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The formation of nanosized crystallites of magnetitey@ze by heat treatment of a glass containing

iron oxide was investigated. The magnetic properties of the glass ceramic manufactured strongly
depend on the heat treatment conditions. The evolution of size distribution and volume fraction of
the nanocrystallites formed was studied by small-angle x-ray scattéBAKS). The size
distribution of the nanocrystalline phase turned out to show bimodal shape. The possibility of
magnetic contrast variation offered by small-angle neutron scatt€siAtylS) was utilized in order

to distinguish the small-angle scattering of magnetite from the scattering contributions of
nonmagnetic iron containing crystallites that can additionally be formed during the heat treatment.
The results obtained reveal that both size grades of particles observed in the size distribution are
superparamagnetic consisting of magnetite. The evolution of the volume fraction of magnetite in
dependence on the heat treatment was found to be correlated with the magnitude of the specific
saturation magnetization of the glass ceramic. The volume size distributions derived from magnetic
SANS revealed peaks at smaller radii in relation to those from nuclear SANS and SAXS data.
Therefore, the existence of a nonmagnetic surface layer is suggested that surrounds the magnetically
active core of the magnetite nanocrystals. 1899 American Institute of Physics.
[S0021-89709)08604-]

I. INTRODUCTION small-angle neutron scatteringBANS) investigations can

Nanosized spinel ferrites produced via the glass Crystalsolve this problem by characterizing the size and nature of
o . A >"“the ph form ring annealing. Owin he magneti
lization method offer a new field of application due to their the phases formed during annealing. Owing to the magnetic

magnetic single domain behavior, which results in interest-moment of the neutron, SANS is sensitive not only to struc-
mag g . . -~“tural inhomogeneities but to magnetic inhomogeneities as
ing magnetic properties. A unique feature of magnetite

2 e well. Therefore, by changing the local magnetization distri-
E(S?gr; i ;’ t?) r?;;)iz?r:gp:tlgljlg?gi; ;::;r; :r:.\t ig/xz?‘gsghtr;s:r%?gs_bution in the sample during the measurement via an external
netic nanocrystals will have manifold applications in futuremagne’[IC f.|eld, the magnetic sca.tterlng amplitude can be af-
high frequency technology and magnetic storage devices fected. _Th|s offe_rs the opportumty to separate nuclear and
In CaO-SiQ glasses with a K©, component nano—' magnetic scgttenng cont_r|but|ons from eac_h othe_r. Thg latter
sized crystallites of ferrimagnetic mf';\gnetite em’bedded imust gxcluswely bg attributed to magnetic particles |n.tr_1e
the nonmagnetic matrix, can be developed b),/ a suitable he vestigated scatterl_ng systg m. Consequently, by combining
treatment. The magneti,c properties of the glass ceramic o AXS and. SANS with varying magnetic scaFterlng contrast
; ' : more detailed information about the magnetite phase in the
tained are strongly influenced by the heat treatment Condl-lzleS ceramic can be obtained
tions which determine the size and the volume fraction of theg '
magnetite crystallites. Therefore, the heat treatment schedule
for optimum magnetic parameters of the material has to bd. EXPERIMENT

determined experimentally. A. Sample characterization
In combination with magnetic measurements and x-ray ) -
diffraction (XRD), small-angle x-ray scatteringgAXS) and The preparation of the base glass of composition 27.4

Ca0-42.8 Sig-6.1 B0;—23.7 FgO3; (mol%) was de-
” N SrichSchil ) A A scribed elsewhere.The material was investigated in the
Present address: Friedrich-Schiller-UnivetsitalJena, = Chemisch- : :
Geowissenschaftliche Fakutt@tto-Schott-Institut fu Glaschemie, Fraun- form of glassy. flakes obtained by qu?n.c.hmg the glass melt
hoferstr. 6, D-07743 Jena, Germany: electronic  mail: between. rotating stgel rollers. The initially homog.ene'ous
lembke@physik1.uni-rostock.de flakes with the densitg=3.54 gcm 2 were annealed in air
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at temperatures between 620 and 930 °C for 0.5 h up to 72 électron densityAp(r), i.e., the difference between the local

