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We have studied the high-pressure structural behavior of zinc ferrite (ZnFe2O4) nanoparticles by powder
X-ray diffraction measurements up to 47 GPa. We found that the cubic spinel structure of ZnFe2O4 re-
mains up to 33 GPa and a phase transition is induced beyond this pressure. The high-pressure phase is
indexed to an orthorhombic CaMn2O4-type structure. Upon decompression the low- and high-pressure
phases coexist. The compressibility of both structures was also investigated. We have observed that the
lattice parameters of the high-pressure phase behave anisotropically upon compression. Further, we
predict possible phase transition around 55 GPa. For comparison, we also studied the compression
behavior of magnetite (Fe3O4) nanoparticles by X-ray diffraction up to 23 GPa. Spinel-type ZnFe2O4 and
Fe3O4 nanoparticles have a bulk modulus of 172 (20) GPa and 152 (9) GPa, respectively. This indicates
that in both cases the nanoparticles do not undergo a Hall-Petch strengthening.

© 2016 Elsevier Masson SAS. All rights reserved.
1. Introduction

Spinel-structured oxides belong to a large family of compounds
which include more than eighty different oxides [1]. These oxides
are relevant for many technological applications. Zinc ferrite
(ZnFe2O4), the mineral Franklinite, is one of the members of this
family. At ambient pressure (P), ZnFe2O4 has a cubic spinel struc-
ture (space group Fd3m) [2], which is shown on the left side of Fig.1.
ZnFe2O4 is a normal spinel, which has a unit cell with 32 oxygen
atoms in a close cubic packing arrangement, and 8 tetrahedral (T)
and 16 octahedral (M) sites, occupied by Zn2þ and Fe3þ atoms,
respectively.

There is a large interest on the study of spinel oxides under
compression. The high pressure (HP) study of ZnFe2O4 has attracted
attention for nearly half a century, since it was proposed that
superparamagnetism can be induced by squeezing zinc ferrite [3].
In particular, ZnFe2O4 has been one of the first compounds where
06
served.
the HP orthorhombic post-spinel structure has been determined
[4]. For this compound, the equation of state [1,5] and other me-
chanical properties, such as elastic moduli, have been reported
[6e8].

Although many high-pressure studies have been performed on
bulk spinel oxides, investigation of nanoparticles under pressure is
scarce. Indeed, one of the few compounds already studied at high
pressure in the nanoparticle form is CoFe2O4 [10]. It is a very well-
known fact, that due to the high surface-to-volume ratio, nano-
materials might show a different high-pressure behavior than bulk
materials [11,12]. In particular the transition-pressure, the HP
structural sequence, and properties like compressibility maybe
different. The above described facts suggest that it is important to
explore the HP behavior of ZnFe2O4 nanoparticles to check the
structural stability and the possible occurrence of a Hall-Petch
strengthening [13]. Hence, we performed synchrotron room-
temperature powder X-ray diffraction (XRD) experiments on
ZnFe2O4 nanoparticles up to 47 GPa. These studies allowed us to
determine the equation of state (EOS) of the low-pressure phase,
the identification of a phase pressure-induced transition at 33 GPa,
and the crystal structure of the HP phase, which is shown on the
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Fig. 1. (Left) Schematic view of the cubic spinel structure of ZnFe2O4 with octahedral (blue) and tetrahedral (yellow) units. Oxygen atoms are represented in red. (Right) Schematic
view of the orthorhombic HP phase (CaMn2O4-like) of ZnFe2O4 with octahedral (blue) and dodecahedral (yellow) units. Oxygen atoms are also represented in red. Structural
representations made with VESTA [9]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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right side of Fig. 1. For comparison, we further performed similar
studies on the low-pressure phase of magnetite (Fe3O4), an inverse
spinel, up to 23 GPa. The results obtained for the nanoparticles are
compared with the bulk and the high-pressure behavior of cobalt
ferrite nanoparticles [10].
Fig. 2. Experimental X-ray diffraction patterns of ZnFe2O4 nanoparticle for different
pressures (dots) superimposed with calculated profiles (solid lines). Below each
pattern the ticks represent the peaks of each crystalline phase found and the solid line
represents the difference between experimental and calculated profiles.
2. Experimental details

