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Chapterr  7 

Small-anglee neutron-scattering study 

onn some alloys based on Fe-Pt 

WeWe present a study on the microstructure of the alloys Fe^t^ 

FeFe597597PtPt33g^lbog^lboSS and Fe59g5Pt39.9Alo.25 using small-angle neutron-

scatteringscattering (SANS). The correlation between the SANS results and 

otherother microstructure analyses will  also be discussed. 

7.11 Introductio n 

Ass mentioned in refs. [1] and [2] and in the previous chapters, Fe-Pt alloys have 

attractedd much attention because of their good corrosion resistance, 

highh magnetocrystalline anisotropy, high coercivity and large energy product. 

Thee prominent magnetic properties are intimately connected with the fcc-fct structural 

phase-transitionn in these alloys. By adding a small amount of a third element, such as 

Nbb and Al, the magnetic properties of Fe-Pt alloys can be further improved. 

Too understand the mechanism responsible for the high-performance magnetic 

properties,, an analysis of the change in microstructure under heat treatment is 

important.. In the previous chapter, transmission electron microscopy (TEM) has been 

employedd to investigate the microstructure. This technique, however, only allows to 

studyy a small surface of the order of several (im2, whereas with small-angle neutron 

scatteringg (SANS) one can investigate not only the whole surface of the sample but 

alsoo the bulk properties of nanometer-sized systems. 

SANSS data include the scattering from the nuclei and from magnetic 

contributions.. Therefore, by analysing the SANS data, one can obtain information on 

http://Fe59g5Pt39.9Alo.25
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thee size of the particles and the magnetic domains in the phases in the sample. 

Inn combination with an applied magnetic Field, SANS is a useful technique for this 

purpose. . 

7.22 Experimental 

Alloyss based on the chemical formula F e ^ t ,̂ Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt39.9Alo.25 

weree prepared by arc-melting appropriate amounts of the pure elements (3N) under a 

purified-argonn atmosphere. The melts were cast and then cut into disk-shaped samples 

withh a diameter of 10 mm and about 0.5 to 1 mm thick for the SANS measurements. 

Alll  samples were annealed at 1325 °C for 1 h under argon atmosphere and 

quenchedd in water (as-quenched sample). To produce hard-magnetic properties, 

thee samples were subjected to an ageing process performed at 625 °C for 1 h for 

Fe60Pt40,, at 625 °C for 24 h for Fe59.7Pt39.sNbo 5 and at 525 °C for 24 h for 

Fe59.g5Pt39.9Alo.25.. This process was terminated by quenching in water (aged sample). 

Thee SANS experiments were carried out on the instrument Dl l at the ILL 

(Grenoble,, France). The samples were measured at room temperature and in an applied 

transversee magnetic field of up to 1.2 T, perpendicular to the neutron-beam direction. 

Thee neutron wavelength was X = 1 nm with a wavelength spread of AA/A. = 10 %. 

Duringg the measurement, a two-dimensional position-sensitive detector was placed at 

threee distances of 10.5 m (or 13 m), 16.5 m, and 40.5 m to reach a scattering vector Q 

inn the range = 0.006 - 0.5 nm"1. The SANS measurements were carried out at room 

temperaturee in three different states: before applying the magnetic field (the virgin 

state),, in the magnetic field (the field state) and after removing the magnetic field 

(thee remanent state). On the raw data, a background correction was performed using an 

emptyy Cd slit. The corrected data were calibrated absolutely by measurements of 

aa water standard. 

Wee observed pronounced scattering in the virgin, field and remanent states. 

Afterr the ageing, the scattering behaviour of Fe59.7Pt39.gNbo.5 and Fe59.g5Pt39.9Alo.25 has 

significantlyy changed. For Fe^Lto, we did not observe much difference between 

thee SANS data of the as-quenched and the aged samples. 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.7Pt39.sNbo
http://Fe59.g5Pt39.9Alo.25
http://Fe59.g5Pt39.9Alo.25


Small-angleSmall-angle neutron-scattering study ... 137 7 

7.33 Characterisation of SANS data 

Thee two-phase model is one of the most commonly used approximations in small-angle 

scattering.. In this model, one assumes that the microstructure of 

aa particular system can be described by a collection of particles with uniform 

scattering-lengthh density pp, embedded in a matrix with scattering length density pm. 

