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We have investigated a series of nanostructured ZnFe,O, samples produced by mechanical
activation (mean particle sizes d ~ 50-8 nm) by variable temperature neutron diffraction
measurements (2-535 K) supported by DC magnetisation measurements (4.2-300 K). The
systematic increase in the mean inversion parameter (¢~ 0.04-0.43) with increasing milling
time is accompanied by a gradual decrease in the occurrence of the long range
antiferromagnetic ordering observed in the starting ZnFe,O, material, as well as a gradual
decrease in the related diffuse short range order peak. The neutron diffraction patterns of
particles with d < ~15 nm and ¢ >~0.2 are consistent with the occurrence of ferrimagnetic
order and exchange interactions of the type Fe3*(A)—0%—Fe3* [B]. Diagrams summarising
the magnetic regions of nanostructured ZnFe, 0, are presented. The magnetic behaviour
overall agrees well with the enhanced magnetisation and ferromagnetic behaviour
reported for nanostructured, ultrafine and thin films of ZnFe, 0, by other groups using
mainly magnetisation and Méssbauer spectroscopy measurements.
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1. Introduction
Belying its apparent simplicity as a familiar normal
oxide spinel, interest in zinc ferrite, ZnFe, Oy, has con-
tinued unabated over the past two decades or so. While
ZnFe;04 is an important technological material with
applications, for example, as a regenerable absorbent
material for desulphurisation of hot coal gases [1-
3], prime interest in recent years has focussed on de-
lineation of the structural and magnetic properties of
ZnFe; 0y, both in its equilibrium and nanostructured or
nanocrystalline states. Indeed developments in materi-
als processing and synthesis techniques which result in
nanostructured materials, such as those based on ball
milling [e.g. 4], have contributed to the continuing in-
terest and investigation of ZnFe,Oy4.

As discussed below, mechanical treatments have
played an important role in the continuing exploration
of ZnFe,O4. Besides providing insight to changes in

chemical [5] and reactive behaviour [1, 6], systematic
studies by mechanical processing—either by way of
milling polycrystalline ZnFe,O4o0r by mechanosynthe-
sis of ZnFe;Oy4 (produced by milling mixtures of typi-
cally ZnO and «-Fe,;O3)—have led to new information
on the structural and magnetic properties of nanoscale
ZnFe,04 [e.g. 7-13]. Commensurate with these stud-
ies, investigations have been carried out on ultrafine or
nanocrystalline ZnFe,O4 particles prepared by a vari-
ety of methods including: the co-precipitation method
[14], the critical sol-gel processing or aerogel method
[15, 16], ahydrothermal process (see Yu et al. [17], who
present a summary of the main methods of preparation
of spinel ferrites), and a new co-precipitation method
using urea [18].

The common feature to the above studies, and
one of the main stimuli to the continuing interest, is
the enhancement in magnetic properties observed in
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nanostructured or nanocrystalline particles compared
with the magnetic behaviour exhibited by equilibrium
ZnFe,;0y4. Indeed similar enhancement in magnetisa-
tion has also been observed recently in thin films of
ZnFe,0O4 prepared by rf sputtering [19]. While many
factors contribute to this enhanced magnetisation, the
prime factor appears to be linked with the nonequilib-
rium distribution of the magnetic iron and diamagnetic
zinc cations [e.g. 8, 11, 13].

The crystallographic structure of a spinel compound
is well known. In familiar notation a spinel can be rep-
resented by the formula (A)[B,]O4 where A and B de-
note divalent and trivalent cations respectively and the
round and the square brackets denote tetrahedral and oc-
tahedral sites. The Bravais lattice of the conventional
unit cell is a face-centred cubic array of anions with
holes partly filled by the cations. Sickafus et al. [20]
have recently presented a comprehensive review of the
crystal structure of a spinel including the interrelation-
ships between the three main degrees of freedom: the
lattice parameter, a; the anion parameter, u; and the
cation inversion parameter, c. For a normal spinel such
as ZnFe,0,, the A atoms (Zn**) are tetrahedrally co-
ordinated while the B atoms [Fe3*] are octahedrally
surrounded by oxygen atoms. In the case of an inverse
spinel, the A atoms occupy a half of the B sites. This
means that for mixed oxide spinels, the site occupation
can be represented by (A;_.B.)[A:By_.]O4 where ¢
defines the inversion parameter (0 < ¢ < 1).

