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Irreversibilities in low-field magnetization of site-disordered Ni75Al25
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The results of extensive ‘‘zero-field-cooled’’ (MZFC) and ‘‘field-cooled’’ (MFC) magnetization and hyster-
esis measurements performed in the magnetic field~H! and temperature~T! ranges 2.5 Oe<H<3 kOe ~10
kOe! and 14K<T<1.4TC ~Curie temperature! onNi75Al25 samples with varying degree of site disorder and on
samples with composition in the rangeNi74.31Al24.69 to Ni75.98Al24.02 having the same degree of site disorder,
are presented and discussed in the light of the existing theoretical models. The difference,Mirr (T)
5MFC(T)2MZFC(T), is taken to be the direct measure of irreversibility in magnetization. As the temperature
is lowered fromT@TC , Mirr as a function of temperature at a fixedH, ~i! deviates from zero at a temperature
TWI ~which marks the onset of weak irreversibility!, ~ii ! goes through apeakat TP ~a new feature, to our
knowledge not reported in the literature so far, observed in all the samples except for the quenched one!, and
~iii ! exhibits asteepincrease belowTSI ~the temperature at which a crossover to strong irreversibility occurs!.
While the occurrence of a peak inMirr (T) has not been theoretically addressed yet, the observed variations of
TWI andTSI with H as well as the observation thatTWI@TC andTSI.TC 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 TWI , TP , andTSI and the temperature dependences ofHC ~coercive field!, the present work asserts that the
pinning of domain walls at the magnetic~exchange! inhomogeneities present in the samples under consider-
ation is at the root of the observed irreversibilities in magnetization.

DOI: 10.1103/PhysRevB.68.024410 PACS number~s!: 75.30.Kz, 75.60.Ej, 75.50.Cc
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I. INTRODUCTION

Systems with widely different types of magnetic ord
such as spin glasses, ferromagnets, antiferromagnets, an
rites exhibit irreversibilities in the low-field magnetization
temperatures below the ordering temperature regardles
whether they are crystalline or amorphous, metallic or in
lating. A phenomenon so widespread has, however, rece
selective attention among magnetic materials: more in s
glasses and relatively less in ferromagnets/antiferromagn
Thus, it is not surprising that more progress has been m
in understanding this phenomenon in spin glasses tha
other magnetic systems.

Mean-field ~MF! vector spin models1,2 predict finite-
temperaturephase transition inzero as well asfinite mag-
netic fields for both Ising~spin dimensionalityn51) and
Heisenberg (n53) spin-glass~SG! systems. In an Ising SG
system, this transition in the field-temperature (H-T) phase
diagram occurs along the de Almeida–Thouless~AT! line1

t f
3~h!5$12@Tf~H !/Tf~0!#%35~3/4!h2 ~1!

@where thereducedfield h5gmBH/kBTf(0) is small and
Tf(0) is the SG freezing temperature atH50] and is sig-
naled by an irreversibility in the magnetization. In anisotro-
pic spin glass system composed of vector spins withn com-
ponents, transitions in theH-T plane occur atlow fields
along two phase transition lines2: the Gabay-Toulouse~GT!
line2

tGT~h!512@TGT~H !/Tf~0!#5Ch2 ~2!

with C5(n214n12)/4(n12)2, followed at lower tempera-
tures by another line,2
0163-1829/2003/68~2!/024410~9!/$20.00 68 0244
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tAT
3 ~h!5$12@TAT~H !/Tf~0!#%35C8h2, ~3!