Byy using this assumption several important relations can be derived as presented in 

thee following sections. 

7.3.17.3.1 Scattering at low-Q: the Guinier approximation 

Forr a dilute system of randomly oriented particles, the scattering intensity in the low-Q 

rangee of the SANS radial scattering cross-section (usually for QRg < 1.2) follows the 

Guinierr approximation [3]: 

wheree I0 is the scattering intensity at Q = 0, Rg is the radius of gyration. 

Iff  this approximation holds, a plot of log I(Q) versus Q2 shows a linear region 

forr small Q and the characteristic size of a particular system can be obtained. 

Forr example, the relation between the average radius of spherical particles and the 

radiuss of gyration can be determined from R = (5/3)u2 R - However, it is important to 

notee that interference effects between the particles should be negligible in this 

approximation.. In many metallic alloys, the Guinier approximation is not valid and 

thereforee the quantity Rg cannot be used. Other approaches such as a Fourier 

transformationn of the SANS data need therefore to be considered. 

7.3.27.3.2 Scattering at high-Q: the Porod law 

Inn the high-Q tail region of the I(Q) curve, the Porod law can be used for a two-phase 

systemm of particles with smooth surfaces and sharp boundaries [4]: 

KQ)KQ) = KPQa+B (7.2) 

withh KP the Porod constant, the exponent a which usually equals 4, and B a Q-

independentt (incoherent) background parameter. 
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Thee Porod constant is related to the total surface area per unit volume Sv of 

thee particles by: 

KKpp=2x(Ap)=2x(Ap)22SSvv (7.3) 

wheree Ap = pp - pm is the contrast in scattering-length density between the particle (pp) 

andd the matrix (pm). If the contrast Ap is known, the value of Sv of the particles can be 

determined. . 

Iff  the interphase boundaries are diffuse, the value of the exponent a may be 

differentt from 4. In the Porod region, the scattering is strongly influenced by 

thee incoherent background level. If the I(Q) curve is not measured to sufficient large Q 

values,, the Porod law cannot be employed. 

7.3.37.3.3 Fourier transformation 

Forr an ensemble of randomly distributed scattering objects, the scattering intensity 

dependss only on the magnitude Q and can be expressed as [3]: 

ƒ(ö)) = 47T A r | S i n ( g r) p(r)dr (7.4) 
Joo Qr 

wheree N is the surface density and p(r) = yirjr 2 is the pair distance distribution 

function,, y(r) is the correlation function. 

Duee to the experimental limitations, for example the limited Q range as 

mentionedd above, the determination of p(r) by using a direct Fourier transform may 

leadd to appreciable systematic errors. To solve this problem several procedures have 

beenn developed. The indirect Fourier transform is most widely used to determine p(r) 

inn isotropic systems [5, 6]. In this method, the scattering curve I(Q) is fitted by using 

aa distance distribution function described by a linear combination of the spline 

functionss <pv(r): 

p(r)p(r) = J^cv<pv (7.5) 

Thee best values for the parameters cvare determined from the fitting by a least-squares 

methodd using a Lagrange multiplier as stabilisation parameter. 



Small-angleSmall-angle neutron-scattering study ... 139 

Iff  a system can be considered as monodisperse, the distance distribution 

functionn p(r) can be determined from the scattering intensity calculation. 

Thee maximum correlation distance Dmax which is related to the magnetic domain size 

cann be obtained from this function. In the case of a polydisperse system, where 

particless may have different shapes, sizes or compositions, the size/volume distribution 

functionn D(R) can be determined. The average particle size is then derived from 

thee D(R) curve. 