For mechanically activated ZnFe,O4, the key fea-
ture is the redistribution of Fe* into tetrahedral inter-
stices and Zn>" into octahedral interstices. This cationic
rearrangement leads to the formation of two (A) and
[B] magnetic sublattices which are then responsible for
the enhanced magnetisation displayed when compared
with normal ZnFe,Oy in its equilibrium state [e.g. 7].
As explained by several authors, the overall magnetic
behaviour can be well accounted for in terms of an ex-
change interaction of the type Fe3*(A)—0?~—Fe’*[B]
occurring as a result of this cationic re-distribution in
nanoscale ZnFe,0y4 [e.g. 7, 13, 21-23].

Details of the structural features and enhanced mag-
netisation exhibited by nanoscale ZnFe,O,4 have been
extensively investigated by several groups using a vari-
ety of techniques including: magnetisation [10, 12, 17—
19, 23, 24], Mossbauer spectroscopy [8-12, 16, 18,
21-25], X-ray photoelectron spectroscopy [2], neutron
scattering [22, 26-28], muon spin rotation/relaxation
[21, 22, 27], extended X-ray absorption fine structure
(EXAFS) [13, 29], specific heat [16] and the Faraday
effect [19] as well as a range of standard laboratory
characterisation techniques. Despite the wealth of in-
sight gleaned from these investigations, a complete un-
derstanding of the magnetic behaviour of nanostruc-
tured ZnFe,Oy4 in its transformation from long range
antiferromagnetic order in its equilibrium state (as de-
termined from several investigations [e.g. 21, 30]), to a
ferrimagnetic-like behaviour with particle size reduc-
tion, has still not been obtained. Indeed, the magnetic
properties of equilibrium ZnFe,O, itself remain, to
some extent, unresolved. Underscoring the enigmatic
magnetic behaviour attributed to ZnFe,O4 by Schiessl
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et al. [21] who considered that ZnFe,O4 avoided topo-
logical frustration by establishing long range antifer-
romagentic order, Usa et al. [31] concluded from re-
cent neutron diffraction studies of ZnFe,O4 samples of
varying quality, that the absence of superlattice peaks
associated with long range antiferromagnetic order (in
particular the pronounced (10% ) peak observed in many
neutron studies of equilibrium ZnFe,0,), characterises
the intrinsic behaviour of ZnFe,Oy4 [see also 32].

Given the complex interactions occurring in nanos-
tructured ZnFe,O4, neutron scattering allows good
scope for the structural and magnetic changes which
take place as the particle size is reduced to be followed.
However neutron diffraction investigations have so far
only been carried out on a limited number of nanoscale
ZnFe,04 samples [e.g. 26, 33]. A key feature of our
studies of the effects of milling ZnFe, Oy is investiga-
tion of the structural and magnetic changes that take
place over a wide range of samples of different particle
sizes [25, 28]. Here we report the findings of a neutron
diffraction study carried out on a series of 8 nanostruc-
tured ZnFe, 04 samples of mean particle sizes varying
from d ~ 50 nm to 8 nm over the temperature range
2-535 K. Combined with magnetisation measurements
(4.2-300 K), this has led to information on the struc-
tural and magnetic changes occurring in mechanically
activated ZnFe,O4. Schematic phase diagrams outlin-
ing the main magnetic behaviours of nanostructured
ZnFe,04 with mean particle size and inversion param-
eter are presented.