to manufacture a magnetic glass ceramic containing nanalectron scattering length density and the mean electron scat-

sized magnetite crystallites. tering length density within the scattering sample volume.
Summarizing the previous knowledge about the glass ceFor r =0, the correlation function yields

ramic the following main features must be mentioRethe C(0)=((Ap)2 5

specific saturation magnetizatioa,,, of the glass ceramic (0)={(4p)), @

has a maximum amount of 24x4.0 ¢ Vs m/kg for the heat the mean squared electron density fluctuation, which in case

treatment 62 h at T=700°C; both heat treatments longer of a two-phase system with homogeneous electron densities

than 2 h and temperatures above 700 °C lead to smaller vapaicie aNd pmarix @and the contrast\ p = ppariicie™ Pmatrix 1S

ues ofo., . XRD revealed that the only phase formed duringconnected with the volume fractiomy, of the particles as

the heat treatment, which can be responsible for the magnetfollows:*

properties of the glass ceramic, is magnetite;(Jze At an-

nealing temperatures higher than 700 °C or%with increasing ((Ap)%)=w(1-w)(Ap)*. ©)

annealing time beyah 2 h additional iron containing but Then, the absolute scattering intendifg) is

nonmagnetic phases like the calcium-iron metasilicate he- . .

denbergite, CaFegD;, and hematite, F©;, developed at |(S):47Tf rZC(r)sm(sr)

the expense of the magnetite formation. From measurements 0 sr

of t_he relative saturation remanence obtaine_d from the mag-. o homogeneous single particle, the integral in @g.

netization curveM (H) for room temperature it can be con- yields (Ap)2v2

. Fz(s) wherev, is the particle volume and
_ — ° _ p' p\/» p
cluded that up td=2 h atT=700°C the nanosized magne Fp(s) is the form factor of the particle which is normalized

tite particles are superparamagnetic at room temperature, unity ats=0. For spherical particles with a number den-
whereas for heat treatments Bt-700°C or fort>2 h at ity N, and the differential diameter distribution function

700 °C the magnetite crystallites formed become larger an N(D)/dD, which is normalized so that
stable ferrimagnetic. '

dr. (4)

f dN(D)=N,, (5)
B. Scattering methods 0

The SAXS intensities were measured betwegp, the size distribution can be calculated from the correlation
=0.07 nm?! and s,,=4.8 nm?! with the instrument function provided that interparticle interferences and mul-
JUSIFA at HASYLAB/DESY in Hamburg. The quantity tiple scattering effects are neglectable:
=41 sin(0/2)/\ denotes the modulus of the scattering vector q q (142
s=k—kq, wherek, andk are the wave vectors of the inci- T Ap)2 N(D) _ cr) 6

5 (Ap) e WARAE ()

dent and the scattered wave, respectively, anglthe scat-
tering angle. The x-ray wavelengih 0'1.77. nm was choseq Note that the size distribution obtained by E(p) is
in order to avoid iron fluorescence radiation. The Scattermq/veighted by the squared scattering contrast between the par-

curves. recorded under the;e condﬂon; contam structural 'Qi'cles and the matrix. BottS(r) anddN(D)/dD can be de-
formation about all scattering particles in the size range be-

tween 1.4 and 45 nm. The SAXS data were background Cort_ermmeq from the measured scattering cur¢s) by series
) . . expressions.
rected and normalized to electron scattering ufetsi) by . . . .
i oo ) : Since the magnetic properties of the glass ceramic are
comparing the scattering intensity of the samples with that of . .
) . ... very strongly connected with the volume fractiom, of the
a calibrated glassy carbon standard. The absolute intensities, ; . ) . T
magnetite phase the differential volume size distribution,
[(s), measured betwees),;, and s,,,, Were extrapolated to

zero angle using the Sampling extrapolation formatismd dw/dD, is an appropriate structural function. It is calculated
to infinity in accordance with the Porod Idw. from dN(D)/dD by weighting the size distribution with the

A function, which is very suitable for assessing theparticle volumeD37/6 corresponding to the given size grade

. . .~ D. The functiondw/dD obtained is normalized to the vol-
structural features of a scattering system, is the correlation

function C(r) which is the Fourier transform of the absolute gr\?v/e 4 g)raC:OlTalgf V;*;e gs::ge 022?:(3" I'etH eth(iant:rigl Ugser
scattering intensity(s) (Ref. 5 q - p aly, g

dN(D)/dD vyields the crystallite number density, in the
sin(sr) sample[see Eq.(5)].