7.3.47.3.4 The Porod invariant 

Forr a two-phase system, if the scattering intensity is determined over a large Q range, 

thee Porod invariant is given by 

QQPP=]l(Q)Q=]l(Q)Q 22dQdQ = 2x(Ap)2 (7-6) 

o o 

Thee Porod invariant [4] is an important quantity because it represents 

thee mean-square fluctuation of the system, which is insensitive to structural features of 

thee scattering objects. Its value can be obtained directly by integrating the I(Q) curve. 

Inn combination with Eq. (7.3), one can obtain: 

vv QP 

AA spherical particle with radius R has an area S = AnR2, a volume V = AnR /3 and 

aa total surface area per unit volume Sv - S/V = 3/R. Therefore, the average radius of 

sphericall  particles equals 

RR = l®£- (7-8) 
7lK7lKp p 

1A1A Results and discussion 

7.4.17.4.1 FewPUo 

Inn Figs. 7.1 and 7.2, the radial scattering cross-section (the scattering intensity, denoted 

byy /) obtained in the SANS experiments is presented as a function of the of the 
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scatteringg vector Q for an as-quenched and an aged Fe60Pt4o, respectively. The 

scatteringg intensities do not differ much. 

10c c 

10= = 

104!r r 

10J J 

I02lr r 

101 1 

üü virgin 
AA in field 

 remanence 

1E-33 0.01 0.1 1 

Q(nm"1) ) 

Fig.Fig. 7.1 Q dependence of the SANS intensities for as-quenched Fe^t^ 
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Fig.Fig. 7.2 Q dependence of the SANS intensities for the aged Fe60Pt40. 

Inn general, small-angle neutron scattering on a sample comprises the total 

contributionn from the nuclear and magnetic scattering. For the considered Fe-Pt alloys 

wee observed that, in the field and remanent states, the scattering intensities are 

significantlyy smaller than in the virgin state. Therefore, in the virgin state the scattering 

contributionn from randomly oriented magnetic domains is dominant. However, 
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thee SANS data in the field state are characterised by a inhomogeneous magnetisation. 

Thus,, in this state, the scattering from particles with different magnetisation becomes 

thee main contribution. For the remanent state, the analysis is more complicated and not 

veryy reliable due to significant contributions from all parts. Therefore, we only analyse 

thiss state for comparison with the other. 

(a):(a): the virgin state. 
* * <* <* 

^ ^ 

ftt t 

JT T 

* * 

** ** 

fee e 
* * 

i-thi-th domain 

4 4 t t 
f f 

* * 

4 4 

4 4 

t t 
t t 4 4 

**** M *r 
** *r * 

* * * * * * 

j-thj-th domain 

r r tt H t 

tRt t 

(b):the(b):the field state. 
TheThe field direction B 
isis also indicated. 

Fig.Fig. 7. 3 Structural model of magnetic domains and fee and fct particles in Fe-Pt alloys. 

Too visualise the situation, we present in Fig. 7.3 a structure model in which 

wee assume that the magnetic-domain size is larger than the fee and fct particle sizes. 

Inn the virgin state, one may expect that the magnetic domains are randomly oriented 

andd approximately of the same size. Let us simply indicate the fee and fct particles as 

alternatingg particles in each domain. In the virgin state, the magnetic moments of 

thee fee and fct particles are parallel within each domain. The small-angle neutron 

scattering,, therefore, has main contributions from randomly oriented magnetic i-th, 

j-th,j-th, etc. domains in the whole sample (Fig. 7.3a). However, when a magnetic field is 

applied,, the magnetic moments of the soft-magnetic fee particles are more easily 

orientedd along the magnetic field direction than those of the hard-magnetic fct 

particles.. This different behaviour in magnetic field of the fee and fct phases gives rise 
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too a new microstructure as depicted in Fig. 7.3b. In this case, the scattering on the fee 

andd fct particles, which have different magnetisation directions, is dominant. 

Too analyse the SANS data, we therefore propose that the monodisperse model is 

suitablee for the Fe-Pt alloys in the virgin state. For the field state, and maybe for 

thee remanent state, the polydisperse model is necessary. 

