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Probing a ferromagnetic critical regime using nonlinear susceptibility
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The second-order paramagnetic-ferromagnetic phase transition in a series of amorphous alloys
(Fe;CosgNiq7-,CrB1gSiyp) Is investigated using nonlinear susceptibility. A simple molecular-field treatment
for the critical region shows that the third order suceptibility diverges on both sides of the transition
temperature and changes signTat. This critical behavior is observed experimentally in this series of amor-
phous ferromagnets and the related asymptotic critical exponents are calculated. It is shown that using the
proper scaling equations, all the exponents necessary for a complete characterization of the phase transition can
be determined using linear and nonlinear susceptiblity measurements alone. Using meticulous nonlinear sus-
ceptibility measurements, it is shown that at timgscan be more sensitive than the linear susceptibiityn
unraveling the magnetism of ferromagnetic spin systems. A technique for accurately determinmglis-
cussed, which makes use of the functional formyefin the critical region.
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[. INTRODUCTION To bring out the advantages as well as the limitations of
nonlinear susceptibility measurements in the investigation of
Nonlinear effects become more pronounced in the vicinitya paramagnetic-ferromagnetic phase transition, we present a
of a phase transition and the magnetizatibh measured in comprehensive study on a set of Fe-Co-Ni-Cr-B-Si amor-

the presence of an exciting field H can be written as phous alloys. This set of alloys is chosen because they were
well studied in the past, and it was found through linear ac

susceptibility and high-field dc magnetization measurements
that they are reasonably well behaved three-dimensional
(3D) Heisenberg ferromagnets:*3As such, amorphous fer-

whereys, x»2, andys are the first-, second- and third-order . : ok
Ly A ; . ... romagnets have been extensively studied using linear suscep-
susceptibilities, respectively. The higher-order susceptibili-

i tai ith of inf i but owing to the f ttibility to understand the influence of quenched disorder on
Ies contain a wealth or information, but owing 10 th€ 1act y, o cjical pehavior of spin systems. The effect of disorder,

X o IUCg seen in the values of the critical exponents and the width
than th_e.flrst—order susceptibility, they are correspondinglyys the asymptotic critical regime, have been studied and re-
more difficult to measure. . viewed extensively* Nonlinear susceptibility as measured in
The second-order Susceptlblht)o(i) arises due to the an amorphous ferromagnet, has been reported bé":f(tret
presence of a symmetry-breaking field and is observed only the best of our knowledge, this is the first study on at least
in the presence of a dc field or in materials with a largethis class of materials, where linear and nonlinear suscepti-
permanent magnetization. Though relatively unexploggd, bility alone is used for a complete characterization of the
has been used to show the coexistence of spin-glass phasstical regime.
and ferromagnetic order in a reentrant spin-glass system. At the outset, we present a simple molecular-field treat-
The third-order susceptibility x(3) has been commonly ment to show thag; diverges on both sides of the transition,
employed to characterize the spin glass transition, where and changes sign at the transition temperature. Thus the criti-
negative cusp iry; was used to identify the onset of a spin- cality is observed experimentally, and the related asymptotic
glass transition and was used as a direct probe of the divecritical exponents are calculated. It has been shown that us-
gence of the Edward-Anderson order param@jerhas also  ing the relevant scaling equations, all the necessary expo-
been used to distinguish a spin glass from anents required for a complete characterization of the phase
superparamagnét® Among long-range-order systems, transition can be determined using linear and nonlinear sus-
thoughys deduced from dc magnetization measurements haseptibility measurements alone. This can be considered as a
been used for studying the effect of quadrupolar interactionmajor advantage of measurement of nonlinear susceptibility.
in rare-earth compoundsit is interesting to note that non- Also, owing to the functional form of¢; across the phase
linear susceptibility measurements on ferromaghétiand  transition, the determination of the tr(@@ero-field transition
antiferromagnetit materials are not common, and very few temperaturd ¢ can be made to a better accuracy. It is shown
reports exist in literature. Moreover, most of the previousthat subtle features not discernable using normal linear sus-
experimental works on nonlinear susceptibility in long- ceptibility measurements can be picked up using nonlinear
range-order systems are predominantly qualitative and natusceptibility, making it a very useful tool for studies of spin
quantitative in nature. As far as the study of phase transitionsystems in the critical region. Hence, in this paper, we show
is concerned, though the second-order paramagnetic to ferr¢he following advantages ofs: (i) determination of all the
magnetic phase transition has been extensively studied usimglevant critical exponentdi) accurate determination G,
linear susceptibility® the behavior ofy3 across the transition and iii ) detecting subtle features not seen in linear suscepti-
has been relatively less explored. bility measurements.

