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ABSTRACT

We use in situ high-pressure neutron powder diffraction to study elastic properties of Fe;O, magnetite nanoparticles of different sizes. It is
found that nanoparticles are elastically softer than the bulk. Apart from the smallest nanoparticle of diameter 8 nm, the atomic and magnetic
structures do not change significantly with nanoparticle size or pressure. The 8 nm sample appears to take a disordered spinel structure
instead of the inverse spinel structure of the bulk and larger nanoparticles, as seen in bond lengths and magnetic structures. Synchrotron x-
ray total scattering was used to support this interpretation. Furthermore, this study suggests that the influence of magnetic disorder at the

nanoparticle surface is significant for the size of 8 nm.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0085164

Magnetite (Fe;0,) is one of the oldest known materials and has
proven to be an important high-temperature ferrimagnet. Because of
this, its magnetic and crystal structures have been extensively stud-
ied.' ® Nanoparticles of magnetite have found applications in cataly-
sis,” electronic devices,”” and information storage.“] Although the
structures and properties of magnetite nanoparticles have been studied
using several different approaches,'' " including x-ray diffraction
(XRD) and polarized small-angle neutron scattering, "' there are
fewer studies regarding the effects of pressure on magnetite nanopar-
ticles than on the bulk.

The research of magnetite nanoparticles under pressure is mainly
focused on the change of magnetic property’ """ and structural transi-
tion."” Indeed, there are research works about the elastic properties of
Fe;O, nanoparticles at a single size under high pressure.'” However, as

far as we are concerned, there are no reported studies of the compress-
ibility of different sizes of magnetite nanoparticles under pressure.

Because of the high surface-to-volume ratio of nanoparticles,
nanoparticles may show different behaviors under pressure than their
bulk crystalline counterparts, and in ways that are not always easy to
understand. For example, nanoparticles of y-Fe,O; (maghemite),lS
GesNy,'” Au,””' and Ag”' show an increase in compressibility for
smaller particle size, whereas Pd,”” CdSe,” ZnS,”* Pt,”” ZnFe,O,,”°
and TiO,” show the opposite. This diversity of behavior is not
understood.

In this paper, we study the effects of pressure on magnetite
nanoparticles of different sizes, down to 8 nm, using neutron powder
diffraction. This gives us a good opportunity to study the size-
dependence of elasticity at the nanoscale in a systematic way.
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Furthermore, by using neutron diffraction, we are able to understand
how pressure affects the magnetic structure of magnetite
nanoparticles.

We prepared three different sizes of Fe;0, nanoparticles for the
high-pressure neutron powder diffraction experiment. Details of the
synthesis method are described in Sec. S1 of the supplementary mate-
rial. The samples were all characterized with x-ray diffraction (XRD)
measurements (Fig. S1 in the supplementary material) to ensure there
is no impurity phase. As expected, the peaks for smaller nanoparticles
are broader, and from the widths of the peaks, we deduced sample
sizes of 25 = 3, 15 * 2, and 8 = 2 nm using the Scherrer equation.30

The neutron powder diffraction data were collected at the
PEARL diffractomer of the UK spallation source ISIS at the
Rutherford Appleton Laboratory.”' Pressure to the sample was applied
using a Paris-Edinburgh press, which uses opposed zirconia-
toughened alumina (ZTA) anvils. The sample is contained within a
gasket, which contained a small amount of lead to act as the calibra-
tion of pressure. Thus, in the structure refinement of data analysis,
there are zirconia and aluminum phases from the anvil and the lead
phase from the pressure marker. Each sample was mixed with a deu-
terated ethanol-methanol (4:1 by volume) mixture to act as the
pressure-transmission medium. Measurements were performed over
the pressure range 0-5.9 GPa at ambient temperatures.

We show the neutron diffraction patterns of Fe;0,4 nanoparticles
and the bulk phase in the supplementary material, Figs. S2 and S3.
Under the applied pressure, the Bragg diffraction peaks, highlighted in
Fig. S2, shift to lower d values, indicating the compression of the lat-
tice. Rietveld refinements were used in the refinement of the atomic
and magnetic structures. For reference, the crystal structure of magne-
tite is shown in Fig. 1. The magnetic structure has an antiparallel
arrangement of spins in the tetrahedral and octahedral sites, giving a
magnetic space group of R3m’. The details of Rietveld refinements
and an example of the fitting are shown in Sec. S3 of the supplemen-
tary material.