7.4.1.17.4.1.1 Direct analysis 

a.a. The Guinier approximation 

Inn the low-£> range (below 0.02 nm) of the I(Q) curve, the Guinier approximation was 

appliedd for the as-quenched and aged Fe60Pt40 samples. The parameters used in the 

fittingg process are listed in Table 7.1. 

Tablee 7.1. The parameters for Fe60Pt40 obtained from the Guinier law. 

Sample e 

State e 

virgin n 

field field 

remanent t 

as-quenched d 

h h 
(lO'cm"1) ) 

17.99 3 

12.0+1.1 1 

36.77  1.9 

(nm) ) 

83.9+1.4 4 

157.00 6 

159.99 + 5.0 

QQ range 

(nm) ) 

<0.02 2 

<< 0.015 

<< 0.015 

aged d 

(104cm"]) ) 

21.00  0.1 

10.00 6 

50.99 6 

RRgg (nm) 

80.00 6 

174.77 1 

165.55 7 

QQrange range 

(nm) ) 

<0.02 2 

<< 0.015 

<< 0.015 

Thee average radius of spherical particles determined by the relation 

/JJ = (5/3)1 zRg, however, is much larger than that of the TEM result where the sizes of 

thee fct particles were determined to be about 1-5 nm for the as-quenched and aged 

samples.. The interference effects between the fee or/and the fct particles may be 

considerablee so that the above relation is not valid. We also observed this effect for 

Fe59i7Pt39.gNbo.55 and Fe59.g5Pt39.9Alo.25-

b.b. The Porod law 

Forr as-quenched and aged Fe60Pt40, the Porod law was used in the high-£> regions of 

thee I(Q) curve (see Table 7.2). In the analysis, the Porod exponent a is as 

http://Fe59.g5Pt39.9Alo.25
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ann unknown parameter. The results derived from the Porod fitting are presented in 

Tablee 7.2. In most cases, we found a large incoherent background B with a large error. 

Thiss was also found for as-quenched Fe59.7Pt39.8Nbo.5 and Fe59.g5Pt39.9Alo.25- It means 

thatt the Porod law is not suitable for these samples. For these samples the SANS data 

inn the higher-Q region were not taken into account in the extrapolation because 

thee behaviour of the I(Q) curves is much different from the Q'a law. This may be 

thee reason for the deviation from the Porod law. 

Tablee 7.2. Parameters obtained from the Porod law for Fe^t .̂ 

Sample e 

State e 

virgin n 

field field 

remanent t 

as-quenched d 

1 0 9 ^ ^ 

(nm, a) ) 

76.22  57.9 

0.99 1 

2.55 3 

B B 

(cm') ) 

-2000  400 

20.00  2.4 

5000 + 37.3 

a a 

3.222 4 

3.477 3 

3.522 4 

ÖÖ range 

(nm) ) 

0 .05<£<0.12 2 

0.0188 <Ö<0.045 

0.0255 < Q < 0.056 

Sample e 

State e 

virgin n 

field d 

remanent t 

aged d 

1099 KP 

(nm"'"a) ) 

0.22  0.06 

0.3+0.02 2 

0.77 1 

B B 

(cm"') ) 

-1000 8 

-1000 4 

1000 1 

a a 

4.266 0 

3.599 1 

3.866 4 

Orange e 

(nm) ) 

0.0455 < Q < 0.092 

0.0155 <Q<0.045 

0.022 <Q<0.056 

7.4.1.27.4.1.2 Model fitting 

Thee I(Q) curve can also be fitted by means of the indirect Fourier-transform method to 

determinee the distance distribution function p(r) for a monodisperse system or the 

volumee distribution function D(R) for a polydisperse system. The latter model, 

however,, could not be applied to Fe6oPt4o (and also not to as-quenched Fe59.7Pt39.8Nbo.5 

andd Fe5985Pt39 9Al0.25,, as we will discuss later). Therefore, in this part, we only present 

thee calculation based on the monodisperse model for F e ^ t ^. 

http://Fe59.g5Pt39.9Alo.25
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1 ^ E - 3 3 0.011 0.1 

QQ (nm" 1) 

Fig.Fig. 7.4 Experimental and calculated 
QQ dependence of the SANS intensity 

forfor as-quenched Fe6oPt40. 

