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High-temperature evolution of coercivity in nanocrystalline alloys
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The temperature evolution of the coercivity of a Finemet-type alloy, in which 10 at. % Fe has been substi-
tuted by Cr and annealed at different temperatures, has been studied. In the temperature region above the
coercivity maximum, the experimental hysteresis loops have been successfully fitted by a combination of two
models which use effective field controlled memory effects and temperature rescaling to describe dipolarly
interacting superparamagnetic particles. It is shown that the characteristic parameters of these two models
(interaction temperature and interaction fjelite interrelated. A consistent two-step fitting procedure was
developed which yielded physically meaningful values for the temperature dependence of the magnetic mo-
ment of the particles.
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[. INTRODUCTION this system by changing the size of the particles with the use
of different annealing procedures and finer variations in the

The interactions in magnetic nanoscale granular systemstrength of the interactions as a function of the measuring
have been intensively studied since more than a detadeemperature cannot be established.

Recently, a phenomenological mean-field model was The model outlined above should be applicable to any
published in order to explain the magnetic hysteresis ob-assembly of superparamagnetic particles interacting via di-
served in granular Cu-Co alloys well above the superparapolar forces, including nanocrystalline ribbons produced by
magnetic blocking temperature of the particles. The hysterpartial crystallization from an amorphous precursor. These
esis loops of the alloys were satisfactorily described byalloys consist of two phases: ferromagnetic crystalline par-
adding a memory term to the argument of the Langevin functicles of the size of 10 nm with a Curie point of about 800 K,
tion used for the description of the magnetization of the nonembedded in a ferromagnetic amorphous matrix with a vary-
interacting particle system. This memory term being responing Curie temperature up to about 600 K depending strongly
sible for the observed hysteresis was related to dipolabn composition. If the Curie temperature of the matrix is
interactions between the nanometric particles, characterizegduced to around room temperature by properly choosing
by a unique adjustable parameter called effective interactiothe composition and annealing, the system should behave
field (Hg). above room temperature as an assembly of interacting nano-

The temperature dependence of the anhysteretic magneparticles separated by a nonmagnetic matrix. Since in this
zation curveghalf sum of the two branches of the hysteresiscase the Curie temperature of the nanoparticles is much
loop) was described quantitatively for the same alloys usindower than that of the Cu-Co alloys, a much stronger change
a similar mean-field approximatichin this case the tem- of the interactions with increasing temperature is expected.
perature in the argument of the Langevin function was modi- According to the above requirements, we have studied
fied with an excess temperature termt | related directly to  Cr-doped FINEMET-type alloy (Rg:Cr;gNb;Si;3 BoCly)
the dipolar energy between the particles. The dipolar fieldannealed fo 1 h at diferent temperature€800—-825 K to
exerts a disordering, random torque on any magnetic moreduce the Curie point of the amorphous matrix to the vicin-
ment, opposing the ordering effect of the external magnetiity of room temperature and to change systematically the
field. Therefore, the role of the dipolar field is similar to that particle size10—15 nn). It was demonstrated recertfthat
of the temperature, which justifies the use of the excess tenthe hysteresis loop of one of these samples follows fairly
perature term in the description. As a consequence of thevell the theoretical predictions of the model of Alla al?
dipole-dipole interactions, a lower apparent moment result¢n the following we will show that the temperature-
with respect to the interaction-free cds&.roughly constant dependent hysteresis loops of these alloys can only be satis-
interaction temperatur@* (influenced by the temperature factorily described if a relationship betweety and T* is
dependence of the saturation magnetization Jomigis ob-  assumed in the investigated temperature rg8§6—650 K.
tained from the model, indicating that the dipolar interactionsThis modification extends the validity of the moti&ifor
remain almost constant in the investigated temperaturgranular systems where the dipolar interactions between the
range. This is not surprising since the Curie temperatures giarticles depend strongly on temperature.
the Cu-Co alloys are much higher than the measuring tem- The structure of the paper will be as follows: after de-
peratures useb—700 K). scription of the experimental detailSec. I) the resultgSec.