with C85(n11)(n12)/8, which reduces to the AT form
@Eq. ~1!#, for n51. The GT line marks the onset of wea
irreversibility in the magnetization brought about by th
freezing of spin degrees of freedomtransverseto the field
direction while the AT line signals acrossoverfrom weakto
strong irreversibility caused by the freezing of spin degre
of freedomalong the field direction. In spin glass system
with random anisotropy ~resulting from anisotropic
Dzyaloshinsky-Moriya interactions!, Kotliar and
Sompolinsky3 ~KS! contended that random anisotropy si
nificantly alters both the form and nature of the finite-fie
transition even when the anisotropy is so weak as to pra
cally have no effect on the zero-field transition. The K
model3 predicts that in thestrong anisotropy regime, the
transition is of the AT type, in that the transition line is d
scribed by Eq. ~3! but with C8 replaced by C885(n
12)/4n, whereas in theweak-anisotrtopy limit, the transi-
tion is identical to the GT one, i.e., Eq.~2!, but the zero-field
transition temperatureTf(0) shifts to lower temperatures b
an amount4 that depends on the magnitude of anisotro
According to the KS model, the magnetic field should indu
a crossover from the AT to GT irreversibility lines. A numb
of experiments have confirmed the existence5–8 of GT and
AT irreversibility lines in theH-T phase diagrams of severa
spin-glass systems and a field-induced AT→GT crossover6–8

at a certain field-dependent temperature as the temperatu
lowered, as predicted by the MF vector spin models.1–4

However, such a behavior is not universal in the sense t
in some spin glasses, irreversibility lines do not obey Eq.~3!.
The deviations from the AT behavior have been underst
in terms of a non-mean-field scaling theory.9
©2003 The American Physical Society10-1
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According to mean-field vector spin models,2,10 in ferro-
magnets, the GT and AT lines are associated with the for
tion of the reentrant phase, which is essentially a canted
romagnet with transverse spin-glass order and a longitud
spontaneous magnetizationMS , and the external magneti
field ~H! leaves the functional dependence ofTAT on h, i.e.,
Eq. ~3!, unalteredbut changesthe field dependence ofTGT
from TGT;h2, i.e., Eq.~2!, to10

tGT~h!512@TGT~H !/TGT~0!#5~23/2C!h, ~4!

whereTGT(0)[TGT(H50) is the GT transition temperatur
in the absence ofH. Equation~4! is valid for H!MS . An
unambiguous correlation between the observed irreversib
lines in theH-T phase diagram of ferromagnets exhibiting
reentrant behavior at low temperatures with the GT and
phase boundaries could not be established10–12 so far.

Irreversibilities in the magnetization of reentrant ferr
magnetic or antiferromagnetic systems have also found a
native interpretations12–15 in terms of the non-mean-field
models that include the phenomenological models, propo
independently by Coleset al.16 and Kaul,17 and invoke the
mechanism of thermally activated depinning of doma
walls. Unlike mean-field models, the models due to Co
et al.16 and Kaul17 assert that the irreversibility lines do no
represent true thermodynamic phase transition lines~for de-
tails, see Refs. 12 and 18!. However, even among the inte
pretations of such irreversibilities offered by various no
mean-field models, there is no general agreement.

Varied explanations for the phenomenon of irreversibil
in magnetization in spin systems with long-range magn
order calls for a deeper study of such systems than attem
hitherto. To this end, an extensive investigation of irreve
ibilities in the magnetization of weak itinerant-electron fe
romagnetsNi756xAl257x (x50,1), ‘‘prepared’’ in different
states of site disorder, has been undertaken. The ratio
behind the choice of these samples is that they are devo
the complications arising from the presence of a spin glas
a reentrant phase at low temperatures and permit determ
tion of the role of site disorder, if any, in affecting irrever
ibilities in the magnetization.

II. EXPERIMENTAL DETAILS

Since details of the preparation and characterization
some of the samples are given elsewhere,19,20only the essen-
tial ones are briefly described here. Starting with the hi
purity ~99.999%! raw materials nickel and aluminum
polycrystalline alloys with a nominal compositio
Ni756xAl257x (x50,1) and a single crystal of nominal com
position Ni75Al25 were prepared under a high-puri
~99.999%! argon gas inert atmosphere by radio frequen
induction and zone refining techniques, respectively. Sph
of 3-mm diameter~a cylinder with cylindrical axis parallel to
the easy direction of magnetization, i.e.,@111# direction!
were spark cut from the polycrystalline rods~single crystal
rod!. One of the Ni75Al25 spheres was annealed at 520 °C
16 days in a quartz tube evacuated to a pressure of 1026 Torr
and subsequently water quenched. A portion of the polyc
talline Ni75Al25 rod was melt quenched20 onto a rotating cop-
02441
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per wheel to form long thin ribbons of a width of 2 mm an
a thickness of 30mm. The samples of the alloy serie
Ni756xAl257x , in the ‘‘as-prepared’’ condition, are labeled a
S74, S75, andS76. The annealed, quenched, andpolycrystal-
line samples, and thesingle crystalof nominal composition
Ni75Al25, are henceforth referred to asS1 ,S2, andZ75, re-
spectively. The pieces remaining after spark cutting samp
S1 ,S74,S75,S76 and Z75 as well as ribbon pieces of th
sampleS2 were analyzed for chemical composition using t
x-ray fluorescence technique and inductively-couple
plasma optical emission spectroscopy. The actual comp
tion of these samples is given in Table I.