5 Us (1) The influences of the experimental counting statistics

and of termination errors due to the Fourier transform on the

The absolute intensity is commonly given in electron unitssignificance of the structure functions calculated from the
(e.u) (SAXS) or barn(SANS) per unit volume, where e.u. scattering data were estimated according to the experiences
represents the scattering intensity of a single electron, whictescribed elsewhere. Correspondingly, the magnitude of
has the dimension of a squared scattering length, and 1 bathe errors of the correlation functio@(r) is comparable
=10 2*cn? stands for the order of magnitude of the squaredwith the symbol size. The width of the error band of the
coherent scattering length of a neutron scattered by &olume size distributiondw/dD amounts to about 5%.
nucleus. The correlation function is the averaged self- The SANS experiments were performed at the instru-
convolution of the spatial distribution of the so-called excesanent V4 at the neutron reactor BER Il of the Hahn-Meitner-

dD ~ dr

_ (e
C(r)= 2772[0 I(s)s
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detector where peeo, and Qg o, are the magnetic moment and the

volume of one single formula unit E®, which can be cal-

culated from the mass density, ., and the specific satura-

tion magnetizationg-, ik, of bulk magnetite, FO,.

®__ ————————— For noninteracting single-domain particles embedded in
a nonmagnetic matrix, it was shown that the anisotropic part

B(s) has a completely magnetic origif:

B(s)={1—3L(x)/x}m?(s), (12

whereas the isotropic paft(s) contains the nuclear scatter-
ing amplitude,n(s), and the magnetic scattering amplitude,
m(s), as well:

Institute, Berlin, using a neutron wavelength)of 0.6 nm. A(S)=n*(s)+2LO0)/x mE(s). (13
The distance between the sample and the two-dimensiondahe functionsn(s) andm(s) are the Fourier transforms of
3He detector varied between 1.09 and 12 m coveringsthe the nuclear and magnetic neutron scattering length densities,
range of 0.05 nm'<s<3 nm L. The SANS data were cor- respectively.
rected concerning background scattering and absorption and |t should be noted that for strong external fields and
were normalized to absolute scale with the help of a watesufficiently large particle dimensions(s) represents essen-
standard. The overlap achieved for the SANS curves retially the nuclear scattering contribution, since the magnetic
corded with three different detector distances was excellenpart proportional to 2(x)/x vanishes for large values as
The joint SANS curve was interpolated applying culidic  does the factor B(x)/x in Eq. (12) [see Egs.(8)—(11)].
splines to obtain an equidistant incremeAs. Therefore, in that case the magnetic scattering contribution
In order to separate the magnetic scattering contributiom?(s) can be obtained frorB(s) and the nuclear scattering
from the nuclear scattering the sample was placed in a hm?(s) is expressed byA(s), when the two-dimensional
mogeneous magnetic field with the field strength vedthr, SANS pattern is analyzed according to Ef). However, the
perpendicular to the direction of the primary beam as indi-condition of a negligible value df (x)/x is not fulfilled for
cated in the sketch of the experimental setup given in Fig. lvery small sizes of the magnetic particles. Consequently, the
The magnetic flux densityyo|H|, was tuned upa 1 T at  effect of the Langevin factors in Eqél2) and(13) have to
which the specific magnetization of the glass ceramic showbe considered in the further evaluation of the scattering data.
nearly saturatio. The scattering intensity of unpolarized In particular, this problem leads to the disadvantage that,
neutrons varies as a function of the anglebetween the corresponding to Eq13), the nuclear scattering information

specimen

FIG. 1. Sketch of the scattering geometry.