In order to study the correlation between the two interacdll) are presented in two subsections. The microstructure of
tion parameters introduced abovid{ and T*), the Cu-Co the samples used in this study is characterized in Sec. Il A
alloy system does not represent the best model material. Thehile the dependence of the hysteresis loops on the crystal-
interactions between the nanoparticles can only be altered iime volume fraction and temperature is shown in Sec. Il B.
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The experimental results are analyzed in Sec. IV. on the base sl ' ' ' ' ' "]
of the existing models: the hysteresis loops measured at dif-

ferent temperatures are fitted in Sec. IV A giviagparent prys .

magnetic parametefsnoment and number of magnetic clus-

ter9. The temperature dependence of these magnetic param- . 30} 1
.y . . . (]

eters deduced from fitting the anhysteretic magnetization S L

curves is discussed in Sec. IV B. Section V introduces the _—i |

assumed relationship between the two interaction parameters 10l |
(Hp andT*). It makes possible to calculate the thermal de-

pendence of thactualmagnetic parameters. In the last para- or 1
graph of Sec. V the problem of using a one-step procedure 100 200 300 200 800 600 700
for obtaining the actual magnetic parameters instead of the T(K)

two-step procedure used above is discussed. Conclusions are
followed in Sec. VI. The possible influence of the demagne- FIG. 1. Temperature dependence of coercivity for the samples
tizing field of the samples is considered in the Appendix,with a crystalline volume fraction of 7%squares 16% (circles,
showing that it cannot be responsible for the observed beand 20%(triangles. Lines are a guide to the eye.
havior.
B. Hysteresis loops: dependence on crystalline volume fraction
Il. EXPERIMENTAL and temperature

Amorphous ribbon 1 cm wide and 25m thick of nomi- From the magnetic point of view, Cr addition reduces the
nal composition Fg «Cr;gNb;Sijs BoCu; was prepared by Curie temperatureT() of the amorphous precursor, as well
single roller melt spinning. The devitrification process wasas that of the remaining amorphous maftis the first crys-
studied by Perking-Elmer DSC-7 differential scanning calo-tallization process takes place, the previously mentioned Cr
rimeter. Samples were annealed in halogen lamp furnace ug@nrichment of the matrix causes the progressive decrease of
der argon stream. The crystalline volume fraction of theits Curie temperature, reaching values below room
samples was calculated by fitting the profile of the maintemperaturé. It prevents the exchange coupling of the
x-ray diffraction peak by the superposition of two pseudo-hanocrystals via the residual amorphous matrix at room tem-
Voight functions. The thermal dependence of the hysteresiBerature.

loops has been measured by SQUID magnetom@ern- Previous studi€s indicate that room temperature coer-
tum Design MPMS-58from 100 up to 700 K. civity shows a different behavior than that of the Cr-free
Finemet-type alloys as a function of crystalline volume frac-

Ill. RESULTS tion. Annealing at temperatures below the onset of nanocrys-

tallization, coercivity decreases due to stress relaxation. At
the beginning of nanocrystallization, coercivity increases due
The influence of the partial substitution of Fe by Cr on theto the appearance of the magnetocrystalline anisotropy of the
microstructure of Finemet type alloys have been extensivelyFe,S) grains, but in contrast to the usual Finemet behavior,
studied in previous workSDevitrification takes place in two the further increase of the crystalline volume fraction does
main stages. The first one corresponds to the appearance mdt reduce coercivity. This was explained by the reduced
(Fe,S) nanocrystals, which remain embedded in the remaineoupling between the grains due to the paramagnetic charac-
ing amorphous matrix while the second one results in theer of the matrix at this temperature.
appearance of boride-type phases and recrystallization phe- Figure 1 shows the thermal dependence of coercivity for
nomena. Cr addition enhances the crystallization temperatutbree samples with different crystalline volume fractigis
of the amorphous alloy. The peak temperature of the firsi6, and 20 % determined from the measured temperature-
crystallization exotherm increases at a rate~d K/ at. %  dependent hysteresis loops, an example of which is seen in
Cr. However, no regular behavior has been found for thd=ig. 2. For all of them, three different temperature regimes
second crystallization process. X-ray diffraction ands#to can be distinguished. For low temperatures, the reduced val-
bauer spectroscopy have also shown that there is no deteates of coercivity are explained by the random anisotropy
able amount of Cr in the nanocrystals, therefore, it remainsnodel extended to two-phase systefhshe magnetization
in the amorphous matrix during the first crystallization stageof the nanocrystals—which are coupled through the ferro-
At the final crystallization process, Cr is incorporated intomagnetic amorphous matrix—cannot follow the local easy
the boride type phases. Previous transmission electron maxes and the magnetocrystalline anisotropy is averaged out.
croscopy studies indicate that there is a slight reduction ofAs the matrix becomes paramagnetic, it can no longer exert
the (Fe,S) crystal size as the Cr content in the precursorthis influence and coercivity progressively increaSeshe
alloy is increased.In the present study for the three samplesfinal temperature regime, which corresponds to the decrease
annealed at 800, 820, and 825 K for 1 h, a nanocrystallin®f coercivity at higher temperatures, is ascribed to the tran-
volume fraction of 7, 16, and 20 % with the correspondingsition from slightly coupled particles to the superparamag-
particle size of 9, 11, and 12 nm was obtained by x-raynetic regime.
diffraction, respectively, which was also confirmed by TEM  Figure 1 hints at a progressive decrease of the temperature
investigations:® of the coercivity maximum with increasing crystalline vol-