Extensive x-ray diffraction measurements, using CuKa ra-
diation, have been performed at room temperature on th
samples over the angle, 2u, in a range of 10°&2u&100°
with a view to accurately determine20 lattice parameters and
the long-range atomic order parameter, which is a dir
measure of the degree of site disorder present. The value
the Curie temperatures,TC , for the samples in question
~Table I! have been determined using an elaborate critic
point analysis20 of the bulk magnetization and ac susceptib
ity data taken on them previously.

Each of the samplesS1 , S2 , Z75, S74, S75, andS76 was
cooled down to 14 K in a zero external magnetic field fro
temperatures as high as 2TC and, using the EG&G Princeton
Applied Research 4500 Vibrating Sample Magnetometer,
zero-field-cooled magnetization (MZFC) was measured a
constant~to within 65 mK) temperatures 0.5 K apart in th
heating cycle from 14 K toT.TC110 K after a static mag-
netic field ~H! of fixed magnitude in the range 2.5 Oe<H
<1 kOe was applied. The samples were then cooled in
same field without changing the configuration and the st
magnetization@MFC(T)# was measured at fixed~0.5 K! tem-
perature steps in the cooling run@i.e., in the field-cooled~FC!
mode#. Such magnetization curves at different but fixed v
ues of the field, representative of the samples in question
shown in Fig. 1.

Magnetic hysteresis loops have been recorded at fi
temperatures~stable to610 mK) ranging from 14K to tem-
peratures well aboveTC in the field range23 kOe&H
&3 kOe ~in some cases in the range210 kOe&H
&10 kOe as well! using the following modes of measure
ment. In the first mode of measurement@the so-called zero-

TABLE I. Nominal and actual composition, and Curie tempe
ture of the samples under consideration.

Sample Nominal composition Actual composition
Curie

temperature

Ni Al Ni Al TC

~at %! ~at %! ~at %! ~at %! ~K!

S1 75.00 25.00 75.08~17! 24.92~10! 56.377~5!

S2 75.00 25.00 75.08~17! 24.92~10! 36.002~5!

S74 74.00 26.00 74.31~17! 25.69~19! 47.60~5!

S75 75.00 25.00 74.73~17! 25.27~19! 56.240~5!

S76 76.00 24.00 75.98~9! 24.02~10! 76.298~5!

Z75 75.00 25.00 74.33~16! 25.67~15! 41.00~10!
0-2
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field-cooled ~ZFC! mode#, the sample was cooled to th
measuring temperature in zero-field fromT.2TC before re-
cording theM -H loops. In the second mode~the so-called
field-history mode!, the sample was cooled to the lowe
measuring temperature (.14 K) in zero-field fromT.2TC
and theM -H hysteresis loops were recorded in the heat
cycle after holding the sample temperature constant at di
ent values in the range 14K&T&1.5TC . In this mode,
sample has the memory of field cycling it was subjected to
the previous value of temperature. Both types of meas
ments yield identical hysteresis loops~which aresymmetric
andcenteredat the originH50 andM50) at a given tem-
perature in the range covered in the present experiment
all the samplesexcept for the quenched sampleS2 for T
.TC . To elucidate this point further, in sampleS2, the hys-

FIG. 1. Temperature variations of the ‘‘zero-field-coole
~lower curves! and ‘‘field-cooled’’ ~upper curves! magnetizations at
different but fixed values of external magnetic field for samples~a!
S2 and ~b! S76.
02441
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teresis loops are identical and centered~centred! at the origin
in both the modes of measurement~only in the ZFC mode!
for T,TC (T.TC); in the case of the ‘‘field-history’’ mode,
the center of the hysteresis loops shifts progressively
negative fields as the temperature is raised aboveTC , as is
evident from Fig. 2.