external fieldH and the scattering vectaraccording to contained inA(s) is superimposed by magnetic scattering
1(5)=A(s)+B(s)sir a. @) contrlbuuon_s_ if very small mggnetlc particles eX|_st. Under
_ _ _ these conditions, the scattering curve for zero figld,H
If all magnetic moments are fully aligned alomd the iso- =) should preferably be used as nuclear scattering contri-

tropic term A(s) results solely from nuclear scattering pution instead ofA(s).

whereas the anisotropic terB(s) represents the magnetic The calculation of structural parameters and functions
scattering contribution only. from the SANS curveé\(s), B(s), andl(s,H=0) is analo-

In the present case of superparamagnetic behavior of th§ous to the procedure described in the case of SAXS inten-
nanoparticles, however, the orientation distribution of thesities if the nuclear and magnetic neutron scattering length
magnetic momentp depends on the ratio of the energy of densitiesA 77,,c andA 7,44, respectively, are used instead of

magnetic interactiofip||H| to the thermal energlgsT at the  the electron densitp p in Egs. (2)—(6):
given temperature, whelg; is Boltzmann’s constant. Then,

the relative magnetizationg(H)/o.,(H=1), is described A =Nual de IM o c.b.
by the classical Langevin functidn(x): nue™ A Hparticle pamdeZ o

Witha(H)/%—L{|I0||H|/(kBT)}, () —dmatrix/Mmamxzj: &b, 14
L(x)=coth(x) — 1/x. (9 and

The modulus of the total particle momep{ and hence the A Dmag= Bmag =, buibuik (15

Sgggjr\]/?(a:m“'_"/(kﬂ) depend on the diametdd, of the wherec andb stand for the mole fractions and the nuclear

scattering lengths of the atomic species in the partigleo(

T 4 the matrix (). The mass densities of the phases are given by
p(D)= ED pFee,04/QFe.304 (10 d; M is the molar weight of the corresponding phase Bind
is Avogadro’s number. The quantitp,q=0.27<X10" 12
cm/ug is the magnetic scattering length per Bohr magneton,

m™
_'pn3
60 bundbuik D e=1165¢10 2 Vsm.
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n « FIG. 3. Correlation functions calculated according to Et). from the
——620°Cizh SAXS curves shown in Fig. 2.
25| ——680°C/2h | 1021
107F . 7o00cin
—em750°C/20
-—o—700°C/2h, SANS . .
. ; ] mass densities of the two phases. The valuew obtained
10? 10" 10° 10' are compared with the measured specific saturation magne-
-1 . . . . .
s (nm) tization, o.,, of the glass ceramic in Fig. 4. It becomes

FIG. 2. SAXS and SANS curves extracted from the isotropic two- obvious that maXIm.u.m Satur.atlon magnetization .IS achieved
dimensional scattering patterns by radial integration and normalized to anfor treatm_em conditions which §upply the maximum vol-
solute scattering units. The SAXS intensity distributions were obtained fromume fraction, w5, Of magnetite. The value 0w
samples heat treatedrf@ h at theindicated temperatures. The SANS curve =18.0% extracted for the SAXS data is within the limits
was registered for the sample heat treated2fn at 700 °Cwith H=0. which might be expected from a rough estimation based on
the relation of the magnitude ef.. of the glass ceramic to
the saturation magnetization of bulk magnetite. In case of the
Ill. RESULTS AND DISCUSSION sample heat treated &t=750°C, the proportionality be-
The evolution of the phases crystallizing in the basefWeeno.. andw suggested for the lower treatment stages is

glass during different stages of heat treatment is demor@Pparently distorted. This effect comes from nonmagnetic
strated by the corresponding SAXS curves in Fig. 2. Obvi{Phases, which are formed at 750 °C in addition to the mag-
ously, tre 2 h heat treatments with temperatures increasin§€tite nanocrystafsand leads to a calculated value of the

from 620 up to 700 °C lead to growing volume fractions andvolume fraction which is higher than the real magnetite

particle sizes of the developing microcrystalline phase. Thighase volumev. . .
is indicated by the rising SAXS intensities at intermediate  AS can already be deduced from the correlation maxima

