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We report by the first time a high pressure X-ray diffraction and Raman spectroscopy study of
cobalt ferrite (CoFe,0O,4) nanoparticles carried out at room temperature up to 17 GPa. In contrast
with previous studies of nanoparticles, which proposed the transition pressure to be reduced from
20-27 GPa to 7.5-12.5 GPa (depending on particle size), we found that cobalt ferrite nanoparticles
remain in the spinel structure up to the highest pressure covered by our experiments. In addition,
we report the pressure dependence of the unit-cell parameter and Raman modes of the studied sam-
ple. We found that under quasi-hydrostatic conditions, the bulk modulus of the nanoparticles
(Bo=204 GPa) is considerably larger than the value previously reported for bulk CoFe,O4
(Bo=172GPa). In addition, when the pressure medium becomes non-hydrostatic and deviatoric
stresses affect the experiments, there is a noticeable decrease of the compressibility of the studied
sample (By =284 GPa). After decompression, the cobalt ferrite lattice parameter does not revert to
its initial value, evidencing a unit cell contraction after pressure was removed. Finally, Raman
spectroscopy provides information on the pressure dependence of all Raman-active modes and evi-
dences that cation inversion is enhanced by pressure under non-hydrostatic conditions, being this
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effect not fully reversible. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4928856]

I. INTRODUCTION

Spinel-structured MT,O4 oxides form part of a very
large family of compounds that include more than eighty dif-
ferent oxides." These oxides are not only widely spread in
nature occurring as minerals all over the globe but also are
commonly synthesized or grown in laboratories. Their study
is relevant for many technological applications and is also of
importance for earth and planetary sciences.” The crystal
structures of most spinel-type oxides are already known for a
long time.® Most of them have a cubic structure (space group
Fd3m, No. 227), which is so simple that can be considered
as a textbook example. The classical representation of this
crystal structure is MgAl,0,4.* The cubic spinel structure can
be seen as a cubic close-packing of oxygen atoms with M
and T cations occupying % and % of the octahedral and tetra-
hedral sites, respectively.” In general, most spinels have
some degree of inversion (the mutual substitution of M and
T cations).2 Cobalt ferrite (CoFe,Q,4) usually exhibits an in-
termediate degree of inversion, which depends on the prepa-
ration method.’

After Finger et al.® studied the structure of spinel and
magnetite under compression up to 4 GPa, spinel-type oxides
have been the focus of high-pressure (HP) studies.”>’~'° In
particular, HP x-ray diffraction (XRD) experiments have been
performed recently to study the crystal structure of cobalt fer-
rite.>’ It has been reported that the onset of a phase transition
to a post-spinel structure takes place at around 20-27 GPa.>’
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In addition, the bulk modulus (B) of CoFe,0,4 has been deter-
mined, being found that its value depends largely on the ex-
perimental conditions. From quasi-hydrostatic experiments
performed up to 10GPa, By=175GPa is obtained.” This
value agrees with the bulk modulus reported from quasi-
hydrostatic experiments carried out up to 25 GPa.” From not
hydrostatic experiments up to 23GPa, By=250GPa is
obtained.” These values of By, however, are considerably
larger than the value reported for the tetragonal phase of
CoFe,04 (Bo =94 GPa), a distorted version of cubic spinel.ll
This fact is in contradiction with the results reported for spinel
ZnGa,O, for which the compression of the cubic and tetrago-
nal polymorphs can be described with the same equation of
state (EOS).” On top of that, HP resistivity experiments car-
ried out in CoFe,0, nanocrystals indicated that the phase tran-
sition to the post-spinel structure occurs at 7.5 and 12 GPa for
80 and 6nm particles, respectively.'” The reduction of the
transition pressure from 20GPa to less than 12GPa was
explained as a consequence of the transformation of CoFe,Oy
into a metastable phase that does not exist in the bulk mate-
rial.'? However, this result contradicts the known fact that
transition pressure usually shifts towards higher pressures
when reducing the size of the nanocrystal.'?