III. RESULTS

A. Magnetic irreversibility

From the data presented in Fig. 1, it is observed that
MZFC(T) and MFC(T) curves do not fall on each other fo
temperatures below a certain characteristic tempera
which depends onH. The difference betweenMFC and
MZFC at a given temperature and field is adirect measureof
irreversibility in the magnetization@Mirr (H,T)# at that tem-
perature and field. The plots of@MFC(T)2MZFC(T)# versus
temperature at different but fixed values ofH are shown for
samplesS2 and S76 in Fig. 3. The representative Mirr
5@MFC2MZFC# curves~taken at fixedH) depicted in Fig. 3
present the following striking features. The differen
@MFC2MZFC#5Mirr ~i! deviates from zero below the tem
peratureTWI(H).TC ~the Curie temperature! which marks
the onset ofweak irreversibility~WI! in the magnetization,

FIG. 2. M -H hysteresis loops at temperatures below and ab
Curie temperature for samplesS1 andS2.
0-3
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ANITA SEMWAL AND S. N. KAUL PHYSICAL REVIEW B 68, 024410 ~2003!
~ii ! goes through a peak~observed in all the samples exce
for the quenched sampleS2) at the temperatureTP(H)
(.TC), and ~iii ! increases steeply below the temperatu
TSI(H)(&TC) which signals the onset ofstrong irreversibil-
ity ~SI! in the magnetization. The irreversibility lines@loci of
TWI(H), TP(H), andTSI(H) temperatures# in theT-H phase
diagrams of the samplesS1 ,Z75,S74,S75, andS76 follow, at
low fields (H&H** ), the relations~Figs. 4–6!

tWI~H ![12@TWI~H !/TWI~0!#52H/HWI* , ~5!

tP~H ![12@TP~H !/TP~0!#5H/HP* , ~6!

and

tSI~H ![12@TSI~H !/TSI~0!#5H/HSI* , ~7!

FIG. 3. The difference between field-cooled (MFC) and zero-
field-cooled (MZFC) magnetizations as a function of temperature
fixed values of external magnetic field for the samples~a! S2 and
~b! S76.
02441
e

By comparison, in the quenched sample (S2), the relation
tSI(H);H @i.e., Eq. ~7!#, as in other cases, isobeyed, the
tP2H irreversibility line does not exist, and the weak irr
versibility line is described by the expression

tWI~H ![12@TWI~H !/TWI~0!#5~H/HWI* !2 ~8!

@which is at variance with Eq.~5!, as is notable from the dat
presented in Fig. 4~b!#. In these expressions, the character
tic field H* varies from sample to sample and hence depe
on the degree of site disorder or chemical disorder pres

t

FIG. 4. Scaling of the reduced weak irreversibility temperatu
with the ~a! reduced field for samplesS1 , Z75, S74, S75, andS76

and ~b! reduced field squared for sampleS2.

FIG. 5. Scaling of the reduced peak irreversibility temperat
with the reduced field.
0-4
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IRREVERSIBILITIES IN LOW-FIELD . . . PHYSICAL REVIEW B68, 024410 ~2003!
The numerical values of the quantitiesTWI(0), HWI* , TP(0),
HP* , TSI(0), HSI* , andH** are listed in Table II.

Beyond a threshold fieldHcr ~whose value varies from
sample to sample, as is evident from the magnitudes ofHcr
displayed in Table II!, the MFC(T) and MZFC(T) curves
coincide with one another down to the lowest measur
temperature, i.e., 14 K. This implies thatHcr is the field
strength at and above which the irreversibilities cease to e
for T*14K. RepresentativeTWI2H, TP2H and TSI2H
plots, shown in Fig. 7 serve to highlight the finding that
the characteristic temperaturesTWI , TP , and TSI for irre-
versibility in magnetization suddenly drop even for fiel
well below Hcr . That the height of the peak inMirr (T),
m(H), initially increaseswith the field H, reaches amaxi-
mum mmax at a certain value ofH ~which is sample-
dependent!, and drops to zero at the critical fieldHcr , is
shown in Fig. 8. This figure also serves to demonstrate
the ratio m/mmax, when plotted againstH/Hcr for all the
samples, causes them(H) curves to fall onto one universa
curve.

