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Raman spectroscopy of Fe,O; to 62 GPa
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ABSTRACT

Raman spectra of Fe,O; were measured to 62 GPa in a diamond anvil cell. All group theoretically
predicted Raman-active phonon modes were detected to 54 GPa. In addition, some high-pressure
spectra show an IR-active E, mode (~660 cm™), possibly induced by surface defects or stress. This
mode is related by a factor of two to a mode at 1320 cm™. The assignment of the 1320 cm™' mode has
been controversial (two-magnon scattering or two-phonon scattering), and our observation supports
the phonon assignment. All Raman-active phonons show nonlinear pressure-induced shifts. The
mode Griineisen parameters and their logarithmic volume dependences for two low-frequency
phonons, A, and E,, become negative and infinite, respectively, near 50 GPa as a result of the
instability of the corundum structure at this pressure. Using the observed Raman-active phonons
together with acoustic phonons previously measured by ultrasonics, and Kieffer’s model, we calcu-
late the phonon contribution to the thermodynamic parameters of hematite. Comparison with ex-
perimentally measured values allows an estimation of an upper bound to the magnon contribution to
the heat capacity at ambient pressure. This increases continuously above the Morin temperature and
reaches a maximum at the Néel temperature (~37%). The Raman spectra change dramatically at
pressures greater than 54 GPa as indicated by the appearance of new peaks and a significant increase
in background. Although direct structural analysis is not possible due to the low signal-to-back-
ground ratio and the lack of polarization information, we were able to examine the consistency of
our Raman observation with the corundum-to-perovskite phase transformation using the results for
an analog system: MgSiO; ilmenite (ordered corundum type) and perovskite. This analysis shows
that observed new features in Fe,O; Raman spectra may not be consistent with the GdFeO; perovskite

structure.

INTRODUCTION

Fe,0; crystallizes in the corundum (0-Al,QO;) structure at
ambient conditions (0-Fe,O;, hematite). It is antiferromagnetic
below the Morin temperature (7 = 250 K) and weakly ferro-
magnetic between 250 K and the Néel temperature (7x = 950
K) as aresult of spin canting. Due to its relatively simple struc-
ture and magnetic ordering, hematite has attracted much inter-
est from theorists (e.g., Catti et al. 1995; Punkkinen et al. 1999)
and experimentalists (e.g., McQueen and Marsh 1966; Beattie
and Gilson 1970; Goto et al. 1982; Yagi and Akimoto 1982;
Suzuki et al. 1985; Knittle and Jeanloz 1986; Olsen et al. 1991;
Pasternak et al. 1999).

The Raman spectrum of Fe,0; has been measured at both
ambient (Hart et al. 1975; Martin et al. 1977; McCarty 1988)
and high pressure (Massey et al. 1990a). These studies are in
general agreement on the phonon modes but there is contro-
versy over whether the Raman signature at 1320 cm™ origi-
nates from two-magnon or two-phonon scattering. Hart et al.
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(1975) assigned this mode as two-magnon scattering. This idea
was supported by Martin et al. (1977) who measured its tem-
perature dependence. However, McCarty (1988) reported that
this feature is still observed above the Néel temperature and is
related to an IR-active mode in the Fe,Cr, ,O; solid solution
system. Massey et al. (1990a) performed in situ high-pressure
Raman experiments to 23 GPa. Using the pressure-induced
Raman shift, they showed that the Griineisen parameter of this
line is much lower than the expected value for a magnon (=3.3)
based on Bloch’s hypothesis (Bloch 1966). To resolve this ques-
tion, we have measured the pressure dependence of the 660
cm™! IR-active mode that may be related to the 1320 cm™ mode.

