnetic matrix. Finite remanent magnetizatiorthe range Nij 3/Al 55 6910 Niz5.96Al 24,02 (S74, Sy5, andSyg),

(Fig. 9 and coercivity(Fig. 10 even at temperatures well but with afixeddegree of site disorder. An elaborate analysis
aboveT in the present case strongly suggests the existenaaf such data permits an accurate determination of the weak,
of a trace minority ferromagnetic Ni-rich phas@vhich es- peak (not observed in sample) 2and strong irreversibility
caped detection in the x-ray diffraction experimg¢nthose lines in theT-H phase diagram of the samples in question.
Curie temperature is much higher than that of the majorityThe field dependences of the weékabay-Toulouseand

V. CONCLUSION
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strong (Almeida-Thoulesk irreversibility temperatures pre- netization, and the temperature dependences of the coercive
dicted by the mean-field vector spin models for isotropicfield reveal that coercivity and the irreversibilities in the
ferromagnets do not conform to those observed in the presentagnetization have a common origin in the pinning of do-
case. A detailed comparison between the magnetic fielthain walls to the regions afleakexchange coupling. These
variations of the temperaturdsy,, Tp, andTg,, character- regions are brought about by the site and/or compositional
izing the weak, peak, and strong irreversibilities in the mag-disorder present in the alloy samples under consideration.
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