Regarding HP Raman experiments on CoFe,O,, they
have been only reported for the tetragonal polymorph.'' This
and all the facts described above suggest that it is timely to
perform additional high-pressure studies on CoFe,O,. Here,
to contribute to the understanding of the high-pressure
behavior of CoFe,0,, we report a synchrotron x-ray diffrac-
tion and Raman spectroscopy study of CoFe,Oy4

© 2015 AIP Publishing LLC
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nanoparticles up to 17 GPa. It is a well-known fact that in
nanocrystals, both transition pressures and properties like the
bulk modulus could depend upon the particle size.'* In addi-
tion to particle size, there are other facts that could influence
the HP behavior of nanocrystals; one is the selection of the
pressure-transmitting medium (PTM) used in high-pressure
experiments, which may have a strong influence on the phys-
ical state of the studied sample.'>™” Therefore, to compare
with the most recent HP XRD study,” we performed our
experiments using the same PTM. However, to compare
with the previous studies on CoFe,O, nanoparticles'' and to
reduce the influence of non hydrostaticity, we limit the maxi-
mum pressure to 17 GPa. We found that no pressure-induced
phase transition takes place in CoFe,0O,, which contradicts
resistivity studies.'”> We also observed in CoFe,O, nanopar-
ticles, a Hall-Petch strengthening, a decrease of compressi-
bility under non hydrostatic conditions, and an evidence that
cation inversion is enhanced by pressure.

Il. EXPERIMENTAL

Iron(III) chloride hexahydride (FeCls-6H,0, Tetrahedron)
and cobalt(I) chloride hexahydride (CoCl,-6H,O, 98%,
Cicarelli) were used to synthesize CoFe,O,4 nanoparticles by
co-precipitation method in a NaOH medium, keeping the
molar ratio of Co/Fe = 0.5. Each ingredient was dissolved in a
NaOH solution and then the solutions were mixed. The diges-
tion was performed at 80°C for 120 min. After digestion, the
gelatinous precipitate was filtered and washed several times
using deionized water until the pH value of the solution
became neutral. Finally, the gelatinous precipitate was dried at
room temperature (RT) in air to obtain a powder sample.
Annealing of the powder was performed at 700°C during
10 h.

The morphological and structural characterization of the
samples was performed by transmission electron microscopy
(TEM), high-resolution TEM (HRTEM), and selected area
electron diffraction (SAED) by using a FEI Field Emission
Gun (TECNAI G2 F20 S-TWIN) microscope operated at
200kV. Energy-dispersive x-rays spectroscopy (EDXS) in
TEM nanoprobe mode was achieved to check the purity of
the synthesized nanoparticles. To perform the measurement,
the samples were treated by sonicating in absolute ethanol
for few minutes. Then, a drop of the resulting suspension
was deposited onto a holey-carbon film supported on a cop-
per grid, which was subsequently dried.

Ambient pressure structural characterization and phase
identification of the nanopowder was carried out by XRD with
a Rigaku D/max diffractometer equipped with a vertical goni-
ometer, using a Bragg-Brentano geometry (0-260 coupled arms)
and monochromatic Cu-K, radiation in the 15° <260 <100°
range, measuring at every 0.05° step and sweeping with a 0.4°
per minute velocity. To determine cation inversion, Mossbauer
measurements were recorded at RT under transmission geome-
try with a standard constant acceleration spectrometer, using a
5mCi ¥’CoRh radioactive source for °’Fe Mossbauer studies.
Data were recorded using a 1024 channel MDAQ107 data ac-
quisition module.'®

J. Appl. Phys. 118, 075903 (2015)

HP powder diffraction experiments were performed at
the XDS beam-line of Laboratorio Nacional de Luz
Sincrotron (LNLS), Campinas, Brazil. Pressure was applied
by means of a membrane diamond-anvil cell (DAC), being
measured the samples under compression and decompres-
sion. The applied pressure was determined by the ruby fluo-
rescence method with an accuracy of 0.1GPa.'® A 4:1
methanol-ethanol mixture was used as PTM.?® Special atten-
tion was paid during sample loading into the DAC to avoid
sample overloading, which leads to sample bridging under
compression affecting the measurements.'® The experiments
were performed in the angle-dispersive configuration with a
monochromatic beam with wavelength of 0.620231(5) A.
The images were collected using a CCD Rayonix 165. The
structural analysis was performed using MAUD.?!