Zinc ferrite nanoparticles were synthesized by the sol-gel
method and magnetite nanoparticles were synthesized by the co-
precipitation method. Details of synthesis as well as the crystal
structure and magnetic properties at ambient pressure have been
reported elsewhere [14]. The resulting cubic ZnFe2O4 powder has a
unit-cell parameter of 8.439 (1) Å and a grain size of 46 (3) nm. The
magnetite powder has a lattice parameter of 8.389 (1) Å and a grain
size of 55 (9) nm. Room-temperature HP angle-dispersive XRD
studies were conducted in a symmetric-type diamond-anvil cell
(DAC) with Ne as pressure-transmitting medium (PTM). The dia-
mond cell was equippedwith 300 mm-culet diamonds. The samples
were loaded in a 100 micron-diameter hole of a rhenium gasket
pre-indented to a thickness of 30 mm. Synchrotron radiation from
beamline 16-IDB of the HPCAT at Advanced Photon Source
(Argonne National Laboratory) was used as X-ray source. The
applied pressure was determined by the ruby fluorescence tech-
nique with an accuracy of 0.05 GPa. The monochromatic x-rays
(l ¼ 0.3738 Å) from the beamline were focused using Kirkpatrick-
Baez mirrors to 10 � 10 mm2. XRD patterns were collected using a
Pilatus 1M-F detector. For ZnFe2O4 pressures from 1.3 GPa to 47 GPa
(21 steps) were applied during compression, and four pressures
(40.5, 34.6, 12.1 and 0.7 GPa) were measured during decompres-
sion. For magnetite, pressures were applied from 3.6 GPa to 23 GPa
(9 steps) during compression using the same experimental set up.
In addition, one pressure point was measured at 0.1 GPa after
decompression. The two-dimensional XRD images were the inte-
grated with FIT2D [15] into one-dimensional diffraction patterns.
The patterns were analyzed using MAUD [16]. The extracted pres-
sure versus unit-cell volume (V) data was analyzed using the EOS-
fit [17].
3. Results and discussion

3.1. Zinc ferrite nanoparticles (P < 33 GPa)

Fig. 2 shows a selection of XRD patterns measured for ZnFe2O4
nanoparticles up to 47 GPa. The patterns indicate that the nano-
particles remain in spinel structure up to 30.4 GPa. At 33 GPa and
above, changes in the diffraction patterns showed a phase transi-
tion to a HP phase. The crystal-structure identification of such
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phase will be discussed in the next subsection. In Fig. 2 we show
representative XRD patterns (after background subtraction) along
with the results of the profile matching analysis and the residuals.
As shown in the figure, all the Bragg peaks can be fitted to spinel
ZnFe2O4, ruby (our pressure scale), or Ne (our pressure medium).
The ruby and Ne peaks were used to confirm the pressure deter-
mined from ruby fluorescence using their P-V EOS [18,19]. From the
XRD patterns collected (P < 33 GPa), we have obtained the pressure
dependence of the unit-cell parameter and volume of ZnFe2O4,
from multiphase structural analyses, for which the unit-cell pa-
rameters, isotropic thermal parameters, scale factors, and shape
parameters have been considered as free parameters. For Ne and
ruby peaks a LeBail fit was used. For the Rietveld analysis of
ZnFe2O4, the occupation of the oxygen and cationic positions were
assumed based upon stoichiometry. The atomic positions were
used from Levy et al. [4] and considered that they are not affected
by pressure. This was done to reduce the number of free parameters
since only twelve Bragg peaks were measured for the low-pressure
phase of ZnFe2O4 under compression due to the angular constrain
imposed by the DAC and the detector. This assumption is reason-
able [4] and is common in HP studies, not affecting the determi-
nation of the unit-cell parameter [20]. The residuals obtained in the
structural analyses indicate that the assumed structural model is
reasonable. The goodness-of-fit values of the multiphase profile
matching shown for the experiment performed at 30.4 GPa are
RW ¼ 4.67%, RB ¼ 5.98%, and weighted c2 ¼ 1.88. Similar goodness-
of-fit values were obtained at all pressures below 33 GPa.Wewould
like to mention here that a tetragonal distortion of the cubic spinel
structure, observed in other spinels under compression [21], is not
observed in our experiments.