M=Mg+ x H+ xoH2+ xaH3+ - - -, )
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It is important to note that though the present study deals Ill. RESULTS AND DISCUSSIONS
with amorphous ferromagnets, criticality jpy can be used
equally effectively in the study of phase transitions in their
crystalline counterparts. ac susceptibility is amongst the finest tools for the study

of critical phenomenon, not only due to the relative ease with
which measurements can be done but also due to the fact that
Il. EXPERIMENTAL DETAILS very low-field measurements can be performed. The most

A well characterized and extensively studied series ofmportant advantage is that it directly gives the true initial
amorphous ferromagnets (@osNij;_CrB1eSizp) with x  Susceptibilityxo, which otherwise has to be calculated from
=5, 10, 15 referred to as A2, A3, and A4, respectively, havedata taken at comparatively higher measuring fields. Consid-
been used in this study. These samples prepared by méifing the fact that the ideal second-order paramagnetic-
quenching are in the form of ribbons of approximate dimenferromagnetic phase transition is defined in zero external
sions 10 mrx 1 mmx 0.03 mm) field, ac susceptibility becomes a very good tool for studying

In one of the earlier work® x5 was determined by fitting ~ Criticality, as larger exciting fields used during the course of
the measured isothermal magnetization using (Eqg.or al- ~ Mmeasurements are likely to mask the true critical behavior of

ternatively by plotting M/H versusi?, and calculating the the system under study. Also, the Kouvel-Fishé-F)
slope in the linear low-field range. analysis’ of the a_c—_susceptlblllty date_l_ls a good means of
Another technique involves using the Arrots plg ver- accurately determmlng both the tran_smon temperaligeas
sus H/M, where the slope in the low-field range can be'Well as the SUSCGDthI“ty_ exponent Figures la)_,ll(b), and
related toys through the relation 1(c) show the Kouvel-Fisher plotl/yod/dT(xo ~) versus
T] for the three samples. The inverse of the slopes directly
2 _gives us the value of_ the _suscepti_bility expo_n@nan_d the
intercepts of the straight line provides us with an indepen-
) ) dent estimate of the transition temperatdig. This series
_However, these methods are unsuitable for studying thgas peen well studied in the pHsand the values of . and
critical behavior across the ferromagnetic transition prima-,, reported are in reasonable agreement with the values we

rily due to two reasons. . . . have obtained, as is shown in Table I.
(i) The measuring fields are relatively higher and this can

at times mask the true critical behavior of the system.
(ii) x3 is determined after fitting the dc magnetization
data. This method is not only time consuming but also intro- 1. Theory

duces significant errors in the value gf. ... The critical behavior ofy; has been investigated in the
In the present study the linear and nonlinear susceptibili-

. db o he ch in the ind Qast using the Sherrington-Kirkpatric motfeind the Bethe
ties are measured by monitoring the change In the inducell, . imatiort® The behavior ofys was shown by a simple
voltage across two oppositely wound secondary coils in

: . Holecular-field theo§by Sato and Miyako. Here we present
home Tt?(ljte susceptgn:e’c%lﬁotg t’;he I|_near T\noll( ‘_10”"”eﬁf a detailed calculation based on the molecular-field approach.
susceptibiliies were determined by using a lock-in amplilier &, qiqer g collection of n particles, each with spin 1/2.

to measure th_e_ signal seendatand 3o, r_especnvel_y, where When an external fieldH is applied, the net magnetic mo-
o is the exciting frequency. Neglecting the hlgher-orderment is given by

terms, the voltage measured ab 3s given by

A. Linear susceptibility

X3=— X1 dM2/d(H/M)].