Kieffer (1979a, 1979b, 1979¢, 1980, 1982) has shown that
using vibrational spectra and an appropriate model for the den-
sity of states, thermodynamic properties of a solid can be reli-
ably estimated based purely on phonons. However, the
thermodynamic properties of a solid are also affected by elec-
trons and magnons. Hence, Kieffer’s model has been most suc-
cessful for insulators. Hematite is an interesting case because
any magnon would also contribute to the thermodynamic prop-
erties. By comparing experimentally measured thermodynamic
parameters with the value obtained from phonon measurements
and Kieffer’s model, it is expected that an estimate of the non-
phonon contribution may be obtained.
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A phase transformation involving a 10-15% volume change
was found above 60 GPa by shock wave experiments on Fe,O5
(McQueen and Marsh 1966). Reid and Ringwood (1969) ex-
trapolated the shock density to ambient pressure and specu-
lated that the high-pressure phase of Fe,O; could be perovskite
based on systematics between volume per formula unit and
average octahedral bond length. To accommodate the Fe ion
into two different crystallographic sites with different coordi-
nation numbers (6 and 8-12), they proposed the existence of
two different valence states, i.e., Fe?*Fe**Os. Subsequently sev-
eral studies have focused on solving the structure of the high
pressure phase (e.g., Yagi and Akimoto 1982; Suzuki et al. 1985;
Olsen et al. 1991; Pasternak et al. 1999).

From Mossbauer spectra, Suzuki et al. (1985) concluded
that the Fe ion is close to Fe?* rather than Fe** and in a low spin
state. This might imply the existence of Fe**. Pasternak et al.
(1999) investigated the nature of the phase transformation us-
ing angle-dispersive X-ray diffraction (XRD), Mossbauer, and
resistivity measurements. Their Mossbauer result shows that
above 82 GPa only one valence state, Fe**, exists without mag-
netism. They claimed that the discrepancy with the earlier
Mossbauer study (Suzuki et al. 1985) is due to pressure inho-
mogeneity in the earlier study. This supports the existence of
the Rh,O;-1I structure that has only one crystallographic cation
site and therefore only one cation valence state.

There are few high-pressure Raman measurements of highly
absorbing samples (Gillet et al. 1998). In the case of Fe,0;,
previous Raman work (Massey et al. 1990a) extended only to
23 GPa, well below the phase transformation pressure. Using a
new micro-Raman spectroscopy system (LaPlant and Ben-
Amotz 1995; Goncharov et al. 1999), we have measured the
vibrational spectra of the high pressure phase of Fe,O; to 62
GPa and we examined the nature of the 1320 cm™ mode. We
also derived the phonon contribution to the thermodynamic
parameters using Kieffer’s model (Kieffer 1979c¢) and estimated
an upper bound to the magnon contribution. Group theoretical
analysis and the examination of possible structure types for the
high-pressure phase are also discussed.

EXPERIMENTAL METHODS

Pure synthetic Fe,O; (Alfa, purity 99.998%) was used in
powder form. The sample quality was confirmed using powder
XRD and Raman spectroscopy at ambient conditions. Powder
samples were gently pressed between two glass slides and
loaded in 100 or 150 pm diameter holes in stainless steel gas-
kets. Low fluorescence diamond anvils with 300 um culets were
used to compress the sample in a symmetric diamond anvil
cell (DAC). Argon was loaded cryostatically as a pressure trans-
mitting medium. In order to prevent heating by the focused
incident laser beam, the sample foil was loaded in direct con-
tact with a diamond anvil and spectra were measured from this
side (Fig. 1). We also used low laser power (~10-20 mW) to
reduce sample heating.

Several ruby chips were loaded at various sample positions
for pressure determination using the quasi-hydrostatic ruby
scale (Mao et al. 1986) (Fig. 1). All ruby grains were loaded on
the opposite side of the sample surface from which we mea-
sured vibrational spectra (Fig. 1). Since the sample is opaque,
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FIGURE 1. Experimental setup for (a) 180° and (b) 135° scattering
geometries.

no signal from ruby is observed in our spectra. The homogene-
ity of the stress condition was confirmed by measuring pres-
sures at different positions across the sample. In general, the
pressure difference did not exceed £1 GPa.