Raman studies were performed using a DAC. Samples
were loaded under identical conditions than in XRD meas-
urements, and pressure was measured using the ruby scale.'”
Raman experiments were carried out in backscattering ge-
ometry with a Jobin—Yvon single spectrometer equipped
with an edge filter and a thermoelectric-cooled multichannel
CCD detector. Measurements with a spectral resolution of
lem ™! were performed using the 514.5nm line of an Ar
laser. Laser power was kept below 20 mW to avoid sample
heating.

lll. RESULTS AND DISCUSSIONS
A. Sample characterization

The TEM micrograph presented in Fig. 1(a) shows an
image of the CoFe,O,4 sample. Fig. 1(b) shows the corre-
sponding SAED pattern. We found that the sample consists of
small grains with size ranging from 10 to 50 nm in diameter.
The major part of grains has a size of 10-20nm. The SAED
pattern (Fig. 1(b)) exhibits at least six well defined diffraction
ring characteristics of a polycrystalline nature of the CoFe,O,
nanoparticles. The concentric rings are produced by the
CoFe,0, nanoparticles randomly distributed giving a continu-
ous angular distribution of (hkl) spots. The different rings can
be indexed with the cubic spinel structure of CoFe,O4
(JCPDS card 22-1086) with space group Fd3m. The interpla-
nar distances (d-values) determined from the radius of the
rings are 2.945, 2.492, 2.087, 1.595, 1.472, and 1.270 A, cor-
responding to the planes (220), (311), (400), (511), (440), and
(533), respectively. It is important to note that no obvious
rings corresponding to other compounds were observed in
SAED patterns indicating that the obtained nanoparticles are
pure CoFe,O, phase products. This fact was confirmed by
TEM-EDXS measurements. In the EDXS spectrum shown in
Fig. 2(b), in addition to Co, Fe, and O, only C and Cu (present
in the sample holder) can be detected. The measured Co and
Fe content was about 33.5(5) at. % and 66.5(5) at. %, respec-
tively, confirming that the nanoparticles are composed of
COF6204.

The single crystalline structure of nanoparticles was also
confirmed by high-resolution TEM images, as shown in Fig.
2(a), suggesting that the nanoparticles were single crystals as
indicated clearly by atomic lattice fringes. Direct measure-
ment of spacing in between the crystal fringes visualized in
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FIG. 1. (a) TEM micrograph of the
CoFe,0, nanoparticles prepared. (b)
SAED pattern of the same sample.
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the HRTEM micrograph is about 486 A (Fig. 2(a)) corre-
sponding to the (111) lattice spacing of CoFe,O,. In addi-
tion, the lattice spacing of 2.51 A (Fig. 2(a)) corresponds to
the (311) planes of CoFe,O,4. A fast Fourier transformation
of the selected zone confirmed the monocrystalline structure
of the selected nanoparticle. Local EDXS analysis in nanop-
robe mode (spot size of the beam <5nm) confirmed the
composition of the nanoparticles.

The XRD pattern measured at ambient pressure is shown
in Fig. 3. It is seen that the sample is in crystalline state and
monophasic with a cubic spinel structure similar to JCPDS
card 22-1086. We determined from Rietveld analysis a lattice
constant of 8.3780(2) A. We also determined the oxygen posi-
tion to be (0.2505(2), 0.2505(2), 0.2505(2)). These values are
in agreement with the results reported by Baraliya and Joshi*?
and Kumar et al.”® The lattice constant is 1% larger than in
the bulk material, which is a typical feature of CoFe,0O4 nano-
particles.”>** However, using the Scherrer’s equation,”* from
the full width at hall maximum (FWHM) of peak (311), a
mean grain size of 38(2) nm is obtained. Fig. 3 also shows the
result of the Rietveld refinement. It can be seen that the pow-
der XRD pattern can be unequivocally assigned to the cubic
spinel structure. In the Rietveld refinement, the oxygen posi-
tion (X, X, X) has been taken as free parameter. All other frac-
tional positions are fixed by symmetry. Other parameters such
as unit-cell parameters, isothermal parameters, scale factors,
and shape parameters have been considered as free parame-
ters. The occupation of the oxygen positions was fixed to be 1

based upon stoichiometry, and the occupation of the cationic
sites was assumed to be the one obtained from the Mossbauer
measurements described below. This assumption was taken
because of the similar x-ray scattering factor of Co and Fe,
which precludes the accurate determination of the degree of
cation inversion in CoFe,0, from powder XRD experiments.
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FIG. 3. Ambient pressure x-ray diffraction pattern of CoFe,0, (Cu K, radia-
tion). Symbols represent the experiments. The red solid line shows the calcu-
lated profile. The blue solid line shows the residual of the refinement. Ticks
indicated the calculated Bragg reflections. The indexes of the most represen-
tative peaks of the cubic spinel structure are indicated.
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The background has been corrected using a 5th order poly-
nomic function. The goodness-of-fit parameters of the refine-
ment are Ry = 14.96%, Rg = 10.12%, and 12: 2.24.