B. Magnetic hysteresis loops

Figure 2 demonstrates that, irrespective of temperat
the hysteresis loops are much broader~i.e., an order of mag-
nitude higherHC) in the case of the quenched sampleS2

FIG. 6. Scaling of the reduced strong irreversibility temperat
with the reduced field.
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than in other samples. The hysteresis loops for the sample
question in the ‘‘field-history’’ mode are depicted in Fig. 2
a narrow field range of2100 Oe&H&100 Oe because th
coercive fields (HC) are of the order of a few Oe. The varia
tions of the remanent magnetization (Mr) andHC with tem-
perature for all the samples are shown in Figs. 9 and
Note that theHC values atT.TC for the sampleS2 ~solid
triangles in Fig. 10! refer to the centers of the hysteres
loops depicted in Fig. 2. It is noticed from the data presen
in these figures that~i! Mr(T) almost mimics the tempera
ture variation of the spontaneous magnetization@MS(T)# for
T&TC but does not go to zero atTC asMS(T) does; and~ii !
HC(T), like Mr(T), does not vanish atTC but remains finite
even for temperatures well aboveTC .

IV. DISCUSSION

The mean-field vector-spin models, applicable to fer
magnets exhibiting a reentrant behavior at low temperatu
predict that at low fieldstWI(H);H @Eq. ~4!#, andtSI(H)
;H2/3 @Eq. ~3!#. The theoretically predicted field depen

e

FIG. 7. Representative plots of the weak irreversibility, pe
irreversibility and strong irreversibility temperaturesTWI , TP and
TSI vs field.
-
TABLE II. Fit parametersTWI(0), HWI* , TP(0), HP* andTSI(0), HSI* in Eqs.~5!–~8! and the correspond
ing values ofH** andHcr for samplesS1 , S2 , Z75, S74, S75, andS76.

Weak irreversibility Peak Strong irreversibility

Sample TWI(0) HWI* HWI** TP(0) HP* HP** TSI(0) HSI* HSI** Hcr

~K! ~kOe! ~Oe! ~K! ~kOe! ~Oe! ~K! ~kOe! ~Oe! ~Oe!

S1 66.75~2! 3.20~3! 250 59.70~6! 1.92~3! 250 58.66~15! 0.725~11! 250 500
S2 56.03~13! 0.100~1! 45 - - - 35.01~1! 0.874~4! 100 500
Z75 68.92~8! 3.5~2! 100 49.68~1! 7.1~2! 100 49.76~2! 0.515~2! 100 -
S74 70.67~3! 3.51~7! 150 61.11~5! 0.541~3! 150 51~1! 0.30~2! 150 600
S75 68.09~2! 3.43~3! 200 63.45~22! 1.4~1! 100 49.77~28! 0.749~32! 200 800
S76 94.89~3! 55~2! 1000 70.16~1! 8.7~1! 1000 68.62~52! 0.946~18! 500 3000
0-5
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ANITA SEMWAL AND S. N. KAUL PHYSICAL REVIEW B 68, 024410 ~2003!
dences do not conform to the observed ones as is evi
from the following remarks. IftWI (tSI) is identified with
tGT (tAT), according to the theoretical predictions, i.e., E
~4! and~3!, tWI andtSI shouldincreasewith magnetic field
as H and H2/3, respectively. However, in the samplesS1 ,
Z75, S74, S75, and S76, tWI , instead of increasing,de-
creaseslinearly with H @Fig. 4~a!# as contrasted with the
sampleS2 in which tWI increaseswith magnetic field not as
H but asH2 @Fig. 4~b!#, while tSI does not increase asH2/3

but increaseslinearly with H ~Fig. 6! for all the samples.
None of the existing theories predicts a peak in the magn
irreversibility versus temperature~i.e., @MFC2MZFC# vs T)
curves. Moreover, in sharp contrast with the theoreti
prediction16 that in ferromagnets with reentrant behavior
low temperatures, the Gabay-Toulouse irreversibility line l
well belowthe Curie temperatureTC and is followed at lower
temperatures by the Almeida-Thouless instability line, we

FIG. 8. Reduced peak heightm/mmax vs the reduced field,
H/Hcr .