svalues and a shift of the SAXS curve to smalevalues  Of I(S) in Fig. 2, the shape of thé(r) curves gives a hint on
with increasing temperature. interparticle interference effects as well. This is indicated by
As revealed by XRD, the SAXS effect observed for the course of2(r) below the abscissa at largeralues(Fig.
samples heated &= 700 °C should mainly be caused by the 3- The shape of(r) in this region is caused by a super-
magnetite crystallites formed. However, for annealing timedPosition of the correlation function of the dilute particle sys-
t>2 h atT=700°C or for heat treatments at higher tem-t€m, which should have the val@r)=0 for r=D g, with
peratures the SAXS effect, which is typical for the magnetite
crystal phase, diminishes in favor of a very strong scattering

intensity at smalls values. The latter arises from particles 30 . ; ; . 30
essentially larger than the magnetite crystallites. These par-
ticles are assigned to nonmagnetic crystalline phases contain- 25+ o ; : 425
ing iron, the volume fractions of which increase at the ex- o
pense of the magnetite phase. This interpretation is 20 + °© 120 §
consistent with the observed decrease of the specific satura- o }"
tion magnetization of the glass ceramic manufactured under S5t ¢ 115 2
these conditions. The corresponding XRD resulfise evi- 5 &
dence of the formation of iron metasilicate-like phases and 0+ o 410
hematite @-Fe,0y). ©

Based on the assumption that the only phase crystallized 5t @ 15
for T<700 °C should be magnetite quantitative evaluation of

the SAS data recorded is possible. The correlation functions, ' s 1 :
C(r), calculated from the SAXS curveb(s), presented in 600 640 680 720 760 800

Fig. 2 are shown in Fig. 3. The volume fractions, of the T¢O

magnetite CryStalllteS in the samples_ were determined frorIQIG. 4. Magnetite volume fractiony, and the specific saturation magneti-
C(0) according to Eqgs(2) and (3) using the contrast\p zation, o, , of the glass ceramic manufactured vs heat treatment tempera-
= Pmagnetits” Pmatrix given by the known compositions and ture; treatment time=2 h.
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E FIG. 6. Differential volume size distributiondw/dD obtained using the
data shown in Fig. 5. The integral afw/dD is normalized to the phase
L volume,w, of the magnetite nanocrystals.
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FIG. 5. Differential particle size distributions calculated from the SAXS

date i Fi ume of magnetite the area unddw/dD increases with in-
ata in Fig. 2.