A. Microstructural characterization
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whereu is the magnetic moment of the partidwhich will
be referred later as the apparent magnetic momehis the
° 00} . applied field,T is the measuring temperature, akis Bolt-

=
= zmann'’s constant.
o5l The effect of dipolar interaction can be expressed in the
’ form of a mean fieltH ean:
Aor . . i ~
-1000 -500 0 500 1000 m.=L ﬁ( H*Hmean | 2

H (Oe)
_ _ ~ wheres(m,m,) = (u/kT)Hmean The mean fieldH yeancan
FIG. 2. Experimentalcrosses and modeled(ine) hysteresis  pe rewritten as a function of an effective interaction fielgl

loop of the sample with 20% crystalline volume fraction measured(related to the root-mean-square of the dipolar jieldd a
at 400 K. Inset: Langevin fitting of the anhysteretic curve. “cutoff” function F(m) as follows:

ume fraction. It seems to be in contradiction with the behav- H mear= Hol F(m)—F(m,)]. ®)

ior observed for the Cr-free Finemet-type alldysyhere the

opposite trend is observed. However, in the latter case the To be able to reproduce the hysteresis loops of dipolarly
Curie temperature of the residual amorphous phase increasggeracting particles, the memory function should produce
with the crystalline volume fraction whereds of the re-  closed hysteresis loops. Also, as the interactions are irrel-
sidual amorphous phase for the Cr-doped Finemet-type akvant at saturation, the memory function must have a larger
loys decreaseéas evidenced by the decreasing temperatureffect when the magnetization change is larger and should be
vs crystalline volume fraction, at which coercivity begins to an even function of the reduced magnetization. It can be
increase, as well as from previously reported redulhere-  checked that an expression such as &), imposing that
fore, the difference between the peak temperaturdd o&and ~ F(m) should have a value equal to 1 for zero magnetization
the Curie temperature of the residual amorphous phase ivalue, and zero value at saturation, fulfils all the required
creases with the crystalline volume fraction, in agreementonditions?

with the behavior found for Cr-free Finemet type alloys. It is also known that the half sum of the two branches of
the hysteresis looganhysteretic curve in the followinge-
IV. ANALYSIS OF THE RESULTS duces to a Langevin function in the case when the particles

] . ) interact through a dipolar field. Therefore, the magnetic mo-
A mean-field model for describing the hysteresis loops Ofnent of the particles can be calculated through a simple
dipolarly interacting superparamagnetic particles was origi1 angevin fitting of the anhysteretic curve. On the other hand,
nally applied to Cu-Co granular magnetic systémisshould  the reduced half difference of the two branchagm)] is a
be able to reproduce the magnetic hysteresis of any granulgfeasure of how the hysteresis loop separates from the super-
system with dipolarly interacting superparamagnetic parparamagnetic skeleton. Therefore, it should be related to the
ticles embedded in a nonmagnetic matrix. Therefore, thigtoff function. Definingmg, as the reduced remanence of a

model was applied to a nanocrystalline Cr-containingmajor loop(which will only be considered the cutoff func-
Finemet-type alloy at room temperaturén the following, tion can be obtained as

the temperature dependence of the hysteresis loops above the

temperature of the maximuid. in Fig. 1 will be analyzed A(m)
for different crystalline volume fractions. F(m=————, (4)
3 mgL’'(m)
A. Hysteresis loop model whereL’(m) is the first derivative of the Langevin function