The micro-Raman system used in this study consists of a
200 mW Ar-ion laser (514.532 nm), single grating 0.5 m spec-
trometer, charge-couple device (CCD) detector (1100 x 330
pixels), and holographic optics. Compared to the conventional
triple-grating spectrometer, this single-grating spectrometer
yields a better signal-to-noise ratio and higher transmission
(McCreery 1994). To decrease the diffuse scattering from the
highly reflective sample and fluorescence from the diamond
anvil, we used a 135° angle between the incident beam and
collecting direction (Fig. 1), especially above 50 GPa. At lower
pressure we used both 180° and 135° geometries. The focal
spot size was 10-20 um. A detailed description of this type of
micro-Raman system can be found in LaPlant and Ben-Amotz
(1995), and Goncharov et al. (2000).

A spectral range of 50-2200 cm™ was examined in this study
using an 1800 grooves/mm grating. The spectrometer was regu-
larly calibrated using the neon emission spectrum. The
precision of the measured frequency is better than
12 cm™'. A 10 minute exposure time was used at pressures up
to 50 GPa. Near and after the phase transformation, the Raman
signal decreased significantly and an one-hour exposure was
used. Due to the strong diamond Raman mode, the 1300-1500
cm™' spectral range was not examined.

RESULT AND DISCUSSION

Raman spectra of a-Fe,0; to 54 GPa

All seven phonon modes predicted by group theory were
observed at pressures up to 54 GPa (Figs. 2 and 3). Assign-
ments were made following the polarized single-crystal Raman
measurements of Beattie and Gilson (1970). The observed
phonon modes show good agreement with previous studies at
ambient conditions (Table 1) (Beattie and Gilson 1970; Massey
et al. 1990a) and at pressures up to 23 GPa (Figs. 2 and 3)
(Massey et al. 1990a).

Up to 50 GPa, the relative intensity of the A,,(1) mode con-
tinuously increases compared to other lines: the intensity ratio
between the A,,(1) and E,(2) modes is about one at 0 GPa but
fifteen at 50 GPa. Above 50 GPa, a significant intensity de-
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The 72 value of the least squares fit decreases by 35-50% by
introducing the quadratic term. While in most high pressure
Raman spectra the pressure-induced phonon shifts are well
described by linear functions of pressure, nonlinear behavior
has been observed for some materials (Williams et al. 1987;
Jephcoat et al. 1988; Hofmeister et al. 1989; Chopelas 1990a;
Chopelas 1990b; Chopelas and Hofmeister 1991; Hofmeister
1997).

There has been considerable controversy regarding whether
the mode observed at 1320 cm™ originates from a secondary
magnon-photon interaction (Hart et al. 1975; Martin et al. 1977)
or a secondary phonon-photon interaction (McCarty 1988;
Massey et al. 1990a). Recent studies (McCarty 1988; Massey
et al. 1990a) prefer the latter assignment based on observa-
tions for the Fe Cr, ,O; solid solution system, Bloch’s 10/3 theo-
rem, and isotopically substituted samples.

Bloch’s (1966) hypothesis predicts that the mode Griineisen
parameter for magnons, Yo, should be much greater than
that for phonons and close to 10/3 based on a variety of em-
pirical trends. However, at that time the accessible pressure
range was limited. Thus far, few observations have been re-
ported for the behavior of magnons at pressures greater than
10 GPa (e.g., Massey et al. 1990b; Massey et al. 1992; Struzhkin
et al. 1993a; Struzhkin et al. 1993b; Rosenblum and Merlin
1999). Massey et al. (1990b) reported Ymagnon = 3.5 £ 0.1 for
NiO at 0-30 GPa that seems to obey Bloch’s hypothesis. How-
€VET, Ymagnon 10T CoO at 0-17 GPa was reported to be only 2.7 +
0.2 (Struzhkin et al. 1993a). By using an updated bulk modu-
lus, K7, for NiO, Struzhkin et al. (1993b) argued that the Yyagnon
should be 2.3-2.6. Moreover, by reviewing available data, they
showed that ¥,,e0n Tanges between 1.6-3.3 and may be mate-
rial dependent in contrast to Bloch’s hypothesis. These recent
results based on higher pressure measurements indicate that
the 10/3 empirical ratio may not be universal and could be
material dependent. Thus, Bloch’s hypothesis cannot be con-
sidered conclusive in distinguishing a magnon from a phonon.