0.011 0.1 

QQ (nm 1) 

Fig.Fig. 7.5 Experimental and calculated 
QQ dependence of the SANS intensity 

forfor aged Fe60Pt40. 

Tablee 7.3 Fitting parameters for the virgin state of Fe60Pt4i 

Sample e 

as-quenched d 

aged d 

D - ,, (nm) 

240 0 

235 5 

RRgg (nm) 

75.22 + 0.3 

74.8+0.2 2 

/0(104cm4) ) 

15.33 1 

18.99 + 0.1 

Inn Figs. 7.4 and 7.5, we present the SANS data for as-quenched and aged 

Fe60Pt4o,, respectively, together with the fitting results using the GNOM program [7]. 

Reasonablee fits to the experimental data are obtained. It should be noted, however, that 

forr the monodisperse model only the SANS data in the virgin state are important to 

determinee the magnetic-domain size. 

Thee parameters obtained from the fitting are presented in Table 7.3 in which 

DDmaxmax is the maximum correlation distance. The distance distribution functions p(r) are 

plottedd in Figs. 7.6 and 7.7 for the as-quenched and aged samples, respectively. 

Becausee of the dominance of the magnetic-domain scattering in the virgin state, 

thee average magnetic-domain size can be estimated from Dmax, which is about 240 nm 

forr both as-quenched and aged Fe60Pt40. 
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1000 150 
rr  (nm) 

Fig.Fig. 7.6 Distance distribution function 

p(r)forp(r)for as-quenched Fe60Pt4o. 

1000 150 

rr  (nm) 

Fig.Fig. 7.7 Distance distribution function 

p(r)forp(r)for aged Fe60Pt40. 

250 0 

Too estimate the particle size, the SANS data in the field state should be used. 

Besides,, due to the possibility of the presence of both fee and fct particles in 

thee samples, the application of the polydisperse model is necessary. However 

ass mentioned before, this model is not suitable for the Fe60Pt4o samples. 

7.4.27.4.2 Fe59.7Pt39.8Nb0.5 

Thee Q dependence of the SANS data for as-quenched and aged Fe59 7Pt39.8Nbo.5 are 

presentedd in Figs. 7.8 and 7.9, respectively. The scattering intensities are different in 

thee virgin, the field and the remanent states for both samples. For the aged sample, the 

scatteringg intensities in the field and remanent states are significantly larger than in the 

as-quenchedd sample. 

7.4.2.17.4.2.1 Direct analysis: the Porod law 

Thee Porod law was applied in the high-Q regions of the I(Q) curve of aged 

Fe59.7Pt39.8Nbo.5.. The parameters obtained from the Porod fitting are listed in Table 7.4. 

Inn the analysis, the Porod exponent a is considered as an adjustable parameter. 

Thee parameter KP of the aged samples will be used latter to calculate the particle size 

{see{see Section 7.4.2.3). 
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Fig.Fig. 7.8 Q dependence of the SANS intensities for as-quenched FeS91Pt39SNb0i. 
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Fig.. 7.9 Q dependence of the SANS intensities for aged Fe597Pt398Nb0,s. 

Tablee 7.4 Parameters obtained from the Porod law for aged Fe597Pt398Nb05. 

State e 

virgin n 

field field 

remanent t 

10yy KP 

(nm"1-») ) 

344.11 9 

160.77 8 

512.11 9 

B B 

(cm"1) ) 

-12.88 5 

-2.88 3 

-1.67+0.1 1 

a a 

2.944 1 

2.944 7 

2.488  0.05 

QQ range 

(nm) ) 

0.244 < Q < Qmax 

0.255 <Q<Qmax 

0.22 <Q<Qmax 
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7.4.2.27.4.2.2 Model fitting 

a.a. The monodisperse model 

Firstt we consider Fe59.7Pt39.8Nbo.5 as monodisperse systems. The SANS data of the as-

quenchedd and aged samples in the virgin state and the fitting results by means of the 

GNOMM program are presented in Figs. 7.10 and 7.11, respectively. 