The mean field model considers the effect of the dipolawith respect to its argument. The different parameters re-
interactions between the particles as a memory function. Takjuired for reconstructing the branches of a major loop are
ing into account that the noninteracting particles should beobtained as follows. The magnetic moment is determined
have as a superparamagnet, it is logical to assume that tfig@m the Langevin fitting of the anhysteretic curve; the cutoff
skeleton of the loop should correspond to a Langevin funcfunction is obtained from the reduced half difference of the
tion. (As the extension to a distribution of particle sizes isbranches through Eq4) and finally, the interaction field is
straightforward and not necessary for the case discussetlculated from
here, it will not be considered in this papebefining the

memory functions(m,m,), as depending on the reduced m _1uHo 5)
magnetization of the sample, and the maximum achieved RT3 kT

magnetization in the loopn, (vertex magnetization the

branches of the loop can be described as The major loop is obtained as
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FIG. 3. Relationship between the interaction field and coercivity .
of all the three studied samplésquares: 7%; circles: 16%; triangles g 5+ .
20% crystalline volume fractigrmeasured at different temperatures ="
above the coercivity maximum.
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FIG. 4. Temperature dependence of the apparent magnetic mo-

Followina thi d the hvst is | f the dif ment and the number of particles per unit mass, obtained from the
ofiowing this p_roce ure, the nysteresis loops .O ed “Langevin fitting of the anhysteretic magnetization cur(@snbols
ferent nanocrystalline samples can be modelled with remark;. Fig. 1.

able agreement above the temperature range starting from the

coercivity maximum. As an example, Fig. 2 shows the ex-pq sample. It can be showisee the Appendixthat this

perimental(crossesand calculated loop of the sample with eftect cannot be the dominant contribution to the temperature
20% crystalline volume fraction measured at 400 K. Thedependence of the moment.

inset corresponds to the Langevin fitting of the anhysteretic Recently, Allia and co-workers have presented an exten-

curve. sion of the model that reproduces the thermal dependence of
the anhysteretic magnetization curve of Cu-Co nanocrystal-
line alloys® This model should be able to describe the tem-

perature evolution of the apparent magnetic moment of the

When the previously described procedure is applied to thelipolarly interacting superparamagneti€e,S) particles
studied samples measured at different temperatures, the thgjresent in the Cr-containing Finemet-type alloys.

mal evolution of the characteristic parameters can be studied |n this modef the classical Langevin description is ex-

for different crystalline volume fractions. The effective inter- tended by an effective interaction temperatufie® ) term
action field has a temperature dependence which is similar tadded to the measuring temperature. This new term is ex-
that measured for coercivity. Figure 3 shows the linear corpected to take into account the disordering effect of the di-
relation between these two quantities when the data for atbo|ar interactions between the partic|es_ A|th0l]'g‘h makes

the samples are plotted, the hidden variable is the temperghe magnetization have a functional form which resembles
ture. This behavior is consistent with the assumption that thehat of a Curie-Weiss approach, it has to be noted Ti¥ais
most important interaction between the particles is of dlpolara temperature dependent parameter, as will be shown below.

origin. _ The anhysteretic curve can be described either by the ap-
When the temperature dependence of the magnetic mgyarent parameters

ment is studiedFig. 4), an increase of this parameter with

increasing temperature is clearly observed in all cases. Al-

though this effect could indicate structural evolution of the M=Napp Kapp L
samples during the measuring procégiving rise to an in- . )
creasing crystal sizethis has been ruled out by checking the O by the “actual parameters(those emerging from the in-
reversibility of this thermal dependence. Therefore, the callfinsic characteristics of the nanopartiolésgether with the
culated magnetic moment is an effective one and the maghtéraction temperature

netic moment and the number of particles will be denoted as
“apparent” parameters in the following, due to the fact that

their thermal evolution is not related with the intrinsic char-

acteristics of the nanocrystals. In principle, the increasing
value of the apparent magnetic moment for increasing tem- As both are descriptions of the same experimental data,
perature can be also influenced by the demagnetizing field dfoth should give the same values for the saturation magne-