creasing treatment temperatures uplte 700 °C. The vol-
ume size distributions change from an unimodal shape at
620 °C to a bimodal shape at higher treatment temperatures.
D ax representing the diameter of the largest particle in theDbviously, the appearance of the sort of very small magne-
scattering system, and long range correlations of the closelijte crystallites is not pronounced for the treatment at 620 °C
packed particles! However, the interparticle interference ef- for 2 h ortheir mean size is smaller than the resolution limit
fect in C(r) is not pronounced an®,,,, can be well ap- of the SAXS experiment.
proximated by the position of the minimum @(r). The The existence of bimodal size distributions is a phenom-
values obtained confirm that, according to the Samplingenon well known for phase separating or crystallizing
theorem, the angular resolution of the SAS experiments peglasses. This type of size distribution can develop if so-
formed was sufficiently high to guarantee maximum struc-called athermal nuclei, which have been formed by homoge-
tural information about the investigated particle systems foneous nucleation during quenching of the melt down to room
all samples treated &t<700 °C? Moreover, the shape of temperature, and/or a limited number of heterogeneous
C(r) for r<Day is only marginally affected by the inter- nucleation sites exist when the isothermal heat treatment be-
particle interference effect. gins. Then, the present nuclei immediately start growing,
The latter conclusions are of great importance for authowhereas, at the same time, the homogeneous nucleation of
rizing the calculation of size distributions from the SAS pat-additional magnetite crystallites is delayed by the so-called
terns. As already mentioned, the results obtainedifdtddD  nucleation time lag®* Consequently, under these circum-
and, consequentlydw/dD by means of Eq(6) are exact stances, two generations of particles of the same phase can
only in that case that the scattering particles are homogedevelop which have well distinguishable mean dimensions.
neous spheres in a dilute system, i.e., feri~1. Whereas Another scenario that can lead to bimodal-type size distribu-
the condition of a spherical shape is fulfilled, as has beetions does not need the suggestion of heterogeneous or
proved by transmission electron microscaf¥EM),? the in-  athermal nuclei, but is based on homogeneous nucleation and
fluence of the dense packing of the particles cannot fully beliffusion-limited growth only. As revealed by model compu-
neglected. Nevertheless, interparticle interferences should lations for the silver halide precipitation in a sodium borate
of secondary importance for the calculation of the size disglass, a bimodality of the size distribution can be obtained if
tributions according to E(6) in the present case. Thus, the a size-dependent effective diffusion coefficient in conse-
size distributions determined should represent quite reasompuence of elastic strain effects is taken into accdfiffthis
able estimates of the exact structural functions. behavior is typical for phase formation processes in vis-
The magnetite size distributions obtained from thecoelastic systems which are characterized by a difference of
SAXS data shown in Fig. 2 are given in Fig. 5. Owing to the several orders of magnitude between the diffusion coefficient
very high number density of the small magnetite crystallitesof highly mobile monomers forming the new phase and that
a logarithmic scale was useful. The shape of the size distrief the viscous matrix phase.
bution dN/dD points out that a population of very small Turning to the results of the SANS experiments it is
particles exists, the number of which exceeds by about threienportant to remark that the two-dimensional SANS pattern
orders of magnitude the number of the large crystallites. A®f the sample annealed at 700 °G @ h measured at zero
already mentioned, the magnetic properties of the glass cexternal field was found to be completely isotropic. This be-
ramic depend on the volume fractiam of the crystallites. havior is expected for random orientation of the superpara-
Therefore, the differential volume size distributiodsy/dD, magnetic moments. By azimuthally averaging the isotropic
shown in Fig. 6 are appropriate to study the evolution of thewo-dimensional SANS pattern, the curve drawn in Fig. 2
crystallite size and phase volume in dependence on the heatas obtained which is practically identical with that of the
treatment conditions. According to the growing phase vol-corresponding SAXS curve.
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FIG. 9. Volume size distributions vs crystallite diameEmobtained from
SANS for H=0 [nuclear scattering?(s)] as well as from the anisotropic

FIG. 7. SANS pattern recorded wio|H| =1 T for the sample heat treated Scattering functiorB(s) in Fig. 8 by correcting the functiorgsw/dD for the
at 700 °C/2 h. The iso-intensity contours of the pattern are drawn twice bugorresponding scattering contrasts. The functidw/(dD) .4 represents that

rotated to each other by 90° in order to demonstrate their anisotropy.  fraction of particles the magnetic moment of which can be aligned by the
external magnetic field. Heat treatment: 700 °C, 2 h.

An anisotropic two-dimensional SANS pattern is ex-
pected if the magnetic moments within the crystallites arghe Langevin functiorL(x). Consequently, the differential
aligned along an external homogeneous magnetic field. Thisjze distribution calculated frorB(s) according to Eq(6)
behavior was significantly observed for the same sampl@nd also the corresponding volume size distribution are
(700°C, 2 h at ug|H|=1 T. In Fig. 7, a deviation of the weighted by the factor
scattering pattern from radial symmetry becomes evident )
when the measured pattern is rotated by 90°. Therefore, Eq. [1=3L(X)/X](A 7mag “m/2, (16)
(7) can be used to separate the isotropic and anisotropic scathere A 7mag IS the magnetic scattering contrast of magne-
tering terms which are shown in Fig. 8. As clearly can betite, FeO,, relative to the non-magnetic matrix. Correspond-
seenl(s,H=0), A(s) andB(s) reveal a similar shape of the ing to Eq.(15), the value 0fA 74— 1.357x 10 cm™2 can
intensity distribution, buB(s) is shifted to somewhat larger be calculated from the specific saturation magnetization
s values. The shoulder visible in the tails of all scatteringo, p=1.13<10"* Vsm/kg and the mass densit,
functions shown refer to a sort of particles essentially smallee=5.18 g/cni of bulk magnetite, F,. In Fig. 9, the factor
than the crystals responsible for the main scattering effect{A 77ma9)277/2 was removed from the differential volume size
The low level ofB(s) indicates a very small magnetic con- distribution calculated fronB(s). Therefore, the remaining
trast of the magnetite nanocrystals relative to the nonmaggdistribution [1—3L(x)/x](dw/dD)p,g represents the vol-
netic matrix. ume size distribution of those fractions of the magnetite par-