2. Experimental

As outlined previously [25, 28], coarse-grained pow-
ders of ZnFe,04 (Alfa Aesar) were milled in both a
low-energy magnetic mill (LEM; 20, 40, 60, 80 and
120 h) and in a high-energy SPEX 8000 shaker mill
(HEM; 2,4, 6 and 12 h). These combinations of milling
energies and times were chosen in order to obtain the
required range of particle sizes with a gradual decrease
from d ~ 50 nm for 20 h LEM to d ~ 8 nm for 12 h
HEM. Full details about the milling conditions are pro-
vided elsewhere [25, 28]. The samples were checked
by energy-dispersive X-ray spectroscopy (EDX) and
the Fe impurity level found to be <0.1 at.% with no
evidence of other impurities. The samples were char-
acterised using Cu K,, radiation and a Siemens Rigaku
X-ray diffractometer, leading to mean values of the lat-
tice parameters, inversion parameters and particle sizes
[25, 28]. The neutron diffraction measurements were
carried out on the E6 diffractometer (A = 2.441 A)
at BENSC, Berlin and diffraction patterns were ob-
tained on the ~2-3 g samples over the temperature
range 2-535 K using a standard helium cryostat. Sev-
eral experiments were carried out on MRPD at HI-
FAR, Lucas Heights. Rietveld refinements of the X-
ray and neutron diffraction data were carried out using
FULLPROF [34]. Magnetisation measurements were
carried outinafield of 0.01 T over the temperature range
4.2-300 K using a Quantum Design SQUID magne-
tometer in both zero field (ZFC) and field cooling (FC)
modes.
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Figure 1 Neutron diffraction patterns of nanostructured ZnFe,O4 at 2 K. The Miller indices for several nuclear peaks are shown and the mean particle
sizes, d, indicated for each sample. The additional magnetic superlattice reflections present in several samples are discussed in the text.

3. Results and discussion

3.1. Nanostructured ZnFe,O,

Fig. 1 shows the set of neutron diffraction patterns ob-
tained for all of the milled samples at 2 K. As for the
corresponding set of room temperature X-ray data [25],
the reflections match those of equilibrium ZnFe,O,4 but
with increasing line broadening as expected from par-
ticle size diminution on milling. Significant differences
from the X-ray data are, of course, the additional su-
perlattice reflections in the neutron patterns (e.g. (10%
associated with the magnetic unit cell as determined
by Fayek et al. [35] for the antiferromagnetic order-
ing of ZnFe;Oy; see also the discussion below) and the
occurrence of a broad diffuse peak located generally
around the (10%) peak position. Further features are
also evident in the 2 K neutron diffraction patterns with
decreasing particle sizes—the magnetic intensity of the
(10%) peak decreases, the intensity of the broad diffuse
peak decreases, and increased scattering (indicative of
a magnetic contribution) is observed in, for example,
the (111) reflection.

Given the presence of magnetic scattering in most of
the milled samples at 2 K, the initial attempts to refine
the neutron diffraction patterns were carried out using
the average inversion parameters determined from the
X-ray data [25]. This approach should, in principle,
allow greater control in refinements for the magnetic
contributions to the neutron patterns. In the event un-
satisfactory fits to the neutron data were obtained with
evident regions of misfit and poor chi-squared values
(typically ~4-5). The neutron data were therefore fitted
in the usual way allowing both the cation occupancies
and magnetic contributions to be refined. This led to
improved quality fits with chi-squared values as low as
~1.5. Fig. 2 shows examples of the final refinements
for the neutron diffraction patterns of the milled sam-
ples (Fig. 2a): d ~ 8 nm sample at 2 K and 535 K;
Fig. 2b: d ~18 nm sample at 525 K) with the main
parameters listed in Table I. As discussed fully below,
given the need to heat these samples to ~530 K to de-
termine the magnetic transition temperatures, the mean

particle sizes were also checked from the high temper-
ature refinements. In the case of the d ~ 8 nm sample,
applying the familiar Scherrer relationship to the (400)
reflection leads to d ~ 9 nm at ~535 K; likewise the
particle size of the d ~ 18 nm sample was found to
remain unchanged at ~525 K (Fig. 2b) compared with
the value at room temperature.

The cationic occupancies resulting from the refine-
ments led to mean inversion parameters as listed in
Table I which were found to be consistently below
(by ~20-50%) those obtained on refinement of the
X-ray data [25]. Using the known values of X-ray and
neutron scattering amplitudes, calculated sets of X-ray
and neutron diffraction patterns show that, for the same
degree of inversion, neutron patterns exhibit signifi-
cantly larger changes in peak intensities compared with
X-ray patterns. As an example, for partially inverted
ZnFe,04 with an inversion parameter ¢ = 0.5, com-
bined changes in intensity of ~65% are calculated for
the 4 main nuclear reflections (111), (220), (222), (400)
by neutron diffraction compared with only ~17% for
the same peaks using X-ray diffraction. While X-ray
data generally benefit from higher resolution and sta-
tistical quality compared with neutron data, the present
findings none the less suggest that neutron data provide
more reliable inversion parameters for nanostructured
ZnFe,; 04 than the corresponding X-ray data; the inver-
sion results and refinements obtained from the neutron
data are therefore preferred over those derived from the
X-ray data. As is evident in Fig. 1, the patterns exhibit
relatively little overlap, thus allowing good peak sepa-
ration and correspondingly good cationic occupancies
in the refinement process. As well, the refinements al-
low the background scattering to be determined for each
pattern with consistency checks showing no change in
the refined values (within error) for all samples over the
temperature ranges measured.