B. Thermal dependence of magnetic parameters

)

mH

M=N pu Ll —"
Bk

. (8
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tization and the initial susceptibility. This requirement gives ' ' ' ' '
the relationship between apparent and actual parameters 6l A
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According to Alliaet al.,® the interaction temperatur@* //};/’:Y""
is related to the dipolar energy through the relatiof* «*
=au?/d®, whered is the interparticle distance and is a O o 02 03 o2 o3
temperature-independent proportionality constant which can- w H /KT
not be obtained from first principles, as it depends on the a0
geometrical distribution of the particles, correlations between g 5. |inear dependence of the apparent number of particles
adjacent moments, etc. Taking E@) for small fields, it can  per ynit mass with the ratio of the magnetic interaction energy to
be easily shown that the applicability of the model can bene thermal energy. The linear behavior confirms the proportionality
checked by looking for a linear relationship between the repetween the effective energy giving rise to the observed coercivity
ciprocal initial susceptibility of the anhysteretic curve and(u,,,Hy) and the effective interaction thermal energy*. The
T/Mg. However, in our case for the Cr-containing Finemetpresented points are for temperatures above the coercivity maxi-
type alloys, such a linearity is not found. This can be due tanum (symbols as in Fig. )1 Broken lines are linear fits to the data
a temperature dependeat whose evolution is not due to points.
modifications of the microstructure but to the effect of mag-
netic relaxation of the nanoparticles as the interaction field igjeometrical consideratiopsfor the Cr-Finemet the strength
reduced to zero. This temperature dependence is not takey the dipolar interaction covers a broader range.
into account in the original modé&lwhich can explain the Therefore, it is logical to assume that the parameters of
failure when it is applied in a temperature range which apthe previous modefs (the interaction fieldH, and the ef-
proaches the pure superparamagnetic redimegligible in-  fective temperaturd™, respectively are interrelated. The

terparticle interactions simplest relationship between the parameters would be to
consider that the thermal energy of the interactidab*() is
V. RELATIONSHIP BETWEEN THE INTERACTION proportional to the energy term giving rise to the coercivity
PARAMETERS of the 100pS {4pp Ho)

Both approaches of Alli@t al?® are independent models

for representing the same physical system: an ensemble of KT*=¢ tapp Ho- (13)
dipolarly interacting superparamagnetic particles. In the first

model? the interactions are considered as the origin of theNote that in Eq(6) the moment corresponds to that directly
experimentally observed hysteresis loops and they are moabtained from the Langevin fitting of the anhysteretic curves,
eled by introducing an interaction field which is related towhich was subsequently denotedagsparent

the r.m.s. dipolar field. The second motleéproduces the By using this proportionality assumption in EG.0) and
decrease of the apparent magnetic moment of the particleaking into account that there is no structural evolution in the
through an effective interaction temperature which is consamples for the different measuring temperatutéssould
nected with the r.m.s. dipolar energy. When the temperatureemain temperature independent and characteristic for each
dependence oT* is determined by that ofs through the of the samples N, should be linearly dependent on
above postulated relatioh* ~u?, both models are able to (MappHo)/(KT). Figure 5 shows the linear dependence of
reproduce the overall behavior of the Cu-Co granular magthe parameters obtained from the experimental hysteresis
netic systems. However, for Cr-containing Finemet-type aldoops in the temperature range where dipolar interactions
loys, that particular temperature dependenc&’oseems not should be predominantemperatures above the coercivity
to be valid. The main difference of the two systems is themaximum). The actual number of particles per unit mass are
Curie temperature of the nanocrystals. While for the Cu-Caletermined from the axial intercept of the line and it coin-
alloys the particles are Co nanocrystals, withfTa much  cides with the high temperature limit df,,, (interaction free
higher than the temperature range where the loops are stutegion. It should be mentioned, however, that there is a ten-
ied (increasing this range would result in the undesirabledency of the points corresponding to hidly,, to deviate
effect of structural evolution of the samples during the meafrom a linear behavior. It also seems that this curvature is
surements in the case of Cr-Finemet, th€e,S) nanocrys- larger for the higher crystalline volume fractions. Therefore,
tals have a much lowefF.. For the Cu-Co alloys, simple it could be related to the fact that at these lower temperatures
superparamagnetic behavior is not found in the studied teminteractions are probably not purely dipolar.