The results obtained for the pressure dependence of the unit-
cell volume are shown in Fig. 3. We have used a second (BM2)
and a third-order (BM3) Birch-Murnaghan [22] EOS in order to
analyze these results. The PTM used for the experiments is known
to be a good quasi-hydrostatic medium [23]. However, to confirm
that deviatory stresses did not influenced our experiments [24,25],
the P-V data were divided for analysis in two sets: the first one,
using the measurements for P < 20 GPa, and the second one using
all the data available for the cubic spinel phase (P < 33 GPa). Both
sets of data were analyzed setting the volume at zero pressure as a
Fig. 3. Unit-cell volume vs pressure for ZnFe2O4 nanoparticle powder (circles: LP
phase, squares: HP phase) and Fe3O4 nanoparticle powder (triangles) together with the
3rd order Birch-Murnaghan fit (solid line). For the HP phase 2 V is plotted instead of V
to facilitate the comparison and the 2nd order EOS is shown (3rd order EOS was not fit,
see text).
free parameter and leaving it as a fixed parameter with a value
equal to 600.99 Å3. The results of the obtained bulk modulus (K)
and first pressure derivative (K0) are reported in Table 1.

As it can be seen in Table 1, the fits carried out for P < 20 GPa and
P < 33 GPa give similar reduced c2. In addition, the values obtained
for K and K0 for the two pressure regions were similar if error bars
are considered. In particular, the K and K0 values determined from
the 3rd order EOS for P < 33 GPa lies within the 1s confidence
ellipse obtained from the fit made for P < 20 GPa. These facts
confirm that the effect of deviatory stresses in our experiments can
be considered negligible, as expected from the used PTM.
Furthermore, the fits made using V0 as a free parameter or as a fixed
parameter gave similar results for K and K0 that agree within the
standard deviations. The same can be said when the BM2 and BM3
EOS are compared. A comparison of the BM3 EOS [V0¼ 600.4 (6) Å3,
K¼ 173 (6) GPa, K0 ¼ 3.4 (8)] for the LP phase is shown in Fig. 3. The
maximum pressure difference between the fit and the experiments
is smaller than 0.5 GPa.

In Table 2, we have compared the results of our BM3 fit (V0 not
fixed) with the literature. The average value of the bulk modulus
obtained for bulk ZnFe2O4 is 180 (14) GPa, which agree within error
bars with our value [K ¼ 173 (6) GPa]. The same can be seen for
different values of K from the fits reported in Table 1. As it can be
seen from Table 2, the bulk modulus obtained is slightly smaller
than those previously reported, except from the results by Levy
et al. [4] (K ¼ 166 GPa). At the same time, it should be mentioned
that the bulk modulus derivative K0 ¼ 9.3 (6) [4] is much larger than
our value of K0 ¼ 3.4 (8). This could be due to the lack of hydrostatic
conditions in the reported experiments [4]. Also it is important to
mention that Levy et al. used data below 24.4 GPa for the fit. Ul-
trasonic measurements in a natural Mn-rich franklinite mineral [6]
have shown a bulkmodulus closer to our result, but the deviation in
K maybe due to the Mn content [6]. A comparison with the rest of
the results summarized in Table 2 indicates that the predicted Hall-
Petch strengthening does not occur in ZnFe2O4 nanoparticles.
3.2. Zinc ferrite nanoparticles (P � 33 GPa)

In Fig. 2 it can be seen that at 33 GPa and above, the Bragg peaks
obtained for the sample cannot be indexed with the cubic-spinel
zinc ferrite structure. The changes in the XRD patterns are consis-
tent with the occurrence of a pressure-driven phase transition.
Table 1
Values of bulk modulus (K), and its first pressure derivative (K0) for second-order
(BM2) and third-order (BM3) Birch-Murnaghan EOS fitted to different datasets of
zinc ferrite nanoparticles. The results were obtained taking the unit-cell volume at
ambient pressure (V0) as fixed or leaving it as a free parameter. The reduced c2 of the
fits is also given.