As discussed by several authors [e.g. 2, 13, 18, 23,
33, 36], values for the inversion parameters of par-
tially inverted ZnFe,O4 prepared by different meth-
ods have been determined by a variety of techniques,
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Figure 2 Examples of the Rietveld refinements to the neutron diffraction
patterns of nanostructured ZnFe,;O4 samples: (a) d ~ 8 nm at 2 K and
535K; (b) d ~ 18 nm at 525 K.

including X-ray and neutron diffraction, Mssbauer
spectroscopy, EXAFS, LEIS and XPS. It should be
noted however, that the neutron refinements provide a
value for the inversion parameter of the bulk sample as

a whole and therefore reflects the atomic distributions
on the surfaces of nanograins and in the intergranular
regions as well as in the nanograins themselves. Com-
parison of the inversion parameters determined for the
same mechanically treated nanoscale ZnFe;O4 sam-
ples by both X-ray diffraction and the surface sensitive
technique of X-ray photoelectron spectroscopy, XPS,
shows that Pk > ¢surface [2] This difference is due to
the high incidence of unsatisfied bonds on the distorted
surface structure produced by milling. Given that the
intergranular regions in nanostructured materials are
also heavily distorted and exhibit distributions of in-
teratomic and hyperfine properties, the present results
are considered to represent mean values for the inver-
sion parameters of nanostructured ZnFe,;O4 samples.
As outlined below, this has enabled systematic changes
in the magnetic behaviour of nanostructured ZnFe,O4
to be monitored as functions of d and c.

Apart from the magnetic features identified with
the antiferromagnetic order of ZnFe,;Oy4 as discussed
briefly above, the main contributions to magnetic scat-
tering are found to occur at the nuclear peak positions
of the spinel structure for the milled samples with the
smallest particle size. For example, comparison of the
patterns for the d ~8 nm sample at 2 K and 535 K
(Fig. 2a) shows increased scattering in the (111) re-
flection at 2 K consistent with the occurrence of addi-
tional magnetic scattering in this sample at low temper-
atures. Given the increase in inversion parameter with
increased mechanical activation and decreasing parti-
cle size [e.g. 11, 25] and the commensurate tendency
towards an inverse spinel structure, these magnetic fea-
tures are consistent with ferrimagnetic ordering of the
Fe cations on the A and B sites [see e.g. 37].

The neutron diffraction patterns of the 3 samples
with the smallest particle sizes are consistent with fer-
rimagnetic ordering of Fe3* cations in the (A) and [B]
sites and Fig. 3a shows the temperature dependence
of the magnetic moment associated with the ferrimag-
netic model used to refine the d ~ 8 nm (12 h HEM)
sample. The results indicate a saturated value for the
magnetic moment of u = 3.5(1) ug at 2 K and an
ordering temperature of 7. ~ 490(10) K. These find-
ings are similar to those of Schifer et al. [26] who
obtained a moment of u = 2.53(6) ug at 4.2 K and
T, ~ 460 K for a nanostructured sample (d ~ 9 nm)
prepared by mechanical activation. However, in com-
mon with these earlier results, the moment determined
by neutrons in the present experiments is below that ex-
pected on the basis of the magnetic hyperfine splitting
observed in Mossbauer measurements [22]. The present

TABLE 1 Representative values derived from the Rietveld refinements to the nanostructured ZnFe,O4 samples at the temperatures indicated. The

mean particle sizes were determined from the X-ray diffraction data [25]