Thee experiments and calculations are in good agreement. 

QQ (nm' 1) 

Fig.Fig. 7.10 Experimental and calculated 
QQ dependence of the SANS intensity 
forfor as-quenched FeS97Pt39gNb0,5. 

Fig.Fig. 7.11 Experimental and calculated 
QQ dependence of the SANS intensity 

forfor aged Fe597Pt398Nb05. 

Thee parameters obtained from the fitting are presented in Table 7.5. 

Thee distance distribution functions are plotted in Figs. 7.12 and 7.13 for the as-

quenchedd and aged samples, respectively. 

Tablee 7.5 Fitting parameters for the virgin state of Fe59 7Pt39 8Nb0.5. 

Sample e 

as-quenched d 

aged d 

DnaxDnax (nm) 

145 5 

105 5 

RRgg (nm) 

46.22 1 

32.910.1 1 

/ „ ( lO^m 1) ) 

8.66 2 

5.66 1 

Thee functions p(r) display maxima at diameter values of r = 51.8 nm for 

thee as-quenched sample and of 34.5 nm for the aged sample. From the Dmax value 

thee average magnetic-domain size of the as-quenched sample is derived to be about 
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1500 nm. For the aged samples this value is 100 nm. To estimate the size of 

thee particles, an analysis of the field state data by the polydisperse model should 

bee performed. 

150 0 

Fig.Fig. 7.12 Distance distribution function p(r) 

forfor as-quenched Fe5g7Pt398Nb05. 

Fig.Fig. 7.13 Distance distribution function p(r) 

forfor aged FeS9JPt398Nb0,s. 

b.b. The polydisperse model 

Thee calculations based on the experimental data in combination with 

thee polydisperse model [7] are plotted in Figs. 7.14 for aged Fe59 7Pt39.8Nbo.5. The fits 

aree in reasonable agreement with the experimental data. The data of the as-quenched 

samplee could not be fitted and are therefore not presented here. 

Inn Table 7.6, we present the parameters obtained from the fitting with Rmax 

beingg the maximum radius of the particles. 

Thee volume distribution function D(R) of the spherical particles is plotted in 

Fig.. 7.15 for aged Fej97Pt398Nb05. The D(R) curve for the field state displays 

aa maximum at R ~ 6 nm. There are other small peaks at around 22 and 48 nm. 

Thee main peak at about 6 nm correlates with the fine fct nano-particles with average 

sizee of 3-8 nm as observed by TEM. 
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105 5 

104 4 

103 3 

102 2 

101 1 

1 1 
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•• remanence 
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Fig.Fig. 7.14 Experimental and calculated Q dependence 

ofof the SANS intensity for aged FeS97Pt3^sNb05. 

Tablee 7.6 Fitting parameters for aged Fe59 7Pt39 8Nb0 5. 

State e 

field field 

remanent t 

RRmamaxx (nm) 

125 5 

106 6 

RRgg (nm) 

84.55 + 0.1 

67.77 1 

/0(104cm-') ) 

14.22 1 

13.410.1 1 

0.025 5 

0.0200 -

0.0155 -

0.0100 -

0.005 5 

0.000 0 

Fig.Fig. 7.15 Volume distribution function D(R)for aged FeS9jPt39gNb0,s. 
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7.4.2.37.4.2.3 The Porod invariant 

Wee will now consider the size of the fct particles of aged Fe59 7Pt39 8Nb0.5 by means of 

thee Porod invariant QP and the Porod constant KP (see Eq. (7.8)). 

Byy integrating the I(Q) curves, we obtain the values of the Porod invariant QP and 

thereforee the average particle sizes as listed in Table 7.7. The average size of the fct 

particless of 4 nm is consistent with the result obtained by TEM where the fct particle 

sizess are estimated to be about 3-8 nm. 

Tablee 7.7 The fct particle size for aged Fe597Pt39 8Nb0.5. 