It is found that the value of the lattice parameter of Fe;O,
becomes smaller with decreasing particle size as shown in Fig. 2 and

FIG. 1. The crystal structure of Fe;O, in the inverse spinel structure, space group
Fd3m.”®?° Oxygen atoms are shown as red spheres. The tetrahedral Fe** sites
are shown as green spheres with bonds to connected oxygen atoms to highlight
the coordination. The octahedral sites containing a disordered arrangement of
Fe?* and Fe>* atoms are shown as brown translucent polyhedra.
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Fig. S7 from the supplementary material. The results for the bulk are
in reasonable agreement with the previous data reported by Koltz
et al.” with small differences lying within the error bars, indicating the
robustness of our experimental results. While the lattice parameters of
metal nanoparticles generally decrease with smaller size,”” for many
oxides, the opposite behavior can be found.” One example is that of
CeQ, nanoparticles,””® which shows an obvious lattice expansion in
nanoparticles compared with its bulk counterparts. Diehm et al.,”*
who have summarized extensive experiment data and theoretic calcu-
lation, highlighted the crucial role played by the surface stress’ in the
difference between expansion and contraction of lattices with decreas-
ing particle size. With decreasing size, the surface to volume ratio
increases, and the effect of surface stress becomes more pronounced.
Thus, negative surface stresses would lead to negative capillary pres-
sure, op,” resulting in lattice expansion. However, our magnetite
nanoparticles show an opposite result that the lattice shrinks with
decreasing particle size, which implies that there is a possibility that
there is no significant surface stress in our system.

The third order Birch-Murnaghan equation of states is given as
below, which was applied to determine the bulk modulus B and its first

pressure derivative B/,
7 H
Vo)’ Vo)’
14 \4

)}

where P and V are the applied pressure and the volume of unit cell,
respectively, V and By are the volume and bulk modulus, respectively,
at P=0, and B’ is the derivative of the bulk modulus, dB/dP, at P = 0.
The second order equation is equivalent to the case B' = 4. Both sec-
ond and third order equations were fitted to the data as shown in
Fig. 2, and the results for By and B’ are listed in Table 1. Ferrari et al.
reported that the bulk modulus of the Fe;0, nanoparticle with a grain
size of 55(9) nm is 152(9) GPa after fitting with a third order
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FIG. 2. Results from fitting the pressure-dependence of volume with the
Birch-Murnaghan equation of the magnetite bulk phase and the three different size
nanoparticles. The blue open circles and dashed line represent the neutron diffrac-
tion results of the magnetite bulk phase reported by Klotz et al.*
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Birch-Murnaghan equation; this value is lower than our results shown
in Table I, but differences are only three times the stated error and
may be considered to be consistent with the data of this study. The fit-
ted values of the bulk modulus for both second and third order equa-
tions are 181(1) GPa, which is in reasonable agreement with the value
of 186(5) GPa obtained from the previous neutron diffraction study.3 ?

As shown in Table I, the bulk modulus of three different sizes of
nanoparticles behaves very differently from the bulk sample. Both
show that the bulk modulus By is reduced as the nanoparticle size is
reduced with a reduction of 12%-15%. We noted in the introduction
that some nanoparticles become softer and some become harder com-
pared to the bulk. Rodenbough et al.”” and Bian et al.*’ reported a
variation of the bulk modulus in CeO, and PbS nanoparticles, showing
a maximum in the value of the bulk modulus with particle size.
Although these maxima actually occur in the gap in our data between
the bulk and first point—the nanoparticles in our study here are
smaller than in most other studies—our data show no evidence for
such a maximum. What is clear from our results is that Fe;O4 nano-
particles become softer with decreasing size. Ferrari et al. observed the
same decrease in the bulk modulus of Fe;0,4 and ZnFe,O, nanopar-
ticles with a spinel structure.

Figure 3 shows the variation with pressure of the oxygen x coor-
dinate [Fig. 3(a)], tetrahedral Fe-O distance [Fig. 3(b)], and octahedral
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Fe-O distance [Fig. 3(c)] for the different samples. Note that for the
oxygen fractional coordinate of the form (x, x, x), the tetrahedral and
octahedral bond lengths are v/3a(x — 1/8) and a(1/2 — x), respec-
tively. The x coordinate of the oxygen atom in the bulk and the nano-
particle phases appears to be virtually independent of pressure. This
means that most of the variations of the two bond lengths with pres-
sure are driven by the variation in the lattice parameter with both
bond lengths changing in equal proportion. Rozenberg et al.” reported
similar results that the pressure dependency of x is small over the
0-7 GPa range for bulk magnetite. It is noted that the oxygen coordi-
nate of magnetite bulk is around 0.253 with increasing pressure, which
is consistent with the value of the oxygen coordinate reported by Koltz
etal”