B. Nonlinear susceptibility

H

3 m=than!‘('L|:—T). (©)]
Vaw:ZstHS,
whereu is the Bohr’'s Magneton anklis the Boltzman con-

whereH is the magnitude of the applied field. stant. The net applied field which the dipole sees is given by

It is normal practice to bundle a few ribbons together to
increase the measured signal but in this case a solitary ribbon H=H+\M,
was stuck on to a sapphire single crystal, which made up th@here is the molecular-field constant. Thus, the magneti-
sample holder, with the temperature sensor and a nonmagation can now be written as
netic heater on the same crystal. This was done to avoid
temperature gradients across the samples. A calibrated Plati- n
num resistance thermometer was used for measuring the tem- M=Np tanh = (H+xM), (4)
perature and control to an accuracy of 0.01 K was achieved
using a Lakeshore temperature controller DRC-93A. ExcitwhereN is the particle densityN=n/V).
ing fields from about 100 mOe to a few Oe and frequencies Case A: T>Tc. In the paramagnetic region, as the mag-
ranging from 73 Hz to 1.33 kHz were used for different netizationM has inversion symmetry with respect to the ap-
experimental runs. All the measurements were performeglied field H, the magnetization can be written as
with the applied field parallel to the long edges of the
samples to minimize the effect of the demagnetization fields. M=y H+ x3gH3+ ysH+ - - -. 5)
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FIG. 1. Kouvel-Fischer plots of the real part of the first-order
susceptibility for the samples A2, A3, and A4. The inverse of the
slope gives the value of the susceptibility expongntand the in-
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TABLE |. Values of the susceptibility exponentand the tran-
sition temperatureT. as determined from the Kouvel-Fischer
analysis of the first-order susceptibility. The values determined by
the earlier workers is given for the sake of comparison.

A2 A3 A4

Te 267.44 222.76 174.37
267 222.% 174

y 1.16+0.008 1.3880.01 1.410.01
1.19 1.38 1.7

®/alues determined in Ref. 11 using ac-susceptibility measure-

ments.
byvalues determined in Ref. 11 using high-field dc magnetization.

Nu? 1
X1 =yTs T—l (7)
Tc
Nut T 1
X3= — 3k3.|_3 T_C( T )4' (8)
—-1
Tc

It is clear that in the limitT=T¢, x, diverges positively,
whereasy; shows a negative divergence.

Case B: KT¢. In the ferromagnetic region, the emer-
gence of spontaneous magnetization cabéde lose its in-
version symmetry with respect to H, and now the magneti-
zation can be written as

M=Mg+ xH+ xoH?+ xgH3+ - - -, 9)
whereM is the spontaneous magnetization. Substituting this

in Eq. (4) we get

M =NMtanr{kﬁT[xM0+(>\Xl+ 1)H+)\X2H2+)\X3H3]].
(10)

tercept on the temperature axis provides the transition temperatufeXxpanding tanh( and comparing the coefficients of the dif-

TC.

Substituting this in Eq(4), we get

y73
X1H+X3H3=Nﬂtanl'ﬁ_(H+)\[XlH +xsH3+ ).

Now, using the expansion

1
tanh(x)=x— §x3;

using the expression fol from the mean-field theory,
kTc=Nu?\; and comparing the coefficients bf, H3, etc.

we get

ferent powers oH, we get

[ mAMg 1 pA3MG
Mo=Nu KT 3 GTe | (13)
1 Te]f( Mo)®
Nw? T/ \Nu 12
X1 kTC T TC 2 MO 2 ’ ( )
Te |7 1T/ INa
kTCMOXl 1
X2=~ NS . EZ%ZB, (13
T N
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Equation(11) is solved for the spontaneous magnetizationbe kept in mind that at higher measuring fields, the contribu-

and vyields forT<T

il el o)

Substituting this value ofNly/Nw)? in the value ofy,
and simplifying, we get

(15

tion from domains can become large, thus masking the true
critical behavior of the spin system.

Careful low-field measurements have shown this critical
feature in this series of samples. Figuréa) 22(b), and Zc)
show the critical behavior in the samples A2, A3, and A4,
respectively. As predicted in the preceding sectign,
changes sign acrosB: and the exacfTc can be directly
determined from the crossover pf on the temperature axis.
These experimentdl values are given in Table Il. It is to

(16)

Hence it is clear that, has a positive divergence &s>T .
Now, substituting Eqs(15) and (16) in the value ofys
and simplifying, we obtain

N,LL2 4
8 (Zch) AT
e 3( T)“(NszC’
1__
T

7

where it is obvious that likg 1, x3 too diverges positively in
the limit T=T .