FIG. 9. Remanent magnetization as a function of reduced t
perature.
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irreversibility line TWI(H) lies well above TC while the
strong irreversibility lineTSI(H) is locatedclose to TC for
all the samples under consideration. Such a wide dispa
between the theoretical predictions and experimental ob
vations may not be surprising in view of the fact that t
presently investigated systems do not exhibit a reentran
spin glass behavior.

In conventional ferromagnets, irreversibility in the ma
netization at low fields, and temperatures well belowTC , is
normally attributed to the progressive stiffening of doma
walls ~alternatively, to the increase in magnetic viscosity! as
the temperature is lowered throughTC to low temperatures.
By contrast, in the samples of the Ni75Al25 alloy that vary
either in the degree of site disorder or slightly in compo
tion, irreversibility in the magnetization at low fields is firs
observed at temperatures well aboveTC . The occurrence of
irreversibility at T.TC suggests that the above mechanis
may not be relevant to the present case. Nevertheless
-

FIG. 10. Coercive field as a function of reduced temperature
samples~a! S1 andS2 and ~b! S74, S75, andS76.
0-6
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IRREVERSIBILITIES IN LOW-FIELD . . . PHYSICAL REVIEW B68, 024410 ~2003!
attempt is made to ascertain if anisotropy and/or inhomo
neities and/or pinning effects are at the root of the obser
irreversibility. To this end, an extensive study of magne
hysteresis in the samples under consideration was un
taken, as detailed in Sec. II.

In order to facilitate a comparison betweenHC(T) and the
characteristic irreversibility temperaturesTWI(H), TP(H)
andTSI(H), HC(T) data are converted intoT(HC) data such
thatT(HC) denotes the temperature corresponding to a gi
value ofHC . Figure 11 clearly demonstrates that theT(HC)
data, so obtained, follow the relation

t~HC!512@T~HC!/T~0!#5~H/HC* !1.5 ~9!

for T&TC , or equivalently, forHC*HC** , regardless of the
degree of site disorder present or the alloy (NixAl1002x)
composition in the range 74.31&x&75.98 at %. The values
for T(0), HC* , and HC** are listed in Table III. The bes
least-squares fits based on Eq.~9! are depicted in Fig. 10 by
the continuous curves. A comparison of Eq.~9! with Eqs.
~5!–~8! reveals that the field dependence oft does not con-
form to the variations oftWI , tP , andtSI with H. At the first
sight, this disparity may be taken to indicate that differe
mechanisms are responsible for the irreversibility in
magnetization and coercivity. However, close scrutiny
veals that within the temperature range wherein the value
tP(H) and tSI(H) for a given sample fall,HC decreases
linearly with increasing temperature~dotted straight lines in

TABLE III. T(0), HC* andHC** values for the samplesS1 , S2 ,
S74, S75, and S76. The typical errors in the values ofHC** is
60.5 Oe.

Sample T(0) HC* HC**
~K! ~Oe! ~Oe!

S1 59.19~38! 22.76~14! 2
S2 36.77~12! 63.42~20! 14.5
S74 73.26~65! 4.50~3! 2.3
S75 56.31~29! 4.89~3! 1.1
S76 73.31~47! 9.40~5! 1.5

FIG. 11. Reduced temperature vs reduced coercive fi
(HC /HC* )1.5.
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Fig. 10!. In view of this observation, theHC(T) data in the
specified temperature ranges~Table IV! have been recast in
the formt(HC) and least-squares fitted to the expression

t~HC!512@T~HC!/T~0!#5~HC2H0!/HC
1 . ~10!