The oxygen coordinate and, hence, the two bond lengths do not
show a systematic variation with nanoparticle size. It is known that
with the decrease in particle size, the relatively large surface to volume
ratio means that the surface atoms play a crucial role in determining
the average structure, leading to different effective bond lengths."” We
have plotted the bond length in the tetrahedral site against that of the
octahedral site (see Fig. S9 in the supplementary material). The inter-
esting fact is that with decreasing size, the tetrahedral Fe-O distances
increase, in contrast to the decrease in the octahedral Fe-O distance.
This opposite variation tendency of the bond lengths in the two sites
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FIG. 3. (a) The fractional atomic coordinate of oxygen as a function of pressure for Fe3O, bulk and nanoparticles of size 25, 15, and 8 nm. The fitted straight lines are guide to
the eye for each dataset. The blue open circles and dashed line are for the neutron diffraction results on the bulk phase of FesO, reported by Klotz et al.” (b) and (c)
Corresponding changes in the tetrahedral and octahedral Fe-O bond lengths, respectively. (a) Fractional atomic coordinate x, (b) tetrahedral bond length, and (c) octahedral

bond length.
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TABLE I. Results from fitting the data to second and third order Birch-Murnaghan equations. The study of bulk Fe;0,” and another independent study of a Fe;0, nanoparticle

of diameter 55(9) nm (Ref. 13) are also shown in the table for comparison.

Size (nm) Lattice parameter, a” (A) V, (A% B, (GPa) (second-order) B, (GPa) (third-order) B
Bulk 8.3984(1) 592.36(2) 181(1) 182(5) 4(2)
Bulk™ 8.392(3) 591(1) 186(5) 183(5) .
55(9) 8.39(1) 590(2) cee 152(9) 52 (1.3)
25(3) 8.3760(4) 587.63(2) 163(2) 176(4) —0.4(9)
15(2) 8.3752(4) 587.46(3) 164(1) 163(7) 4.5(9)
8(2) 8.3725(1) 586.90(2) 159(2) 164(6) 2.1(9)

may support this idea that the particle size did play an important role
in the average structure, which caused the different bond lengths for
the nanoparticles with different sizes.

However, there is a significant difference between the bigger size
samples and the 8 nm sample, where there is a sudden increase in the
value of x, leading to a lengthening of the tetrahedral Fe-O bond length
and corresponding shortening of the octahedral Fe-O bond length. We
consider three possibilities for the striking difference of the 8 nm sam-
ple compared with other sizes, namely, the 8 nm nanoparticle has the
maghemite structure, it has the normal spinel structure with Fe** on
the tetrahedral site, and there is complete electronic disorder.

In order to test the three possible alternative structures, we have
performed a synchrotron x-ray total scattering measurement of the
8 nm nanoparticle sample at ambient pressure. The technique of “total
scattering” measured a precise and complete scattering pattern of sam-
ples over a wide range of scattering vectors. After Fourier transforma-
tion of total scattering data, we obtain the pair distribution function
(PDF) in real space. The equations and details about the principles of
PDF are discussed in Sec. S4 of the supplementary material. In the
analysis of the structure, we have performed calculations of the PDFs
using a special module within the General Utility Lattice Program
(GULP) to give a noise-free simulated PDF as a comparison. The first
possibility might be that the 8 nm sample has the maghemite structure,
which has only Fe’" cations and oxygen vacancies with the composi-
tion as (Fe®™) [Fe®'s yamh /6]2 O, (where“]” means a vacancy, “()”
means the tetrahedral site, and “[]” means the octahedral site).
Effectively, the atomic structures of magnetite and maghemite give
almost identical calculations of the PDF (shown in Fig. S8 in the sup-
plementary material). Aside from that Rietveld refinements give the
same longer Fe-O bond lengths, which are inconsistent with both
magnetite and maghemite structures. Thus, the possibility of the
maghemite structure is excluded.

The second possibility is that the structure of the 8 nm sample
has changed to the normal spinel structure with Fe*" cations on
the tetrahedral sites and all Fe*" cations on the octahedral sites.
Fe>" and Fe’" adopt bond lengths of 1.990 and 2.016 A in tetrahe-
dral and octahedral coordinations, respectively.”' This suggestion
is consistent with the bond lengths observed in Figs. 3(b) and 3(c).
The measured PDF for the 8 nm sample is compared to calcula-
tions of the PDF for the ordered normal spinel in Fig. 4. We can
see that the PDF calculated for the normal spinel agrees with the
experimental PDF in the long range r (r>8 A). However, in the
short range r (r <6 A), which contains the information of the local
structure, the normal spinel model gives an extra peak around

2.2 A. Therefore, the structure of the § nm sample is neither a nor-
mal spinel nor an inverse spinel structure, but appears to be inter-
mediate to these two states. Based on this idea, we have considered
a disordered spinel structure, which is our third model. The calcu-
lated PDF of this model is shown in Fig. 4 with blue lines. It can be
seen that the extra peak is not reproduced in the disordered model.
Overall, the PDF calculated from the disordered spinel model
agrees best with the experimental PDF. It also supports the bond
length of a general spinel structure but with a disordered spinel
instead of an ordered normal spinel structure.