Pressure range Type of EOS Fixed V0 Free V0

P < 20 GPa BM2 V0 ¼ 600.99 Å3 V0 ¼ 600.5 (6) Å3

K ¼ 162 (4) GPa K ¼ 169 (3) GPa
K0 ¼ 4 (implied) K0 ¼ 4 (implied)
(c2 ¼ 1.53) (c2 ¼ 1.31)

BM3 V0 ¼ 600.99 Å3 V0 ¼ 600.9 (9) Å3

K ¼ 160 (20) GPa K ¼ 160 (12) GPa
K0 ¼ 5.1 (1.8) K0 ¼ 5.1 (1.3)
(c2 ¼ 1.19) (c2 ¼ 1.08)

P < 33 GPa BM2 V0 ¼ 600.99 Å3 V0 ¼ 601 (1) Å3

K ¼ 165 (7) GPa K ¼ 165 (6) GPa
K0 ¼ 4 (implied) K0 ¼ 4 (implied)
(c2 ¼ 1.58) (c2 ¼ 1.49)

BM3 V0 ¼ 600.99 Å3 V0 ¼ 600.4 (6) Å3

K ¼ 168 (7) GPa K ¼ 173 (6) GPa
K0 ¼ 3.7 (9) K0 ¼ 3.4 (8)
(c2 ¼ 1.18) (c2 ¼ 1.10)



Table 2
Values of bulk modulus K and bulk modulus first derivative K0 of zinc ferrite samples
cited in literature compared with our results.

K (GPa), K0 (dimensionless) Sample form Method Ref.

193, � Single crystal Infrared [7]
182, � Single crystal Ultrasonic [8]
175 (3), 4.3 (3) Mn-rich natural mineral Ultrasonic [6]
166 (3), 9.3 (6) Powder BM3 EOS [4]
185 (9), 3.1 (7) Powder BM3 EOS [5]
173 (6), 3.4 (8) Nanoparticles BM3 EOS Present

Fig. 4. Unit-cell parameters of HP phase (CaMn2O4-like) of ZnFe2O4 vs. pressure. Note
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Previously, a structural phase transition was reported to occur in
bulk ZnFe2O4 above 24 GPa [4] and in the range of 25e36 GPa [5].
Our transition pressure is within the transition pressure range re-
ported in Ref. [5]. Therefore, apparently, the transition pressure of
the cubic spinel zinc ferrite does not depend much upon the par-
ticle size. Indeed, as pointed out by Greenberg et al. [5] the differ-
ences observed in the EOS parameters and transition pressures
between the results reported by Levy et al. [4] with Greenberg's and
our results “could be due to the lack of hydrostatic conditions using
N2 as pressure medium above P > 12 GPa” in Ref. [4] In fact, it is
known that non-hydrostatic conditions could strongly influence
more the HP behavior of ternary oxides than the particle size
[26,27].