In Fig. 9, the volume distribution is presented which hasticles which can be magnetized by the external magnetic
been calculated fronB(s) and which corresponds to the field H.
magnetic scattering term of the sample heat treated at 700 °C  Additionally, in Fig. 9 the volume size distribution
for 2 h. According to Eq.(12), the anisotropic scattering (dw/dD),,. of the same sample is drawn which has been
B(s) shown in Fig. 8 is influenced by a factor depending onobtained from the nuclear scattering, i.e., SANS Ko 0.
According to Eq.(14), the nuclear scattering contrast used in
Eq. (6) was estimated ta 7,,=2.166x 10'° cm™2. Obvi-

10 ' ' ously, the shapes afw/dD obtained from the nuclear scat-
s tering as well as from the magnetic scattering are very simi-
107¢ 3 lar in both cases. Their bimodal kind indicates the fact that

not only the large particles but also the second particle popu-
lation with essentially smaller mean size must consist of
magnetite. This qualitative conclusion is very important and
3 obtainable exclusively with the help of neutron scattering,
since SAXS is not sensitive to the magnetic contrast existing
E in the magnetic glass ceramic investigated. Moreover, due to
] the very low dimension of the smallest sort of magnetite

[
&

Intensity (barn/cm’”)
=

is), mw,H=0

102 A®, WH=IT .. . crystallit.els, XRD experiments are not able to analyze their
--------- B(s), mH=I1T 4 composition.
' P Another very important conclusion can be drawn from
10” 10" 10° 10' the results shown in Fig. 9. The functidL— 3L (x)/X]

-1 . . .
s (nm’) X(dw/dD) g, corresponding to the magnetic scattering
FIG. 8. Comparison of the scattering curves of SANS itk 0, and the contribution, reflects apparently smaller crystallite sizes than

isotropic, A(s), and the anisotropicB(s), SANS contributions separated (dw/dD)pyc. At first sight this_ bEhaVior_ seems t_O depend on
according to Eq(7) from the pattern shown in Fig. 7. the prefactof 1 — 3L (x)/x] which describes the influence of
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(dwidD) ' ' netite below which the exchange interaction of the magnetic

se10?F — (13L00/K) (@widD),, | ions is distorted to such an extent that no long range ordering
—— simulation persists in the magnetite particle. This might be happening

due to a structural distortion of the periodic lattice for ex-
tremely small particles. As the fit resli=1.0 nm is in the
order of the edge length of the spinel unit cell of magnetite
(0.8 nm, it can be concluded that, to a first approximation,
magnetite particles do not show a definite crystallimag-
netic) structure until they contain more than one single spinel
unit cell with 8 FO, units. Consequently, on the one hand,
for large magnetite crystallitds’2 should contain that part of
FIG. 10. Comparison of the volume size distributions obtained ffanthe the nonmagnetic layer thickness which is due to the distorted
nuclear scatteringSANS for H=0), from (b) the anisotropic scattering Crystalline structure of the surface region and results in a
term B(s), and(c) by simulating the effect of a nonmagnetic surface layer correspondingly distorted magnetic structure. On the other
with the double thicknesaD=a-D +b. Heat treatment: 700 °C, 2 h. hand, the value ob/2 can be influenced by a thermically
induced reduction of the exchange field between the ionic
fnagnetic moments in the crystallite surface relative to that
inside the particle$®

The dependence of the nonmagnetic layer thickness on
the size of the magnetite crystallites accordingat® is a