Milling time (h) 0 20 (LEM) 40 (LEM) 60 (LEM) 120 (LEM) 2 (HEM) 4 (HEM) 12 (HEM)
T (K) 293 150 150 150 525 485 487 535
Inversion, ¢ 0.008(4) 0.04(2) 0.057(20)  0.064(6) 0.097(10) 0.194(19) 0.268(15)  0.431(20)
a-lattice (A) 8.4126(7)  8.417(1) 8.414(2) 8.406(2) 8.435(1) 8.404(1) 8.400(1) 8.407(4)
u (X,X,X) 0.7359(2)  0.7393(5)  0.7388(7)  0.7383(5)  0.7406(5) 0.7421(5)  0.7432(5)  0.7430(8)
d [nm] (XRD, see [25])  >100 ~50 27(3) 20(2) 18(2) 13(1) 10(1) 8(1)
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Figure 3 (a) The temperature dependence of the magnetic moment for
nanostructured ZnFe;O4 (d ~ 8 nm). (b) Graphs of the variation of
the intensity of the (10%) peak as a function of temperature for the
nanostructured ZnFe,O4 samples indicated (the inset shows 7Ty as a
function of particle size)

ferrimagnetic model assumes collinear moments on
Fe3* on the (A) and [B] sites and, while representing the
diffraction patterns well (e.g. Fig. 2), the model does not
accommodate magnetic misalignments due, for exam-
ple, to spin-canting [16, 33, 38] and surface anisotropy
in nanoparticles [39]. While further details are beyond
the scope of analyses of the powder diffraction pat-
terns, these results none the less confirm the findings of
earlier groups who, on the basis of magnetisation and
Mossbauer effect measurements [see e.g. 12, 24 and
references therein] concluded that nanoscale ZnFe,Oy4
exhibits ferrimagnetic ordering.

3.2. ZnFe, 04

Despite almost 50 years of investigation [30], the mag-
netic structure of equilibrium ZnFe, Oy is still not un-
equivocally determined (see [21, 40] and references
therein for discussion of magnetic models). As shown
in Fig. 4, the neutron diffraction pattern which we ob-
tain at 2 K for our commercial sample of coarse grained
ZnFe,0y is typical of diffraction patterns obtained in
several previous investigations [e.g. 12, 31, 35, 41, 42].
The additional magnetic peaks which are associated
with a tetragonal magnetic unit cell for ZnFe,O, and
the propagation vector [0, O, %] are evident on compar-
ison with the room temperature diffraction pattern in
Fig. 4. As also shown in Fig. 4, a calculation based on a
tetragonal magnetic model [35] describes the observed
magnetic superlattice reflections of the present coarse
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Figure 4 Neutron diffraction patterns of coarse grained ZnFe;O4 at
293 K (top) and 2 K (middle). Also shown for comparison is the pattern
calculated (bottom) on the basis of a tetragonal magnetic structure for
ZHF6204 [35].

grained ZnFe,04 well. However this, or any similar
model, is unable to account for the broad peak evident
around the (10%) peak position.

This inability to properly account for these well doc-
umented features has been noted by several authors
[e.g. 21, 43, 44]. Indeed as noted above, Usa et al.
[31] have recently concluded that it is the absence of
long range antiferromagnetic order which characterises
the intrinsic behaviour of ZnFe,0, and that the mag-
netic behaviour originates from geometrical frustration
and a unique property of the first neighbour interaction
[32, 45]. Lee et al. [46] have recently presented a de-
tailed analysis of the inelastic neutron scattering from
the cubic spinel ZnCr,O4 in which they report how un-
usual magnetic composite spin degrees of freedom can
emerge from frustrated magnetic interactions in this
compound. In particular they demonstrate that the neu-
trons scatter from hexagonal spin clusters rather than
individual spins. Indeed it appears likely that the over-
all magnetic behaviour of ZnFe,O4 will ultimately be
explained in terms of effects due to geometrical frustra-
tion, with spins on the vertices of corner-sharing tetra-
hedral (i.e. the Fe3* [B] sites) unable to satisfy all in-
teractions [45, 46].