The outcome of this exercise, shown in Fig. 12, asserts
for all the samples under consideration,t indeed has the
samedependence on field astP(H) andtSI(H) have. More-
over, from the values of the parametersT(0), H0 andHC

1 ,
listed in Table IV, a perfect agreement between the value
T(0) andTP(0)@TSI(0)# for the samplesS1 , S74, S75, and
S76 ~sampleS2) is clearly noticed. As far as the weak irre
versibility is concerned, thelinear increase inHC with tem-
perature forT.TC ~indicated by the scanty data in Fig. 10!
in the case of samplesS1 , S74, S75, andS76 augurs well with
the linear decline in tWI with increasingH @Eq. ~5!#, ob-
served in these samples atT.TC @Fig. 4~a!#. The above
agreement suggests that the same underlying mecha
may be responsible for botht(HC) and tP(H) or tSI(H)
@t(HC) andtWI(H)] for T&TC (T.TC).

Now that there are strong indications thatHC and the
irreversibilities in the magnetization may have a comm
origin to start with, we focus our attention on the temperat
dependence ofHC ~Fig. 10!. TheHC(T) data shown in Fig.
10 demonstrate thatHC decreases linearly with increasin
temperature up to a temperatureT* ~which varies from
.0.6TC to TC depending on the sample!, and forT.T* the

d,

TABLE IV. T range,T(0), H0 andHC
1 values for samplesS1 ,

S2 , S74, S75, andS76. The typical errors in the values ofHC
1 is

60.5 Oe.

Sample Temperature range T(0) H0 HC
1 TP(0)

@TSI(0)#
~K! ~K! ~Oe! ~Oe! ~K!

S1 44.8-56.2 59.64~5! 0.0 35.57 59.70~6!

S2 28.93-33.03 39.25~5! 0.0 85.76 @35.01~10!#

S74 26.10-46.70 61.13~6! 1.59 3.06 61.11~5!

S75 20.68-50.67 63.38~7! 0.32 4.9 63.45~22!

S76 33.10-70.00 70.00~8! 1.60 9.15 70.16~10!

FIG. 12. Reduced temperature vs reduced coercive field, (HC

2H0)/HC
1 .
0-7
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rate of decline inHC is faster. The theory due to Guant21

considers domain-wall pinning by sample inhomogenei
as the main mechanism for remanence and coercivity in
magnetic materials. In the conventional terminology,pinsare
impediments to domain-wall motion that locally decrease
wall energy. According to this theory, the temperature dep
dence of the coercive field is given by the expression

HC~T!5HC~0!@12~25kB/31gb2!T#, ~11!

whereg is the domain-wall energy per unit area and 4b is
the range of interaction between the domain wall and the
For weak pinning, the domain wall breaks away simul
neously from many pins and the statistical fluctuations of
density essentially determine the value ofHC at T50K, i.e.,
HC(0). Thelinear temperature dependence ofHC predicted
by Eq. ~11!, when the productgb2 remainsconstant, con-
forms well with the observedHC(T) for T,T* ~Fig. 10!.
The departure from the linear temperature dependence oHC
for T.T* ~Fig. 10! thus basically reflects the fact that th
productgb2 is no longer independent of temperature. Fo
180° domain wall in a ferromagnet with uniaxial anisotrop
domain-wall energy21 is g54A(AK1) and the wall width21

is 4b54A(A/K1), whereA is the exchange energy per un
length andK1 is the leading uniaxial anisotropy constan
Since bothA andK1 are temperature dependent, the prod
gb2 need not be independent of temperature in the en
temperature range 0&T&TC .

So far as the presently investigated samples are c
cerned, site disorder and/or chemical disorder give rise
local compositional fluctuations~local atomic density fluc-
tuations! which, according to the phenomenological mod
proposed earlier by Coleset al.16 ~Kaul17! result in the for-
mation offinite ferromagnetic~FM! spin clusters that coexis
with the infinite three-dimensional FM matrix atT,TC . In
the regions that surround the finite FM clusters, the excha
coupling between spins of clusters and the matrix isweak
~because of quenched random-exchange disorder! and such
regions act as pinning centers for the domain walls of
infinite FM matrix as they reduce the domain wall ener
locally. Now that statistical fluctuations of the pin densi
caused by site and/or chemical disorder, at the absolute
of temperature essentially determine the value ofHC(0),
HC(0) varies from sample to sample.