For the change of the magnetic structure with pressure, we have
plotted the variation of the refined values of magnetic moments with
pressure for the tetrahedral [Fig. 5(a)] and octahedral [Fig. 5(b)] cation
sites, respectively, for the bulk and nanoparticle phases. The magnetic
moments in all the samples do not show any significant variation with
pressure, consistent with previous suggestions that the spin state of
iron in magnetite remains stable until higher pressures than 6.5 GPa."”
Moreover, the value of the magnetic moment in the bulk sample is
consistent with previous data.”

The magnetic moment of the 8 nm nanoparticle shows a signifi-
cant difference compared with the other sizes and the bulk, which is

L —nor}nal spinél 6 ]
——disordered spinel 4
67—8ane304 —2 ]
4
82
0
-2
-4 . . . . .
0 5 10 15 20 25 30

FIG. 4. The simulated PDFs of the ordered normal spinel structure (black line) and
the disordered normal spinel structure (blue line), compared with the PDF mea-
sured in the Shanghai synchrotron source. The inset graph is magnifications of the
range from 0 to 6 A to indicate the local structure difference between the ordered
spinel structure and the disordered structure.
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FIG. 5. The refined values of the magnetic moments in the tetrahedral (a) and octahedral (b) sites as a function of pressure of Fe30, bulk and Fe30, nanoparticles in three dif-
ferent sizes 25, 15, and 8 nm. The fitted straight lines are guide to the eye. The blue open circles and dashed line are from the previous neutron diffraction results on the
Fe304 bulk phase reported by Klotz et al.*” (a) Tetrahedral magnetic moment and (b) octahedral magnetic moment.

similar to that observed in the bond length as discussed above. The
magnetic moment on the tetrahedral site is larger (positive values)
and on the octahedral site is less negative compared with the other
two samples in different sizes. It is known that there is a spin canting
effect for the small magnetite nanoparticles; the ions in the surface
layer are inclined at various angles to the direction of the net
moment, which caused a decrease in magnetization."”*” The degree
of spin canting increases with decreasing particle size. Because of
this, the iron oxide nanoparticles can be regarded as core/shell struc-
tures composed of a magnetic core and a magnetically disordered
shell.'>*® Thus, when the particle size gets smaller, the shell of the
nanoparticles becomes more prominent and disordered. This is a
possible explanation for the remarkable difference in magnetic
moments for the 8 nm sample.

It is reported that for the 7nm Fe,O; nanoparticle, which also
has a spin canted surface, the thickness of the spin canted surface layer
of magnetite is deduced to be 0.9 nm." If we assume the thickness of
the canting layer is 0.9 nm for all the nanoparticles, the fraction of the
scanted layer in the sample is 20% for the 25 nm sample, 32% of spins
are canted for 15nm, whereas more than half of spins (53%) are
canted for the 8 nm sample. Thus, the disordered shell becomes more
prominent in this sample, which may explain the substantial change in
the magnetic moments of tetrahedral and octahedral sites of the 8 nm
sample.

In summary, we have presented the results from a high-pressure
neutron powder diffraction study of the atomic and magnetic struc-
tures of Fe;O, nanoparticles under varying pressure. It is known that
the particle size may influence the compressibility of nanoparticles;
however, in the case of magnetite nanoparticles, it gets softer with the
decrease in size. We also showed that the lattice parameters decreased
with decreasing size, which is in contrast to the lattice expansion with
decreasing size observed in other metal oxides.”* Both the tetrahedral
and octahedral bond lengths show a pressure independent trend that
does not show a large variation with particle size. However, it was
found that there are significant changes in the structure and mag-
netic properties of the smallest nanoparticle. It can be attributed to a
change in the structure from the inverse to disordered spinel and
also in the magnetically disordered shell that arises from the surface

disorder in magnetite nanoparticles. The synchrotron x ray total
scattering technique and PDF calculation were adapted to confirm
the interpretation.

Neutron powder diffraction measurements are necessarily slow
compared to measurements with synchrotron radiation, and, there-
fore, the scope for a suite of samples is very limited in a study such as
ours. Our choice of neutron diffraction was motivated by our desire to
measure not only the atomic structure but also the magnetic structure.
We consider that it would be worth performing new measurements
with synchrotron radiation with a wider range of particle sizes than
was possible in this study.

See the supplementary material for a brief introduction to the
sample synthesis, all the data from Rietveld refinement, and a detailed
discussion on the x-ray total scattering studies.
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