3.3. Magnetic regions of nanostructured
ZnFe, 0,4

As is evident from Fig. 1, the superlattice peak located

at (10%) and identified with antiferromagnetic order-

ing in ZnFe,0,4 decreases in intensity with decreasing
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Figure 5 Neutron diffraction scans at the temperatures indicated for: (a) coarse grained ZnFe;Oy4; (b) nanostructured ZnFe;O4 (d ~ 18 nm); and (c)

nanostructured ZnFe;Oy4 (d ~ 13 nm).
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Figure 6 The variation of the intensity of the SRO diffuse peak with temperature for the d ~ 50 nm and d ~ 27 nm samples. The inset shows the
fraction of the SRO diffuse peak (relative to the long range AF order peak) as a function of c.

particle size, as does the diffuse peak located around
this peak position. We have investigated the tempera-
ture dependence of these features for all samples in or-
der to characterise more fully the magnetic behaviour of
nanostructured ZnFe,;O4. Fig. 5 shows examples of the
sets of temperature scans obtained for coarse grained
ZnFe,04 and the d ~ 18 nm and d ~ 13 nm samples
with examples of the temperature dependence of the
different magnetic regions of nanostructured ZnFe,O4
shown in Fig. 6. An AF region is identified with the oc-
currence of the (10%) antiferromagnetic reflection, with
the diffuse peak identified as short range order (SRO).

As shown in Fig. 4b, Ty, the temperature at which
the intensity of the (10%) peak goes to zero appears to
be approximately invariant for all particle sizes with
Tn=10.0 &£ 0.5 K. Also the intensity of the SRO
diffuse peak is found to have a maximum around Ty
(Fig. 6a), demonstrating the close link between the dif-
fuse scattering and the occurrence of the antiferromag-
netic (10%) peak. Fig. 6b shows the fraction of the SRO
diffuse peak relative to the long range AF order as a
function of inversion parameter. As discussed below,
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this indicates a continuous change in magnetic charac-
ter for nanostructured ZnFe, O, as the combination of
AF order and SRO gives way to ferrimagnetism with
increasing cationic inversion.

Summaries of the magnetic features outlined above
and the main magnetic regions of nanostructured
ZnFe, 04 produced by mechanical activation are shown
in Fig. 7. In coarse grained material the characteris-
tic long range antiferromagnetic order and accompany-
ing SRO diffuse peak give way to a region of decreas-
ing SRO with decrease in particle size (Fig. 7a), with
the continuous onset of ferrimagnetic order becoming
increasingly evident for particles below d ~ 15 nm.
This onset of ferrimagnetism corresponds to cationic
re-distribution of the Fe3* ions on to the tetrahedral
sites and the equivalent re-allocation of Zn>* on to the
tetrahedral sites with a degree of inversion of ¢ ~ 0.2
(Fig. 7b). Fig. 7b also includes the result obtained for
a quenched crystalline ZnFe,;04 sample of inversion
¢ = 0.11 for which no magnetic superlattice reflections
were obtained but for which the intensity of the diffuse
peak became zero at 25 £ 2 K [26]. This agreement
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Figure 7 Regions of magnetic behaviour for nanostructured ZnFe;Oy4
as functions of: (a) mean particle size d and (b) mean inversion parame-
ter ¢, as discussed in the text (Fi—ferrimagnetism; CG—<cluster glass).
The open circle shows the result for a quenched crystalline sample of
ZnFe, 04 [26].

with the results for the partially inverted nanostruc-
tured samples demonstrates the validity of this figure
in correctly describing the magnetic behaviour of in-
verted ZnFe;Oy4 in both crystalline and nanostructured
forms. The overall magnetic behaviour exhibited by
nanostructured ZnFe,Oy4 is similar to that obtained for
substituted Fe3T ferrite systems (see [37] and [47] for
experimental and theoretical appraisals respectively),
in that the antiferromagnetic order gives way to ferri-
magnetism via a spin glass or localised canting state
(see e.g. [16] for evidence of a LCS state in partially
inverted ZnFe,O,4 fine powders). As indicated by the
magnetisation results discussed below, and as also ob-
served in earlier magnetisation studies [e.g. 15, 18, 27],
the system otherwise exhibits features similar to those
of a cluster glass before reverting to paramagnetism at
elevated temperatures.