perature range,but for Cr-Finemet it is possible to reach  As an internal check of this modified model, Fig. 6 plots
zero coercivity(Fig. 1). As the interactions between the par- the values of the apparent magnetic moment directly calcu-
ticles depend on their saturation magnetizatasiwell as on lated from the experimental data and those obtained from Eq.
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' ' ' P peratures. The figure also shows that the actual magnetic
0 27 moment of the particles decreases with increasing tempera-
7 ture, as expected when no structural evolution occurs in the
e measuring temperature range. It has to be mentioned, how-
- ever, that the moments of the samples at temperatures near
-m the coercivity maximum can be overestimated, as for this
e region the contribution of other types of interactions might
have an influence on the results. The concave shape of the
) magnetization curve is a feature also observed for Cu-Co
24 alloys® and can be related to a gradual transition of some of
: : ' ' the particles to simple superparamagnetic regime; a more
@6 detailed study of this feature is planned.
Mgy (1077 6MU) The physical reason for the proportionality & and
rftappHo might be the following: the approach proposed by

FIG. 6. Correlation be.tW?PTn the apparent magnetic moment Calp iz et 41 is based on the temperature independence,of
culated from the Langevin fitting of the anhysteretic curves and theWhich should be true for low temperaturésell below the
same parameter predicted by the model, using E@sand (11) P

- ) Curie temperature of the nanopartigless their geometrical
(symbols as in Fig. J Line corresponds to slope 1. distribution, and correlations between neighboring particles
remain constant. However, it can be expected that with in-
creasing temperature, the changing magnetic moment of the
Wﬁarticles can alter the correlations between neighboring par-
ticles. This can produce a temperature evolutiom pfvhich
%annot be accounted for in the approach of Adltaal 3 but it
is incorporated into the temperature evolution of the mean

uappcalc (10-16 emu)
!
\
L AN
\
\

(9), using the effective temperatuié. The linear behavior
with a slope close to 1 and an intercept close to zero sho
the adequacy of the model.

Figure 7 shows the temperature dependence of the ma
netic moment of the particles as deduced with our assump-

tion. As discussed formerly, simple Langevin fitting with the field energy termyy, Ho obtained from the fittings. More-

apparent parametefq. (7)] would indicate that the particle over, as the temperature is increased, the thermal energy

size decreases with increasing annealing temperature. This.. . . he i :
; - ; . . Theref h
would be in contradiction with TEM observatiofighe pre- é%uns Importance over the Interaction energy. Therefore, the

sented analysifa combination of the two models of Allia essential difference between both approaches is that, in the

et 2123 using Eq.(11) as a proportionality lalvcorrects this former, the thermal dependence is imposed into the formula-

o . tion, while in the present approach the thermal dependence
tendency, giving larger magnetic moments for the sample

. R Bf the interactions is obtained from the experimental hyster-
annealed at higher temperatures. The similarity of the mag; g loops through the energy tepm,, Ho
pp'to-

1 1 0, -
netic moment values of the samples with 16 and 20 % crys Using the present approach, the actual magnetic moment

gﬂgﬁgg“}fgg;fifgon dsif}faigtf)?]re\?vwiiﬂt ivxgrcta?gscrt)rgtal Sr::iﬁsof the samples can be obtained in a two-step procedure. First,
size saturates to a{/alue close, t0 12 nm. An estimate% orr the interaction field is calculated together with gugparent
' cr)ﬁagnetic parameters and second,ab&ial magnetic param-

bar for the calculated actual moments is indicated, ShOWIn%ters are obtained via these data. A closed description of the

that it is comparable with the crossing of the two curves of : e . .
the lowest cr?/stalline volume fractiong sample at high tem_problem would be desirable by fitting simultaneously the in-

teraction field, the effective temperature and the actual mag-

0 netic parameters. For this purpod¢, should be introduced

inside the argument of the Langevin function from the be-
3B \ . ginning and the anhysteretic curves should be fitted to Eg.
ol \ 1 (8). Using this approach, only the ratjo/(T-+T*) can be
\.\ calculated. To separate the interaction temperature it would
’g‘ 25t '\\ 1 be necessary to introduce some estimations of the magnetic
O 2| \\\4 ] moment, obtained from the grain sizes observed by TEM or
© __m-mT o2 I XRD. This would also make the procedure a two-step pro-
‘_; 157 e ’4.,—:—”" ] cess, with the drawback of having to impose a certain rela-
10} _,,/” ’.,,==“’ - tionship between grain size and effective magnetic moment,
LI gy which can be cumbersome in some cases.
5} [ 4
200 500 600 700
T (K) VI. CONCLUSIONS
FIG. 7. Temperature dependence of the appaféashed ling It was established in this work that Cr doped FINEMET-