State e 

field field 

remanent t 

QQPP ( l (r 7nnïa) 

3.253 3 

5.705 5 

Kp(lfT 7nm~'-a) ) 

1.607 7 

5.121 1 

2R2R (nm) 

3.9 9 

2.1 1 

7.4.3.7.4.3. Fe&ssPtjg.gAlojs 

Thee same analysis procedure was carried out on the SANS data of Fe59.85Pt399Alo.25, 

whichh are displayed in Figs. 7.16 and 7.17. Detailed results will be presented in the 

followingg sections. 

105 5 

104 4 

^ 1 0» » 

"" 102 

101 1 

" E - 33 0.01 0.1 ~~1 

QQ (nm"1) 

Fig.Fig. 7.16 Q dependence of the SANS intensities for as-quenched FeS9.S5Ptj99Al02s-

r r 

r r 

r r 
A A 

virgin n 
inn field 
remanence e 

http://Fe59.85Pt399Alo.25
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104 4 

r i o 2 2 

101 1 

1C^E-33 0.01 0.1 1 

QQ (nrrf1) 

Fig.Fig. 7.17 Q dependence of the SANS intensities for aged Fe59.g5Pt3g9Al025. 

7.4.3.17.4.3.1 Direct analysis: the Porod law 

Thee parameters derived from the Porod fitting are listed in Table 7.8 for aged 

Fe59.85Pt39.9Alo.25-- In the fitting, the Porod exponent a is considered as an adjustable 

parameter.. The parameter KP of the aged samples will be used later to calculate 

thee particle size {Section 7.4.3.3). 

Tablee 7.8 Parameters obtained from the Porod law for aged Fe59 85Pt39 9A10.25-

State e 

virgin n 

field d 

remanent t 

WW99KKP P 

(nnï1-0) ) 

291.6+12.7 7 

227.33 9 

342.00  42.0 

B B 

(cm"') ) 

-7.99 + 0.7 

-3.33 + 0.8 

-7.77 + 0.1 

a a 

2.600  0.03 

2.366 5 

2.277  0.08 

orange e 

(nm) ) 

0-2<Q<Q0-2<Q<Qmax max 

0.255 <Q<Qmax 

0.255 <Q<Qmax 

7.4.3.27.4.3.2 Model fitting 

a.a. The monodisperse model 

Lett us assume that also Fe59.s5Pt399Alo.25 are monodisperse systems then 

thee same fitting will hold as for Fe597Pt39.8Nbo.5- In Figs. 7.18 and 7.19, we present the 

SANSS data in the virgin state for the as-quenched and aged samples, respectively, 

--

--

• • 

• a ^ J k k 

00 virgin 
AA in field 
•• remanence 

http://Fe59.85Pt39.9Alo.25
http://Fe59.s5Pt399Alo.25
http://Fe597Pt39.8Nbo.5
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togetherr with the fitting results. Reasonable fits to the experimental data are obtained. 

Thee parameters obtained from the fitting are presented in Table 7.9. 

Fig.Fig. 7.18 Experimental and calculated 
QQ dependence of the SANS intensity 
forfor as-quenched Fe59S5Pt399Alo,25-

0.011 0.1 

QQ (nm1) 

Fig.Fig. 7.19 Experimental and calculated 
QQ dependence of the SANS intensity 

forfor aged Fe59S5Pt399Al02s. 

Tablee 7.9 Fitting parameters for the virgin state of Fe59.g5Pt39.9Alo.25. 

Sample e 

as-quenched d 

aged d 

DDmaxmax (nm) 

155 5 

140 0 

R„R„  (nm) 

45.00 1 

44.010.1 1 

70(104cm-') ) 

8.010.02 2 

7.710.02 2 

Thee distance distribution functions are plotted in Figs. 7.20 and 7.21 for as-

quenchedd and aged Fe59.85Pt39.9Alo.25, respectively. The magnetic-domain size as 

derivedd from the virgin state is about 155 nm for as-quenched Fe59.85Pt39.9Alo.25 and 

aboutt 140 nm for aged Fe59.85Pt39.9Alo.25. 

b.b. The polydisperse model 

Wee will now use the polydisperse model to analyse the SANS data of 

thee Fe59 85Pt399AI0 25 alloys. In Fig. 7.22, we present the experimental data and 

thee calculations for aged Fe59.85Pt39.9Alo.25- The fits are in reasonable agreement with 

thee experimental data. It should be noted that, using this model, we only focus on 

http://Fe59.g5Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
http://Fe59.85Pt39.9Alo.25
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thee SANS data in the field state. The data of as-quenched Fe59.g5Pt39.9Alo.25 cannot 

bee fitted. 