2. Experiments

Normally, x; is seen to show a sharp negative peak
around the transition. It has been observed in an electrical
analog (across the second-order paraelectric-ferroelectric
transition in a triglycine sulfate monocryskahat the nonlin-
earity parameter; [~e3/(e;)*, wheree; and e; are the
first- and third-order dielectric susceptibilities, respectiyely
was seen to minimize af: but had positive values both
above and below the transition temperattfrelowever, as is
clear from the preceding section, theoretically,is expected
to diverge on both sides of the phase transition and change
sign exactly atT.. However, this critical behavior is not
easy to observe. The reason for it is that the expansion of M
in terms of higher powers of H, which was shown in the
preceding section is truly speaking only valid for small val-
ues of H. Hence, to observe the true critical behavior, mea-
surements have to be done at very low measuring fields, and
higher fields tend to smear off the transition. It is difficult to
predicta priori the fields at which this critical behavior will
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FIG. 2. The critical feature of5 as observed in the real part of
the third-order susceptibility in the samples A2, A3, and A4. The

be seen, as it depends on the extent of nonlinearity in theeasurements were done at a frequency of 133.33 Hz and the ex-
system, and thus differs from one sample to another. It musiiting field is of the order of 200 mOe.

094408-4



PROBING A FERROMAGNETIC CRITICAL REGINE . . .

TABLE II. Values of the all the critical exponents as calculated
using linear and nonlinear ac susceptibilities in this series of
samples.Tc(x3) is the value of the transition temperature deter-
mined from the crossover gf; in the temperature axis. The values
quoted by the previous workers is also given for the sake of com-
parison.

A2 A3 A4
b% 1.16+0.008 1.38&0.01 1.4 0.01
1.192 1.382
3 4.57+0.08 4.805-0.12 5.040.09
A 1.705 1.708 1.815
B 0.545 0.32 0.405
0.35% 0.412 0.522
@ —-0.25 0.03 —-0.22
0.22 —0.22 -0.72
) 3.12 5.33 4.48
4.422 4.492 4,322
Telxa) 267.05 22255 173.45
3 rom Ref. 11.

be noted here that th&: determined from the crossover of
x3 Mmatches well with that determined from the Kouvel-
Fischer plot(Table ). This matching ofT’s from two dif-

ferent measurements not only substantiates the fact that the
measuredys is a genuine response of the spin system but

also that the crossover gf; can be used as a direct method
to determineT¢. The other advantages of determination of
T¢ from the crossover of; will be discussed in the follow-
ing section.

As is seen in Fig. @), a double transition showing two

crossovers is observed in the sample A2. As will be shown
later, this sample gives an uncharacteriztically low value of

the susceptibility exponeng, a fact observed by the earlier
workers as well. Considering the fact that this sample has th

largest percentage of Ni and is closest to the critical concen-

trationx., this double transition is not difficult to explain, as
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FIG. 4. Double-logarithmic plots gf5 vs the reduced tempera-
ture for the samples A2, A3, and A4. The slopes of the straight lines
give the value of the exponent.

in this class of materials, the formation of clusters showing a
distribution of Tc’s have been speculatéti!* However, it is
interesting to note that no direct evidence of such a distribu-
tion is evident from the linear susceptibility measurements.
This only goes on to show that low-field nonlinear suscepti-
bility is a more sensitive tool than the linear susceptibility, as
far as studies of spin systems near the transition is con-
cerned.

As mentioned earlier, the field in which the measurement
is performed is an important consideration in the study of

FIG. 3. The field dependence of the third-order susceptibility asriticality in xs. This is clearly shown in Fig. 3, which shows
seen in the sample A3 at a measuring frequency of 133.33 Hz. As ithe field dependence ¢f; in the sample A3 at a measuring
clearly seen, the critical behavior is supressed with increasing agrequency of 133.33 Hz. It is clearly seen that the critical

plied field.

feature is sharpest at the lowest measured field, and increas-
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ing the measuring field wipes off this critical behavior. It is 222.85
interesting to note that we have observed a nontrivial fre- .
guency dependence in this series of samples . This could % 222.60+
possibly be due to the presence of superparamagnetic clus- g
ters, as no frequency dependence would be expected in a S 222551
long range ferromagnetically ordered system. These results "g 22250
will be dealt with in a later communication. % ]
Large uncertainties ind/dT) (x5 1) make it very difficult S oo 45 terospton T axs : 222.43 K
to determine the value of the critical exponent associated E
with the third-order susceptibilityy;, using the Kouvel- F asn a0 . .
Fischer formalism. Hence the value f is determined by 0.0 01 02 03