The *’Fe Mbossbauer spectrum for the cobalt ferrite
nanoparticle powders is shown in Fig. 4, where the existence
of three sextets with magnetic hyperfine field of 44.4T,
48.4T, and 50.9T, respectively, can be observed. The two
sextets with higher hyperfine fields can be related to octahe-
dral sites, or B sites, and the first one (with the lowest hyper-
fine field) is the corresponding to tetrahedral site, or A site.
Likewise, it was needed to add a quadrupole doublet as a mi-
nority site to explain the measured spectrum. The A/B occu-
pation ratio was determined from comparison of sextet areas,
as being A/B = 0.248, which corresponds to a lower fraction
of *’Fe probe occupying A sites. Then, it can be concluded
that from our synthesis, we obtained mixed cobalt ferrite spi-
nel as the only phase.

B. X-ray powder diffraction at high-pressure

In Fig. 5, we show a selection of HP XRD patterns. The
observed peaks correspond to CoFe,O, spinel structure. At
some pressures, we observe extra peaks (depicted by * in the
figure), which corresponds to Bragg peaks of the ruby used
as pressure scale. No evidence of phase transition is found
up to 13 GPa. Even the tetragonal distortion of the cubic spi-
nel structure, observed in other spinels under compression,9
is not observed in our experiments. This fact contradicts the
conclusions extracted from resistivity measurements.'* In
addition, no change in the relative intensity of spinel Bragg
peaks is detected within the accuracy of the experiments up
to the highest pressure achieved. This suggests that internal
atomic positions are slightly affected by pressure up to
13 GPa. If this were not the case, then the relative intensity
of the (311) and (400) reflections should change consider-
able, which is not observed in the present experiments.

From the measured XRD patterns, we obtained the pres-
sure dependence for the unit-cell parameter and volume of
CoFe,O4. This information was obtained from Rietveld
refinements. The procedure used for the refinements was the
same used at ambient pressure with the only difference that
the atomic position of oxygen was fixed to the ambient pres-
sure position. This was done to reduce the number of free
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FIG. 4. Room temperature Mossbauer spectrum (and fitting) measured from
CoFe,O,4 nanoparticles. Dots: experiment.
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FIG. 5. Synchrotron XRD patterns measured in CoFe,O, at different pres-
sures. At ambient pressure, the dots represent the experiment at the solid
line the Rietveld refinement and the residuals. The peaks of the spinel struc-
ture of CoFe,0, are labeled. The symbol * is used to identify peaks of the
ruby used to measure pressure.

parameters because less Bragg peaks were measured under
compression due to the angular constrain imposed by the
DAC and the CCD detector. This assumption is reasonable
based on the discussion we did on relative peak intensity in
the previous paragraph. This is common assumption in HP
studies and will not affect the determination of the unit-cell
parameter.”® In Fig. 5, we show the residual of the refinement
of the XRD experiment carried out at ambient pressure within
the DAC. Similar residuals were obtained at all pressures. The
small residuals indicate that the assumed structural model is
reasonable. The goodness-of-fit values of the refinement
shown in the figure are Rw=3.76%, Rg=5.12%, and
%*=1.92. The obtained unit-cell parameters versus pressure
are given in Table L.

The unit-cell volume compression is shown in Fig. 6. It is
compared with the results recently reported for bulk
CoFezO4.7 A first conclusion that can be extracted is that in
the nanoparticle experiment at 8 GPa, there is a reduction of
the compressibility. This pressure is comparable with the pres-
sure limit for the quasi-hydrostatic behavior of the PTM,
which become frozen about 8 GPa.?® As a consequence of it,
deviatoric stresses affect significantly the results'>™!” produc-
ing a behavior that is not intrinsic. The relevance of deviatoric
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TABLE 1. Unit-cell parameter (a) at different pressures determined from
DAC experiments. The error in pressure is 0.1 GPa. The error of a is indi-
cated in the table.

