


1 Introduction’

7 The contrast vaﬁation_ method has been largely used over the years in small angle
scattci'ixlg experiments to study the structure of multicomponent systems. For ferrofluids, it was
applied by Ccbula, Charles and Popplewell [1]. However, the magnetic con;ribution to the
counting rate was estimated by thcse authors from the magnetic volume fraction of the sample,
as obtained by the magnetization measurements.

The possibility to simultaneously obtain information about both the magnetic and
molccular structuré of ferrofluids, by means éf contrast variation method, in a SANS
experiment, was considered in a previous paper [2]. There it was shown that the'separafe
determination of the contribution to scattering pattern of nuclear and magnetic interactions may
be accomplished even with unpolarized neutrons, ie. in the absence of any >perturbation
produced by an external magnetic field, otherwise in'volved in the usual methods with polarized .
beams. To the preliminary results reported in [2] the present ones, obtained on a new series of
similar samp‘lcs, by the same methods but with an improved cxperimental statistics, are 'added.
Moreover, vthe limitations caused by the size polydispersity of the jmrticleg are consigieredv
herewith in detail and sources of further improvements of the method ‘are identified. |

2. Basic concept

In a SANS experiment with ferrofluids, the excess scattering power of the colloidal

particles, I(Q), is defined as the difference between I,(Q)- the. counting rate produced by
magnctic licipid and IC(Q).- the counting rate correspémding to the carrier liquid free of
particles. Q is the momentum transfer, Q= (47/1) sin(6/2), where A is the neutron

wavelength while © is the scattering angle. For diluted solutions of nearly spherical particles,
neglecting the size polydispcrsity,k the function I(Q) corresponding to the scattering of

unpolarized neutrons, in the Guinier’s Q-range, may be expressed as:

Q) =L (0)exp(-Q°R?, /3) +1,(0)exp(-Q*R?, /3) ' W
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where Rg, and Rgy, are the nuclear and magnetic gyration radii while:
LO=KEFV:
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are referring to the nuclear and magnetic scattérings In the above formulac:

k-is*a:constant -containing’ the particlés density ‘and absolute ‘scattering factdrs)-V, is the

effective volume of the particle excluded from the carrier liquids £™i$ thé nuclear confrast (i

the overall excess scattering density; £(), di¢'t3 the particle’above that of the cartiér liquid,

faets

f)definedas:” * - At
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R, ~i$ -the™ radius* of - xﬁdgrletite core and 't is “the* thickness  of surfactant " layer’
V, =(@1/3)[(R, ¥ = R2T the voldme of thie exicrmal Liyér from which ¢ i the volume

fraction of the surfactant and y is the volume fraction of the carrier; f, and f, are the nuclear

scattcrmg densmcs of the magnctlc corc and of thc surfactant f is thc magnctlc scattcrmg
" - - et - . N B . . - .

dcn51ty whlle V is the magnctlc effcctlve volume of the pamcle

By using mlxtures of H and D carricr llqu1ds with x-the volume fractlon of thc lattcr
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the scattering density of the carricr, f, = (1-x)f;; + xf,,, may be varied betwoen fi; and f,,.
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the values corresponding to pure components. Consequently, the nuclear contrast, f°, varics

drastically and in this way one can invcstigatc f (r)i obtaining information about the colloidal
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particle structurc. Morcover, for a certain value Xo one may obtain f 'l(xo) =0 so that for this

concentration 1 (0,x,)=0 and the measured intensity may be entircly attributed to the

magnetic scattering which is not dependent on x. Therefore, generally, one may writc:

Im(Q):l(Q,XO) b e e 5 s :;(;5)

LQx)=1QX)-1Qx). .~ .
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3. Polydispersity

A lbg-nomlalr distribution ﬁxnction of magnctite particlc sizes R is considered:
D(R)=(1 IGJz_H)(] /R)exp(~(InR -1nR,)* /267) .
The average of 1, (0,x) over sunh a distrﬁbution may be cxprcssﬁa‘as:
-m:/\f;B.\HC‘ . ' | M-
where:
A=(a+b+o)f, - f,)°

B= [2(a+b+c)t“—f(2a+c)](fD -£1) ' , 3

C=(atbro)f} +afl ~£f,(2a+c)

a=R® exp(186°)

b= (1 —y)ztz(9kjex‘p(8cr:)+ I8t R? exp(96° /2)+ 15t° R exp(257) + 61° R exp(c” /2] +t)

c= 2(1'— YU (3R exp(256° /2) +3tR] exp(8c7) + I’ R] exp(ooi 12).
An analvsxs of Egs. (7) and (8) reveals that a ‘positive miniﬁulrl al\\:;qs appears for
= —B/2A and that its magnitude is:

I(Ox) (4AC B*)/4A . , ’ M
This valuc is cqual to zcro only for & = 0, otherwisc only for mono-sizod particles. However.
a limiting value 6, may be found, under which I—“—(ﬁ)‘(;) takes negligible valucs. s.nmllcr: than
the statintical experimental crrors, so that the aBproximation l_“((sxT,S ~0is accc;ﬁ;nblg;;