The occurrence of strong and peak irreversibility in ma
netization for temperatures in the immediate vicinity ofTC
as well as of weak irreversibility in the magnetization atT
@TC can bequalitativelyunderstood in terms of the mode
due to Coleset al.16 and Kaul17 as follows. According to
these models, the infinite FM networkdisordersat TC while
the finite FM spin clusters, by virtue of substantially high
local ordering temperatures, disorder at temperatures w
aboveTC . Thus, forT.TC , finite FM spin clusters coexis
with a paramagnetic matrix. Finite remanent magnetizat
~Fig. 9! and coercivity~Fig. 10! even at temperatures we
aboveTC in the present case strongly suggests the existe
of a trace minority ferromagnetic Ni-rich phase~which es-
caped detection in the x-ray diffraction experiments! whose
Curie temperature is much higher than that of the majo
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FM ~Ni-poor! phase. As the temperature is raised throu
TC , the domain structure of the majority phase disappear
T→TC but that of the minority phase remains still in tac
Normally, the strong irreversibility would have paved th
way for the weak irreversibility asT→TC had only the ma-
jority phase been present. However, in the samples un
consideration, the finite FM spin clusters belonging to t
majority phase act as pinning centers for the domain walls
the minority phase at temperatures close to, and above,TC .
Consequently, the weak irreversibility in the magnetizati
of the main FM phase competes with the strong irreversi
ity in the magnetization of the minor phase FM phase to g
rise to the peak inMirr versus temperature curves@Fig. 3~b!#
at different but fixed fields for temperatures close toTC ~the
weak irreversibility in the magnetization of the major F
phase is completely masked in the process! whereas the
weak irreversibility in the magnetization observed atT@TC
actually corresponds to the minor FM phase. Moreover,
peak height increases with magnetic field up to a fieldH
.0.25Hcr ~Fig. 8!, because the domain walls encounter
increased number of pinning centers~finite FM clusters! as
they traverse larger regions of a given sample under the
fluence of the magnetic field. As the field is increased beyo
this threshold value, pinning becomes less and less effec
with the result that the peak height is progressively s
pressed. Absence of the peak inMirr (T) particularly in the
quenched sample@Fig. 3~d!# basically indicates that quench
ing does not favor the nucleation of the minor FM phase
instead leads to a fine dispersion of a large number of sm
sized finite FM spin clusters~for details, see Ref. 17! in the
infinite FM matrix such that the finite clusters do not~do!
differ significantly in composition~atomic density! from the
infinite matrix. Due tohigh cluster density, pinning of do-
main walls is stronger in this sample than in other samp
for T&TC and even at temperatures well aboveTC , strong
competing interactions operate between the finite FM s
clusters. This explains the much stronger irreversibility~Fig.
3! and substantially larger magnitudes ofMr andHC ~Figs. 9
and 10!, for T&TC , on the one hand, and the field depe
dence oftWI @Fig. 4~b! and Eq.~8!# as well as thefield-
history-dependentshift in the center of theM -H hysteresis
loops for T.TC , characteristicof spin glasses or cluste
spin glasses@cf. Eq. ~2!#, on the other hand, in the quenche
sampleS2 as compared to the other samples.

V. CONCLUSION

The ‘‘zero-field-cooled’’ magnetization (MZFC) and
‘field-cooled’ magnetization (MFC) have been measured a
different but fixed values of magnetic field from 14 K t
temperatures well above the Curie temperature on sample
composition Ni75Al25 with varying degrees of site disorde
(S1 , S2, andZ75) and on samples of varied composition
the range Ni74.31Al25.69 to Ni75.98Al24.02 (S74, S75, andS76),
but with afixeddegree of site disorder. An elaborate analy
of such data permits an accurate determination of the we
peak ~not observed in sample 2! and strong irreversibility
lines in theT-H phase diagram of the samples in questio
The field dependences of the weak~Gabay-Toulouse! and
0-8
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strong ~Almeida-Thouless! irreversibility temperatures pre
dicted by the mean-field vector spin models for isotro
ferromagnets do not conform to those observed in the pre
case. A detailed comparison between the magnetic fi
variations of the temperaturesTWI , TP , andTSI , character-
izing the weak, peak, and strong irreversibilities in the m

*Author to whom all correspondence should be addressed. E
address: kaulsp@uohyd.ernet.in
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