Compression Decompression

P (GPa) a(h) P (GPa) a(A)
0 8.378(4) 0 8.348(4)
2 8.343(4) 2 8.329(4)
4 8.318(4) 3 8.320(4)
6 8.303(4) 4 8.313(4)
8 8.287(4) 5 8.299(4)
10 8.279(4) 6 8.290(4)
12 8.275(4) 10 8.281(4)
13 8.269(4)

stresses above 8 GPa can be clearly seen in Fig. 7. This figure
illustrates the broadening of XRD peaks that takes place
above 8 GPa, a clear evidence that deviatoric stresses are not
negligible beyond 8 GPa. Then, we can conclude that non
hydrostaticity reduces the compressibility of CoFe,0,, which
is in complete agreement with the recent report of Blasco
et al.” as can be seen in Fig. 6. Another conclusion that can be
extracted from Fig. 6 is that after decompression (empty sym-
bols), there is a hysteresis in the pressure dependence of the
unit-cell volume, having the recovered sample a unit-cell vol-
ume smaller than the as-sintered nanoparticle powder.

The pressure-volume data measured in the pressure
range, where deviatoric stresses were found to be negligible
(P <8GPa), were analyzed using a second-order Birch-
Murnaghan EOS,?’” employing EOSfit.?® Since only four
data points were measured upon compression below 8 GPa,
the unit-cell volume at ambient pressure was fixed to the
value measured in the experiment carried out outside the
DAC. Therefore, By was the only fitting parameter, being

600 ~——————— ———————————

580 —
'?s 1
o
g |
5 *e
o
> 560 | .
n
L u
540 | " L L L 1 L L ) L | L L " L |
0 5 10 15
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FIG. 6. Unit-cell volume versus pressure. The solid (empty) circles represent
data measured under compression (decompression). The red solid squares
are results from Ref. 7. The solid (dashed) line shows the EOS fitted under
quasi-hydrostatic pressure (P < 8 GPa) for compression (decompression).
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FIG. 7. Full width at half maximum of the (311) and (220) peaks of spinel
CoFe,0y4.

the obtained value By =204(12) GPa. The weighted }52 of
the fit is 1.1, being the largest AP 0.5 GPa. A second-order
EOS was used by Blasco et al” to fit their results.
Therefore, the B, determined here for the nanoparticles can
be directly compared with the By previously obtained for
the bulk material.” Our By is notably higher than the
observed value for a bulk material of a similar composition,
Bo=175(2) GPa. Thus, we can conclude that a Hall-Petch
strengthening®® occurs in CoFe,O, nanoparticles. Besides,
we found that if results measured above 8 GPa are included
in the EOS fit, a second-order EOS cannot explain the com-
pressibility change we found at 8 GPa. In such a case, if a
third-order EOS is used, we obtain an unusual large value
for pressure derivative of the bulk modulus, By =17(5)
GPa. On the other hand, if the determined 2nd order EOS is
extrapolated to pressures higher than 8 GPa, the unit-cell
volume is underestimated in comparison with experiments
(see Fig. 6). Both facts indicate that the compressibility
change that occurs when the deviatoric stresses become no-
ticeable (leading to a non-intrinsic behavior) cannot be
properly described by the Birch-Murnaghan EOS. This is a
common phenomenon observed in many compounds.®’-'
Therefore, only data measured under quasi-hydrostatic con-
ditions should be used to determine the bulk modulus from
compression studies. In our case, if only the results meas-
ured under non-hydrostatic conditions are fitted with a
second-order EOS, By=284(25) GPa is obtained. The
“increase” of the bulk modulus triggered by deviatoric
stresses is comparable to the one observed in bulk
CoFe,0,.” In our nanoparticles, By goes from 204 to
284 GPa (40% increase) and in the bulk material from 175
to 250 GPa (43% increase).