Regarding the crystal structure of the HP phase, in the literature
[4,5,21] there are basically three candidates for the post-spinel
structure: CaTi2O4-type (space group Cmcm), CaFe2O4-type (space
group Pnam), and CaMn2O4-type (space group Pbcm) structures.
We tested these three structures as the possible HP structure of the
ZnFe2O4 nanoparticles. We found that the last one is the only
structure among the three that can explain all the XRD peaks of the
new HP phase. The structural analyses were carried out using the
procedure already described for the low-pressure phase. In this
case, for the atomic position we used those reported for CaMn2O4
by Zouari et al. [28] assuming that Zn (Fe) replaces Ca (Mn). The
small residuals obtained at 33 and 47 GPa, show that the CaMn2O4-
type structure can reproduce the XRD patterns measured from the
HP phase of our sample. The goodness-of-fit values of the multi-
phase profile matching of the experiment performed at 33 GPa are
RW ¼ 4.81%, RB ¼ 6.12%, and weighted c2 ¼ 1.95. Thus, apparently
the HP structure is different in nanoparticles than in the bulk ma-
terial, where the CaTi2O4-type structure has been assigned to the
HP phase of ZnFe2O4 [4]. The unit-cell parameters obtained for the
orthorhombic structure at 33 GPa are a ¼ 2.746 (2) Å, b ¼ 9.431
(9) Å, and c ¼ 9.274 (9) Å. The HP structure is illustrated in the right
side of Fig. 1. Similar qualities of refinements were obtained at all
the pressures for the HP orthorhombic structure. Upon decom-
pression we observed that the phase transition is not completely
reversible. At 40.5 and 34.6 GPa only the HP phase was detected.
However, at 12.1 and 0.7 GPa a mixture of the high- and low-
pressure phases was found. Fig. 2 shows the XRD pattern
measured after decompression at 0.7 GPa. The result of a LeBail fit is
shown to illustrate the phase coexistence. The pressure depen-
dence obtained for the unit-cell volume and parameters is shown in
Figs. 3 and 4.

The cubic-orthorhombic transition involves an increase of the
density of material (8%) as a consequence of the volume collapse
that can be seen in Fig. 3. It also involves an increase of the Zn2þ

coordination from fourfold to eightfold, while retaining the Fe3þ

coordination. The coordination change maybe significant, and
should be confirmed by full structural refinements, if possible
carried out from HP single-crystal experiments [27]. However, the
bond distances and angles obtained from the HP phase here pro-
posed are reasonable when compared with HP phases reported for
other spinels [2], which support our conclusions.
We have analyzed the P-V data by fitting with a second-order

Birch-Murnaghan EOS. We have used this EOS because there are
only few pressure points measured after the structural phase
transition. In addition, we fixed the ambient pressure volume of the
HP phase to the volume determined at 0.7 GPa from the LeBail fit;
V0 ¼ 271 Å3. We found that the bulk modulus K ¼ 182 (12) GPa,
with the reduced c2 ¼ 2.18. Thus, the HP orthorhombic phase has a
similar bulk modulus than the low-pressure cubic spinel phase.
This is the first report of the bulk modulus of HP phase of ZnFe2O4
as far as we know. Other aspect that wewould like to discuss here is
the linear compressibility of the different axes of the HP structure.
As it can be seen from Fig. 4, the compressibility is anisotropic in
the HP phase. In particular, the b-axis is the most compressible one.
Adjusting with a linear regression the unit-cell parameters we
determined that: a ¼ 2.85 (1) Å � 0.0034 (2) Å/GPa. P; b ¼ 9.96 (3)
Å � 0.0160 (5) Å/GPa. P; and c ¼ 9.56 (3) Å � 0.0087 (2) Å/GPa. P.
From these linear functions we obtained the axial compressibility,
Kx ¼ �1

x
vx
vP , where ka ¼ 1.2 (1) � 10�3 GPa�1, kb ¼ 1.6 (1) � 1

0�3 GPa�1, and kc ¼ 0.9 (1) � 10�3 GPa�1. Extrapolating our results
to higher pressures we found that at ~55 GPa b becomes equal to c.
This suggests that the HP orthorhombic structure will probably
undergo a phase transition to a tetragonal structure at much higher
pressure. Future experiments are needed in order to confirm or rule
out this prediction.
3.3. Magnetite nanoparticles

The compressibility of magnetite has been investigated earlier
(see Ref. [29]). A good compilation of reported bulk modulus values
is provided in Table 2 of Ref. [30]. It is worth to notice that all
previous studies were only performed in bulk samples. Here, we
report results obtained from nanoparticles. The other objective of
our measurement was to compare the compressibility of a normal
cubic spinel (ZnFe2O4) with an inverse spinel (Fe3O4) and hence we
have constrained our experiments to 23 GPa. However, it is worth
to mention that a previous study [31] has reported a high-pressure
modification of Fe3O4 with a CaMn2O4-type structure, as observed
in our experiments for ZnFe2O4.