plotting a double-logarithmic plot of 2) ysH? versuse,
wheree=[(T—Tc/Tc)] is calculated by taking the cross-
over point of y3 asT. Figures 4a), 4(b), and 4c) shows FIG. 5. The temperature of crossovis vs the measuring field
the double-logarithmic plots for samples A2, A3, and A4, H,, for the sample A3. A linear behavior is observed and the inter-
respectively. As shown in the figure, is—>Tg a curvature polation to zero applied field gives us a unique way of determining
from the straight-line fit is clearly seen. This arises due to théhe true transition temperature.
presence of higher-order terms close to the transition tem- ) ) i ,
perature. Exponent calculations give the valueygfto be As has been described earligh diverges on both sides
457, 4.80, and 5.04 for this series of samples, whictPf the transition _tem.p.erature, a.nd.changes sign exa_tctly at
matches well with the 3D Heisenberg value of 4.88. Tc. More_over, this cnycal Ibeha.\nor is extremely sens_ltlve to
Using the scaling relations/§= y+2A, A=y+B, & the ma.gnltu'd.e of the fleld.m which the mgasurgmept is dqne,
—1+y/8, anda+28+y=2 (wherea, B, v, and A are and this critical feature is seen to vanish with increasing

the exponents associated with the specific heat, magnetizggld' This mal;es;Q a very promising candidate for an ac-
tion, susceptibility, and the gap exponéhtespectively, all ~ curate determination df¢, as even by theory the ferromag-
the exponents required for a complete characterization of thR€tiC transition is defined for the limi=0, and any large
system have been determined and are given in Table Il. As jgieasurement field is likely to change the. thermodynamic
clearly seen our values match reasonably with that given ifProPerties of the system under study. Plotting the tempera-
Ref. 11. The only exponent in which a large difference isture of crossovefl¢ versus the field used during the mea-

seen isx which is calculated by using the Rushbrooke equal-SUrementkizc), itis clearly seen thatc varies linearly with
ity a+ 28+ y=2. The ambiguity in the value of this expo- the applied field. Thus, extrapolatlng thiskb=0, one V\./I||'
nent is probably because the values determined in Ref. 11 aR¢ able to determind ¢ to a very high accuracy. This is
calculated by using both high dc field and low ac field mea-ShOWn in Fig. 5, wherd ¢ versusH is plotted for the sample
surements, as is the general practice, whereas in ouncisse A3- The intercept atH=0 gives us the value offc
determined by using low-field linear and nonlinear ac-—222.43 K.

susceptibility measurements alone.

Applied ac field ( Oe)

IV. CONCLUSIONS

A simple molecular treatment of the second-order
paramagnetic-ferromagnetic phase transition shows jhat

Accurate determination of c has always been an impor- diverges on both sides of the transition and changes over sign
tant consideration in the study of criticality across the ferro-at T . This criticality has been experimentally observed in a
magnetic transition. The most popular techniques used tillvell studied series of amorphous alloys and the related ass-
date have been the K-F formalisfdiscussed in Sec. [Il A ymptotic critical exponents have been determined. It is
and the Arrots ploté? shown that sensitive nonlinear susceptibility measurements,

Arrots plots work on the principle of plotting the isother- along with linear susceptibility, can be used to fully charac-
mal experimental data a@d? versusH/M at different tem-  terize the phase transition, without the need for any other
peratures in the transition region. They should be straightype of measurements, such as dc magnetization, specific
lines in the critical region with the intercepts of these linesheat, etc. Moreover, due to the functional formyaf at the
with the H/M axis being positive ifT>T. and negative transition, the transition temperatufe. can be determined
when T<T.. However, it is important to note that this is accurately. Using the field dependencexaf an extrapola-
valid only when the domain alignment is complete, i.e., thetion to true zero field can be made, which gives us a unique
low-field experimental data is completely excluded. This canway of determining the transition temperature. Subtle fea-
at times be a nontrivial problem, specially in systems withtures not seen in the first-order susceptibility, such as the
large field induced effects, causing uncertainties in the accuysresence of magnetic clusters with a distributioriTefs, is
rate determination of c. Also, in inhomogeneous systems, observed. This only goes on to show that at times nonlinear
such as amorphous ferromagnets, the Arrots plots tend to sisceptibility can be a more sensitive tool than its linear
curved even at large measuring fields, thus making the idereounterpart in understanding the magnetism of spin systems
tification of T even more difficul in the critical region.

C. Determination of T using nonlinear susceptibility
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