A final comment we would like to make on the EOS of
CoFe,0, is that our work and two previous works™ give
values for B, that exceeds by 100% the bulk modulus
reported for tetragonal spinel CoFe,O, (By =94 GPa)."' This
fact is quite unusual since commonly cubic and tetragonal
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spinels have similar compressibilities.”” For example, tetrag-
onal spinel MgMn,O, has By=156(0.7) GPa.*> We think
that the unusual small bulk modulus reported for the tetrago-
nal CoFe,0,4 (Ref. 11) could probably be hindered by the ex-
perimental method. First, experiments were carried out
without PTM in Ref. 11. Second, the energy-dispersive XRD
patterns shown in Ref. 11 have a very poor resolution, which
could influence not only the determination of unit-cell pa-
rameters in tetragonal CoFe,O,4 but also pressure determina-
tion because Pt Bragg peaks were used to measure pressure.
To conclude this point, we would like to note that the EOS
given in Ref. 11 deviates from the experimental pressure-
volume data points reported in the article. In particular, at
P=10 (20) GPa, a volume of 628 (587) A is calculated with
the reported EOS, which underestimates the experimental
volume. A bulk modulus larger than 94 GPa is needed to
properly reproduce the experimental results of Ref. 11. This
suggests that new studies on tetragonal CoFe,O, are needed
to determine the behavior of its crystal structure under
compression.

C. High-pressure Raman measurements

Fig. 8 shows Raman spectra measured at different pres-
sures. We have identified six Raman-active modes at ambi-
ent pressure. They agree with those reported by
Chandramohan et al.*® for nanoparticles of similar size than
our CoFe,0, particles. Raman frequencies from both experi-
ments are compared in Table II. According to group theory,
the cubic spinel phase has five Raman-active modes with
symmetries: I'=A;,+E;+3T;,. However, it is well-
known that due to cation inversion, the highest frequency
A, modes split into two modes.*>* Consequently, six
Raman modes are expected from our sample as we found
(see Fig. 8). To avoid confusion, we will label the mode
appearing because of cation inversion as Ajg+ The six
modes have been assigned as shown in Fig. 8 and Table 11
following the literature.”® As pressure increases, we
observed several changes in the Raman spectra. All Raman
modes harden under compression. In addition, beyond
7.8 GPa, the Raman peaks broaden, changing the FWHM
from approximately less than 20cm ™' to around 25cm ™.
This fact also evidences that deviatoric stresses become not
negligible at this pressure, which agrees with the conclusion
we extracted from XRD experiments. Fig. 9 shows the pres-
sure dependence of the Raman frequencies. There it can be
seen that most modes show a slope change in their pressure
evolution beyond 7.8 GPa. This could be also a consequence
of the increase of deviatoric stresses. The pressure dependen-
ces of all phonons below 7.8 GPa and above this pressure
could be well fit with different linear functions. The obtained
pressure coefficients are given in Table II. There it can be
seen that the slope of most modes is reduced beyond
7.8 GPa. This effect is most evident in the E, mode with
wavelength close to 300 cm ™', The Griineisen parameter y =
f}—ﬁ% calculated for the low-pressure region is given also in
Table II. In the equation, wg is the frequency at ambient
pressure, as given in Table I, and B, was assumed to be
204 GPa.
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FIG. 8. Raman spectra of CoFe,O, nanoparticles at different pressures.
Modes are labeled at ambient pressure (10~#GPa) and their positions are
identified by ticks. The top spectrum denoted by (r) has been collected after
pressure release. The solid line show the evolution of the A« mode.

Another fact that we found in the Raman spectra is that
the relative intensity between the A;, and Az« modes
changes gradually with pressure. This fact is an evidence of
the increase of the cation inversion with pressure. In order to
see how pressure affects cation inversion, we have plot in
Fig. 10 x, /3 = b\liﬁij:w}s where 14, is the intensity of the
Raman mode located near 690cm ™' and where Ipig+ is the
intensity of the Raman mode located near 615cm ™’

TABLE II. Frequencies (w) of Raman modes and pressure coefficients (dw/
dP). The Griineisen parameter (y) is also included. Frequencies are com-
pared with frequencies (w,) reported in Ref. 33 for 28-nm size nanoparticles.
Errors for wavenumbers and Griineisen parameters are given in the table.
The error estimated for dw/dP is 0.01 cm ™ '/GPa.

dw/dP (cm™'/GPa) dw/dP (cm™'/GPa)

[ON o))
Mode (em ') (cm™ ) P < 7.8GPa P > 7.8GPa y

T, 2049 205(1) 0.2 0.1 0.20(5)
E, 309.0 309(1) 1.9 0.8 1.25(5)
T,,  468.1 468(1) 1.7 1.4 0.74(5)
T, 5632 3563(1) 2.0 1.7 0.72(5)
A= 6131 613(1) 22 2.1 0.73(5)
A, 6884 688(1) 2.4 22 0.71(5)
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FIG. 9. Pressure dependence of Raman frequencies. Squares present results.
Solid lines present linear fits for P < 7.8 GPa. Dashed lines: linear fits for
P>7.8GPa.