All of the peaks from the XRD patterns of magnetite nano-
particles we have measured at different pressures up to 23 GPa can
be assigned to cubic spinel structure. This is no surprise since the
that 2a is plotted instead of a to facilitate comparison.
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HP modification of bulk magnetite has been observed only above
25 GPa [30,32]. Using the Rietveld method we obtained the unit-
cell parameter of Fe3O4 at different pressures. In Fig. 3, we show
the pressure evolution of the unit-cell volume. Applying a third-
order Birch-Murnaghan EOS to these results we have determined
an ambient pressure volume V0 ¼ 590.4 (9) Å3, a bulk modulus of
K ¼ 152 (9) GPa, and its first pressure derivative K0 ¼ 5.2 (1.3) with
the reduced c2¼1.93. This is lower than the bulkmodulus obtained
for zinc ferrite nanoparticles in the range P < 22 GPa.

The bulk modulus (K ¼ 152 (9) GPa) of nanoparticles falls in the
low range of bulk Fe3O4 from XRD experiments, which range from
144 to 222 GPa [30]. However, accurate quasi-hydrostatic single-
crystal XRD measurements reported for natural magnetite showed
K ¼ 180 (1) GPa and K0 ¼ 5.4 (4) and ultrasonic measurements
showed K ¼ 186 (3) GPa and K0 ¼ 5.1 (1). These bulk modulus are
nearly 20% larger than our bulk modulus. Consequently, our mea-
surements indicate that Fe3O4 nanoparticles do not undergo Hall-
Petch strengthening.

In conclusion our experiments showed that the fact that Fe3O4
and ZnFe2O4 nanoparticles do not undergo a Hall-Petch strength-
ening. This fact contrasts with our recent findings on partially in-
verse CoFe2O4 spinel nanoparticles. In this case, the bulk modulus
of the nanoparticles (K ¼ 204 GPa) is considerably larger than the
value previously reported for bulk CoFe2O4 (K ¼ 172 GPa) [10]. It is
known that the particle size could strongly influence the
compressibility of nanoparticles, as shown for anatase-type TiO2
[33]. . In addition to particle size, there are other facts that could
influence the HP behavior of nanoparticles; one of them is the PTM
used in the experiments. Depending on the PTM, pressure gradients
and deviatory stresses might be different; influencing the physical
state of the studied sample [34,35]. In addition, the interaction
between the nano-crystalline sample and the PTM due to the high
surface-to-volume ratio of nanomaterials and the tendency of
nanoparticles to aggregate needs to be studied [12]. Further studies
on CoFe2O4 under similar experimental conditions as reported for
ZnFe2O4 and Fe3O4 could provide more details.

4. Conclusions

In this work, we report a room-temperature XRD study on
nanoparticles of ZnFe2O4 and Fe3O4 under compression using
synchrotron radiation. Samples used for the experiments were
synthesized and characterized at ambient pressure (before HP ex-
periments) using a combination of techniques. For the two com-
pounds we determined the effect of pressure in the cubic spinel
structure and a P-V EOS. For both, ZnFe2O4 and Fe3O4 nanoparticles,
we have observed the absence of a Hall-Petch strengthening. On
the other hand, changes observed in the XRD patterns of ZnFe2O4
indicate the occurrence of a structural phase transition for pres-
sures above 33 GPa. This post-spinel transition is not fully revers-
ible after decompression. We found that the orthorhombic
CaMn2O4-type structure describes well the XRD patterns of the HP
phase of ZnFe2O4. The axial compressibility for the HP phase is also
reported. We found that the compression of this phase is aniso-
tropic, being the b-axis the most compressible one. In addition,
under compression the b- and the c-axes became gradually equal,
suggesting a possible phase transition to a tetragonal structure near
55 GPa. The EOS for the HP phase is also reported, the HP phase of
ZnFe2O4 has a similar bulk modulus that the low-pressure spinel
phase.
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