Consequently, at least for the sort of large particles thevery unexpected result. As a possiblg reason the oxidatioq of
shift between the volume distributions in Fig. 9 cannot be&C4 On the surface of the magnetite particles can be dis-
explained by the effect of the Langevin factdil cussed. An oxygen conFent sllghtl_y hlgher than th_at cgpie
—3L(x)/x], i.e., the superparamagnetic behavior of theCan destroy the magnetic order within the magnetite unit cell.

nanocrystals. The shift adw/dD rather suggests the pres- The suggestion of an oxidation shell formation is consistent
ence of a nonmagnetic surface layearound the nanosized With the development of hemoat|te,_@_, for a treatment
magnetite crystallites. As can be estimated from the meafuration longer tha 2 h at 700 °Gwhich is going on at the

diameters of the respectivav/dD peaks for the larger crys- €XPense of the magnetite phase voIL_frmEmatite is antifer-
tallites in Fig. 9, the magnetically active crystallite core is "oMagnetic with a negligible magnetic moment. The propor-

19% smaller than the size of the whole crystallite. The mearionality between the thickness of the oxidation shell on the

thickness of the non-magnetic layer should amount to 1.3 nrf:[rystallite surface and the s_ize of the magnetite nanocryst.a!s
for the sort of larger magnetite crystallites, as determined@nnot reasonably be explained up to now. Nevertheless, it is

from the shift of the corresponding peakaf/dD in Fig. 9. obvious that the shell thickness and the radius of the magne-

The dimension of the nonmagnetic layer located on thdite particles grow according to the same temperature depen-

surface of the magnetite crystallites can be further investidence:

gated by model calculations. This can be performed by shift-
ing the functiondN/dD obtained from the nuclear SANS
scattering H=0) by the double shell thicknessAD V. CONCLUSIONS
=AD(D), along theD axis just conserving the total number The evolution of nanosized magnetite crystallites in a
of particles with size® >AD(0). This results in the model glass ceramic was investigated for different heat treatment
size distribution dN(D*)/dD*, with D*=D-AD(D), conditions. The SAXS results obtained reveal that the size
which subsequently is transformed into the correspondinglistributions of the crystallites formed have bimodal shape.
model volume size distributiodw(D*)/dD*. Afterwards, The sensitivity of SANS to heterogeneities of the magneti-
this function is multiplied with the prefactgil — 3L (x)/x], zation density allowed experiments with variation of the
wherex depends oD* now. This procedure simulates the magnetic contrast of the magnetite nanocrystals in relation to
apparent crystallite shrinkage effect and even the loss of verthe matrix phase. The results obtained by this method show
small crystallites for the magnetic scattering term whichthat both sorts of crystallites, which can be distinguished by
should be caused by such nonmagnetic surface layers. Bedistinct mean sizes in the bimodal size distributions, must be
agreement of the simulated volume size distribution withattributed to magnetite. The magnetite volume fraction ex-
{1-3L(X)/x}(dW/dD) nag is obtained assumingAD(D) tracted from the scattering data turned out to be proportional
=a-D+b with a=0.082 andb=1.0 nm. In Fig. 10, the to the specific saturation magnetization of the glass ceramics
simulated distribution is compared with the experimentallymanufactured under different conditions of heat treatment.
observed distribution. It must be emphasized that a constarfthe anisotropic magnetic scattering term, which contributed
surface layer thickness or a fit fte=0 do not reasonably to the SANS pattern of the glass ceramic in an external mag-
match to the measured volume size distribution of the magretic field, was analyzed in terms of a superparamagnetic
netic scattering contribution. behavior of the nanosized magnetite particles. The existence
The structural meaning of the terimin the model func-  of a non-magnetic surface layer around the magnetite nano-
tion of the double shell thickness\D=AD(D), should crystals was indicated by an apparent shrinkage of the crys-
consist in a lower limit for the crystallite dimension of mag- tallites which was deduced from the volume size distribu-

dw/dD (nm™)
z
S

0.0 g

the size of the magnetite nanocrystals on their magnetizatio
However, using the data of f@, and Eqs(8)—(11) it can be
estimated that the factgrl—3L(x)/x] is approximately
unity for D>7 nm.
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