and actual(solid line magnetic moment of the three studied type alloy is a highly attractive model material to study the
samples: squares: 7%; circles: 16%; triangles: 20% crystalline volmagnetic interactions in nanoscale granular systems, as all
ume fraction. The estimated error bar for the actual moment ighe characteristic temperature ranges of qualitatively differ-
given, being of the same size of the crossing of the two curves foent magnetic behaviors are experimentally accessible. The
the lowest crystalline volume fraction. good soft magnetic behavior at low temperatures is followed

224418-6



HIGH-TEMPERATURE EVOLUTION OF COERCIVITY IN . .. PHYSICAL REVIEW B56, 224418 (2002

by an intensive maximum of the coercive field, which de-netizing field of the sample. In this appendix, it will be
creases to zero as expected for superparamagnetic particleisecked by simple calculations whether this contribution can
when the interaction energy is much smaller than the thermde relevant. Let us assume that the demagnetizing field of the
energy. The hysteresis loop models of Akiaal>® based on  sample is responsible for the temperature dependence of the
the dipolar interaction among magnetic nanoparticles havapparent magnetic moment. The relationship between the ap-
been found to be applicable above the temperature of thparent and intrinsic susceptibility of a sample is given by
coercive field maximum. As it was shown that no further

structural changes occur in the temperature range where the __ X (A1)
coercive field decreases from its maximum value to zero, this Xapp™ 71 Ngx’

system is a more severe testing ground for the model than the . o I
) - whereNy is the demagnetizing factor. In our case, the initial
Cu-Co system it was originally developed for.

These advantageous features of the Cr doped FINEMEﬁusceptibility of the alloy can be obtained from the power
expansion of the Langevin function, therefore

type alloy make it possible to establish the connection be-

tween the parameters used in the different versions of the Napp2

dipolar coupling models. It was established that the effective Xapp:TTpp , (A2)
energy giving rise to the observed coercivify{, Ho) and

the effective interaction thermal enerdgyT* should be pro- N2

portional and this assumption made it possible to develop a X= 3T (A3)

consistent two-step fitting procedure, which yielded physi-
cally reasonable values. In this frame, first an apparent effec-
tive moment, apparent number of particles and interactiori‘ht
field are fitted to the measured hysteretic curves. In the segh
onql step, the apparent_ pafa”?eters are rescaled by the inte:r-Na Mapp, @ relationship between the apparent and actual
action temperature, which is fitted to the temperature deper}hagﬁ%ticpmoment can be obtained:

dence of the anhysteretic curves. The consistency of the '
numerical procedure was checked by studying the tempera- n

ture dependence and particle size effects influenced by dif- Mappzm- (A4)
ferent degree of nanocrystallization. It has been verified that S

in contrast to the apparent moment, the rescaled moment By identifying terms in this equation with those of Eq.
increases with the nanocrystalline fractitmhere TEM re-  (9), the interaction temperature can be rewritten as

sults in fact find the increase of the grain giaed the physi-

cally expected temperature decrease of the magnetic mo- T*:NdMs:“ (A5)
ments has also been found. The simultaneous fitting of all the 3k

para_meters, on the other hand, has been proven not to lEf’onsidering that the demagnetizing factor of the samples
feasible. (~2 mm long and~ 25 um thick) is of the order of 102,
and using the typical values of the parameters for the sample
ACKNOWLEDGMENTS with the highest crystalline volume fraction &t400 K (o
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By substituting these expressions into B41) and taking
0 account that the value of saturation magnetization
ould be the same in both description &N

Program(Grant No. TH E-2/2001. V.F. is grateful to the In conclusion, although the demagnetizing field can have
CMRC (Condensed Matter Research Cepfer supporting Some effect on the temperature dependence of the apparent
his stay in Budapest in the program WP9. moment, it cannot be the dominant contribution to this effect.
The exact calculation of the demagnetizing field, however, is
APPENDIX a cumbersome issue, as not only the external shape of the

sample has to be taken into account, but also the contribution
The increasing value of the apparent magnetic momemnbf each particle, which are embedded in a paramagnetic ma-
for increasing temperature can be influenced by the demagrix. It is out of the scope of the present analysis.
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