100 0 

DD (nm) 

500 100 150 

DD (nm) 

200 0 

Fig.Fig. 7.20 Distance distribution function p(r) Fig. 7.21 Distance distribution function p(r) 

forfor as-quenched Fe59SSPt399Al025. for aged Fe5g8SPt39gAlf125-

10"" f 

105 5 

104 4 

103 3 

102 2 

101 1 

iq q 

AA in field 
•• remanence 

E-3 3 0.011 0.1 

QQ (nm1) 

Fig.Fig. 7.22 Calculated Q dependence of the SANS intensities for aged FeS9.85Pt399Alo.25-

Thee parameters and the volume distribution functions of the spherical particles 

obtainedd from the fitting are presented in Table 7.10 (where Rmax is 

thee maximum radius of the particles) and in Fig. 7.23. 

http://Fe59.g5Pt39.9Alo.25
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Tablee 7.10 Fitting parameters for aged Fe5985Pt399Alo.25-

State e 

field field 

remanent t 

RmaxRmax (nm) 

130 0 

125 5 

RRgg (nm) 

90.55 1 

84.3+0.1 1 

/0(104cm') ) 

12.33 1 

18.99 1 

0.020 0 

0.015 5 

~~ 0.010 
Q Q 

0.005 5 

0.000 0 
00 10 20 30 40 50 

R(nm) ) 

Fig.Fig. 7.23 Volume distribution function D(R)for aged FeS9̂ 5Pt399Al0,25. 

Inn the field state, the D(R) curve displays a maximum at R ~ 4 nm. There are 

twoo other small peaks around 12 and 22 nm. The main peak at about 4 nm correlates 

withh the fine fct nano-particles with average size of 3-7 nm, as can be seen in the 

TEMM images. 

7.4.3.37.4.3.3 The Porod invariant 

Fromm Eq. (7.8), by using the Porod invariant QP and the Porod constant KP, the size of 

thee fct particles of aged Fe59.g5Pt39.9Alo.25 can be estimated as indicated in Table 7.11. 

Thee average size of the fct particles of about 3.5 nm agrees well with 

thee result obtained by TEM analysis, which provides sizes of about 3-7 nm. 

http://Fe59.g5Pt39.9Alo.25
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Tablee 7.11 The fct particle sizes for aged Fe59.g5Pt399Alo.25. 

State e 

field d 

remanent t 

0/>(10-7nm-a) ) 

4.180 0 

5.885 5 

Ar /.(10"7nm-,'°) ) 

2.273 3 

3.42 2 

2R2R (nm) 

3.5 5 

3.3 3 

7.55 Conclusions 

Thee SANS data of Fe^Uo, Fe59.7Pt39.8Nbo.5 and Fe59.s5Pt39.9Alo.25 were analysed by 

meansmeans of several methods. For the high-Q range, the Porod law is not only valid for an 

exponentt value a = 4 but even for values smaller than 4. This suggests non-smooth and 

non-sharpp surfaces (boundaries) of (or between) the particles which may be connected 

withh lattice defects or an inhomogeneous distribution of the elements [8]. 

Thee monodisperse model was applied to fit the SANS data of all samples in 

thee virgin state. Information on the magnetic-domain size was obtained which is in the 

rangee of a few hundred nanometres, in agreement with reported results for the FePt 

alloyy [9]. 

Too determine the average fct particle size, the polydisperse model was used 

forr the SANS data in the field (and remanent) states. Furthermore, the particle size 

wass also estimated from the Porod invariant. The results are in agreement with 

thee microstructure analysis using transmission electron microscopy. 
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