4. Experimental results -

The cxperiments ~were donc on a new serics of magnuﬁtc - ferrofluids
(f, : 6.977-10"" cm ) with olcic acid surfactant (f, = 0.077- 10%cem ° ) and bcnzcnu carricr
(f;‘ =1182-10"cm ~ and I}, = 5437- 10" ¢m 7). The average magnitude of the magnetite

particle, obtained by clectron microscopy (EM). was R=47 A with a standard dcviation

B



o, ~ 0.08 . The D- benzene volume fraction was produced to take seven different valucs: x=0;

0.2; 0.5; 0.6; 0.7; 0.8 and 1.0: The ovcrall ‘volume fraction of the magrctite particles was
0.6%. The measurcments were performed with the small angle scattering facility [UMO
(MURN) in operation at the IBR-2 pulsed reactor of the JINR-Dubna [ 3]

Like with the preliminary experiments |2}, 1(0,x), thc ‘e:xtrapolation of the total
intensity to Q = 0, exhibits a minimum in the vicinity of x ~ 0.6, approximately indicating the
point where f* changes its sign and, by means of Eqs.(5) and (6), allowing to find out the

nuclear and magnetic intensities, [ (Q,x) andAIm(/Q,x). [

The Guinier plots In(1,(Q,x)) vs.Q* are sho\y_n in l’ig,l for different values of X.

From the best straight line fits of these, 1,(0,x) and R;(x) were obtained.l inthe basis of

1/2

4Eq (2), a subsequent straight ling fit of [I (O x)]
following values of the structural parameters of colloidal particle: R.=46% 184,
t=187+064, vy = - 0. 532+ 0.15. At the same time the value k = 7. 74 lOscm is found
Thc small value of the olcic laeid scatteriné amplitudc pievents the dctemiination of the
surfactant volume fraction ¢ . ‘ ‘ | )

Fig.3 rcprcsents a plot of Rz (x) against 1/f". A linear dependence predicted in [1],
is evideneed However only the points correspondmg 1o those values .of X where the seatteredi
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intenSity is sufﬁcrently high, bcmg far enough from the reversing point xo ,are shown.

With the measured valucs of structural parameters, accordingly to Eq.(9), at X, =06

it

a standard deviation G, ~ 0.1 ensures a valuc of the nuclear intensity representing less than
5% from the total measured intensity. Because the experimental error is also about 5% one can
conclude that the effect of polydispersity cannot be distinguished and the entire scattering

intensity could be assigned to the magnetic scattering.

denSity f = (2 775+018) lOlocm is found..

VS, X, illustrated in. Fig.2, gives the,
: T S F i

. ;A Guinier plot.of In(I;(Q,X,)): vs.Q? gives; also by linear best squares fitting, the
magnitudes of I_(0,x,) and R;m(xo), Consequently one obtains the’ eﬂ'écﬁiie' agnetic

radius. of the magnctitc core R = (5 / 3)”2R =36+18 A while for the magnetie scattering
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By taking into account the sarne law to deﬁne the polydispersity of magrietic volun'ies,
an average magnetic volume V: =exp(9c2/2) V_ ~103V, is obtained.

5. Discussion

Different from the preliminary measurements [2] in which the magnetic core radius R,

obtained by EM measurements and the literature data referring to the length of the oleic acid
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molecule (t=~204) were consrdered as input data, this’ time the increased expenrriental
statistics made possible 4 10 derive the magmtudes of these entities by SANS expenmental data.-
However, the magnitude of Rc is m a good agreement With the mean value detemuned by EM
for the present samples while the obtained value of t represcnts a satisfactory result aswell. A
dry volume of collmdal particle V, =(4.07x0. 16) 105 A was found

As concerns the magnetic scattering, now both Vm and f_ were irieasured Anyway,
the actual value of f does not differ too much from the previously used magnitude
f, =3.0681 0" cm™ derived from macroscopic measurements 4).

More information concerning the interaction of surfactant with the particle surface and
the role played by the earrier in penetrating the surfactant layer{ could be obtziined With fui_ther
experiments provided that the accuracy of the data should be increased. Besides the reduction
of experimental errors,. the number of samples with different D/Pl- ratio of the caii'rier: should be
inereased. Morc such points are necessary in the neighborhood of the reversion point, for a
precise determination of it. However, about x, the nuclear intensity takes small or even

vanishing values and the gyration radii are not well defined so that the measufements have to be



equally done in as many as possible points in all [0-1] x- imei'val,' to say nothing about their
position relative to x,. " 37 .
A pronounced size polydispersity may hinder accurate structural mcasurcments. 24
However, a limiting value o, = 0.1 seems to be usual for many classes of ferrofluids (prepared SERRE T .
; ' : o2 o] ' :
by different methods) as shown by Q°Grady and Bradbury [5]. . n 0 R S e S
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Fig.2 The plot 1/1,,(0,6 against x. The reversing point. from which 1_(0,x) =0, is secn in

the vicinity of x = 0.6.
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Fig. l\ The Guiniéf plots of ln(In(Q,x)) vs.Q? for several values of x 0; 0.2; 0.5;> 0.8 and . -
. ; ' 1§

1.0).‘Good straight lines arc cvident.

Fig.3 Rén(x) against 1/f7. A linear dependence is cvident. The valucs of x placed in the
ncighborhood of x, arc not taken into cdnsideration® becausc in these points the nuclear

scattering intensity t:ikes small values hindering the accurate determination of gvration radii.
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