(indicated with a line in Fig. 8). The parameter x4,z is equal
to O if there is no cation inversion and equal to 1 if the cation
inversion is total. In the figure, it can be seen that x,z
remains nearly constant below 7.8 GPa with a value of
approximately 0.17. This means that some partial inversion
is present (as determined from Mossbauer measurements at
ambient pressure), but it is not affected by pressure under
quasi-hydrostatic conditions. However, xa, gradually
increases with pressure beyond 7.8 GPa, reaching a value of
approximately 0.3 near 17 GPa. Then, under non hydrostatic
conditions, cation inversion clearly increases. This conclu-
sion is coherent with the observation previously made in spi-
nel NiAl,Oy, for which it has been shown that inversion can
be triggered by stresses at room temperature.”> From Fig. 8,
it is also clear that when the sample is decompressed, the rel-
ative intensity of the A, and Ay« modes does not go back
to its original value. In fact, x4,z is equal to 0.2 in the recov-
ered sample. Thus, apparently, cation inversion is not fully
recovered upon decompression. This observation coincides
with the fact that the unit-cell parameter does not revert ei-
ther to the ambient-pressure value. However, by the moment,
we cannot establish whether this is just a mere coincidence
or both facts are correlated.

The last fact we want to comment is that we did not find
any evidence of the occurrence of a pressure induced phase
transition in CoFe,O4 nanoparticles up to 17 GPa. This fact
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agrees with our XRD experiments and contradicts previous re-
sistivity measurements.'? The agreement between our two in-
dependent experiments suggests that the resistivity changes
previously reported could have been caused by changes in the
electrical properties of the samples, which are not related to a
structural phase transition. There are several facts that support
our hypothesis. The first one is that in nanoparticles of 6 nm,
the resistivity change occurs at a pressure (12.5 GPa) that is
smaller than the transition pressure of bulk samples (25 GPa)’
but higher than in the 80 nm particles (7.5 GPa). This fact con-
tradicts most of the knowledge existent on the high-pressure
behavior of nanoparticles.'* According to it, one should
expect the transition pressure to increase as the particle size
decreases'” and should expect for the 80 nm larger size nano-
particles to behave similar to the bulk than the smaller size
nanoparticles. We consider that other hypotheses than a struc-
tural phase transition could better explain the resistivity
changes reported from HP experiments.'> The resistivity
changes can be caused by percolation or tunneling effects that
could easily reduce the contact resistance between grains.*®>’
Both phenomena can cause conduction of electrons by
hopping from one grain to a neighboring one when the inter-
particle distance between grains is only few nanometers, a sit-
uation that can be easily achieved by putting the sample under
a pressure of several gigapascals. Additionally, the reported
resistivity experiments'? could have been affected by the ex-
perimental method: two contact resistivity measurements™®
and no use of PTM.'® Both things are highly not recommend-
able for high-pressure studies and could hinder the conclu-
sions extracted from the experiments.

IV. CONCLUSIONS

In this work, we report a Raman and XRD study of
nanoparticles of CoFe,O, under compression. The sample
used for the experiments was synthesized by our group and
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characterized at ambient pressure (before HP experiment
were performed) using a combination of techniques. Both
HP XRD and Raman experiments indicate that, in contrast to
conclusions of previous studies, CoFe,O, nanoparticles
remain in the cubic spinel structure up to 17 GPa. We also
found that the bulk modulus resulted a 17% larger for the
studied nanoparticles than for bulk CoFe,O,4. In addition,
the compression of the sample strongly depends on whether
the experiments are performed under quasi-hydrostatic or
non-hydrostatic conditions. On top of that we found that after
decompression the lattice parameter of CoFe,O, does not
fully revert to the value determined before compression.
From Raman spectroscopy, we determined the pressure evo-
lution of all Raman-active phonons. These experiments also
revealed irreversible changes on relative phonon intensities.
We attribute this behavior to Co migration from a tetrahedral
to an octahedral site in the spinel activated by deviatoric
stresses, in concordance with the reordering of the mixed spi-
nel CoFe,0,4 nanoparticles.
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