3.4. Magnetisation of nanostructured
Zn Fez 04

A summary of the magnetisation and magnetic sus-
ceptibility data for several nanostructured samples is
shown in Fig. 8. As discussed recently [32], equilibrium
ZnFe,04 characteristically exhibits a peak in suscep-
tibility around 13-20 K [32, 42] while simultaneously
showing a positive Curie-Weiss temperature as high
as 6 ~ 120 K. While discussion of these apparently
contradictory effects—antiferromagnetic-like suscep-
tibility compared with positive ferromagnetic-like
Curie-Weiss interaction—and the ground state nature
of the magnetism of ZnFe,O4 is continuing [e.g.
22, 32], it is clear that the present ZnFe,O4 displays

4

d>100 nm (@)
d~ 50 nm
d~18 nm

vAOJdD>OD

N
1

1x[(emu/mol)]

d>100nm %
d~50 nm
d~18 nm

chi [emu/mole]

T — T T
0 50 100 150 200 250 300
T K]

Figure 8 DC magnetic susceptibility and magnetisation data for the
nanostructured samples indicated. (a) Inverse susceptibility versus tem-
perature with linear regions indicated for the ZnFe;O4 and d ~ 50 nm
samples; (b) Magnetisation versus temperature including both FC (full
symbols) and ZFC (open symbols) curves for the samples of particle
sizes indicated (T}, and T are discussed in the text).

similar features with the inverse susceptibility versus
temperature graph (Fig. 8a) resulting in the positive
value of & ~ 50 K. While our restricted temperature
range from 2 K to a maximum of 300 K prohibits
Curie-Weiss analysis of all nanostructured ZnFe;Oy4
samples, our magnetisation data demonstrate that
milled samples of decreased particle size and increased
inversion parameter have an increased 6 value com-
pared with ZnFe,;O4 (e.g. 6 ~ 200 K for d ~ 50 nm,
Fig. 8a). This behaviour, combined with the increased
values of magnetisation shown with increasing
inversion parameter (Fig. 8b), is consistent with the en-
hanced magnetisation of ferrimagnetism as discussed
above.

As demonstrated by the examples in Fig. 8b, all
of the nanostructured samples were found to exhibit
features consistent with cluster glass-like behaviour.
The ZFC magnetisation runs have a broad maximum at
T in the measuring field of 0.01 7. T;, gives a useful
indicator of the blocking temperature, Ty, for each
sample although ideally 7 should be measured in low
AC magnetic fields (see [48] for discussion of cluster
glass behaviour in CogZng sFe;O4). All of the nanos-
tructured samples were found to display irreversibility
in the FC and ZFC magnetisation curves (see examples
in Fig. 8b) although the actual temperature, T, at
which irreversibility occurs is outside the range of
our measurements in several cases. The temperature
at which irreversibility sets in tends to increase with
increasing inversion as nanostructured ZnFe,O4 tends
increasingly towards ferrimagnetic behaviour.
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4. Summary and conclusions

A variable temperature neutron diffraction investi-
gation of a set of partially inverted, nanostructured
ZnFe,04 samples of mean particle sizes ranging from
d ~ 50 nm to ~ 8 nm produced by mechanical acti-
vation, has enabled the overall magnetic trends of this
system to be determined (Fig. 7). The neutron diffrac-
tion measurements reveal coexistence of long range
antiferromagnetic order and short range order for the
larger particles of lower inversion parameter, before
the increased inversion of the smaller particles leads to
the ferrimagnetism evident in inverted nanostructured
samples with d < ~ 15 nm. These continuous trends
in magnetic behaviour agree well with the enhanced
magnetisation and ferrimagnetism reported by several
groups for nanoscale ZnFe,O,4 (see Section 1). How-
ever the overall magnetic behaviour of nanostructured
ZnFe,0y is further complicated by the frustration ex-
perienced by spins on the vertices of the corner-sharing
tetrahedral [B] sites which are unable to satisfy all in-
teractions [46].

A further novel feature observed for nanostructured
ZnFe, 0y is the pronounced forward scattering revealed
in the 2 K neutron diffraction patterns (Fig. 1). This
scattering changes systematically from sample to sam-
ple and appears to exhibit the strongest effect around
d ~ 18 nm. We are currently undertaking a neutron
polarisation analysis of nanostructured ZnFe;Oy; this
will allow the nuclear and magnetic diffuse scattering
contributions to be separated (particularly the nature
of the diffuse peak located around the ( 10%) position)
and the magnetism of this system to be clarified fur-
ther. It is clear that investigation of both equilibrium
and nanostructured ZnFe,O4 will continue to interest
and challenge experimentalists and theoreticians alike
in our attempts to understand fully the structural and
magnetic behaviour of this notionally simple, but none
the less fascinating system.
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