We observed the 1320 cm™ mode at high pressures (Figs. 2
and 4). A strong nonlinear pressure dependence is observed
above 30 GPa. The mode then disappears when the phase trans-
formation occurs at 54 GPa. We also observed a weak and broad
feature at 658 cm™ at 0 and 1.5 GPa during compression and
1.5-20.6 GPa during decompression, which has not been re-
ported previously (Figs. 2 and 3b). This mode shows good
agreement with the IR active E,(LO) mode at 662 cm™ ob-
served in IR measurements (Onari et al. 1977) and at 660-690
cm™! for Raman measurements in solid solutions Fe,Cr, .05 (0
< x <2) (McCarty and Boehme 1989). Thus, this feature may
be assigned as an IR active E,(LO) mode. However, this mode
is not group theoretically allowed in Raman spectra and has
not been reported for the end-member. This could appear due
to a strong resonance on the surface where the solid may not
have the complete symmetry of the bulk structure or due to
defects in the structure induced by stress (McCarty and Boehme
1989). The weak and broad appearance of this peak is consis-
tent with these possibilities. However, according to group
theory, its first overtone (660 X 2 = 1320 cm™) is Raman active
(McCarty 1988).

In our study, the frequencies of these two modes are related
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FIGURE 4. Pressure induced shift of 1320 cm™ mode. Notation is

the same as in Figure 3. The solid diamonds and dashed line shows
twice the frequency of the E,(LO) mode.

by a factor of very nearly two at ambient and high pressures
(Fig. 4). Their mode Griineisen parameters are also identical
within uncertainty (1.24 £ 0.16 for 658 cm™ and 1.29 = 0.14
for 1320 cm™). These observations support the conclusions of
McCarty (1988) and Massey et al. (1990a) that the 1320 cm™!
mode is from a second order phonon-photon interaction, not
from a second order magnon-photon interaction.

Massey et al. (1990a) proposed that the two magnon scat-
tering is observed at ~1525 cm™ at 80-525 K and ambient pres-
sure based on isotope substitution and temperature dependence
studies. However, they were not able to observe this mode at
high pressures because of its weak signal. In our experiment,
this mode was also not detected. This may be due to both the
weak signal and the existence of background structure near this
frequency range from the diamond anvils.

Magnon contribution to thermodynamics of a-Fe,O;

One of the important thermodynamic parameters for char-
acterizing high P-T behavior is the Griineisen parameter (Stacey
1992; Anderson 2000). By measuring the volume dependence
of the vibrational frequency, one can obtain a Griineisen pa-
rameter for each phonon mode. The mode Griineisen param-
eters, ;, for hematite were calculated using the polynomial fits
and the following equation:

_ dlnv, K, (dv,
B v Lagp ey

" dinv v, \dP

where v; is the frequency of the ith phonon mode, V is the vol-
ume, K; is the isothermal bulk modulus at a given pressure,
and v and dv/dP are obtained from this study. Ky, has been
measured by several static compression studies (Bassett and
Takahashi 1974; Wilburn and Bassett 1978; Sato and Akimoto
1979; Finger and Hazen 1980; Olsen et al. 1991) and can be
derived from K, measured by an ultrasonic study (Liebermann
and Schreiber 1968) with results ranging from 178 GPa to 228
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the Rh,0;-1I structure. In addition, we are not aware of any
other single cation sesquioxide that has both the corundum and
perovskite structure. However, the MgSiO; system has both
the ordered corundum structure (Horiuchi et al. 1982), i.e., il-
menite, and orthorhombic perovskite structure (Horiuchi et al.
1987). Raman spectra have been measured for MgSiO; ilmenite
(Ross and McMillan 1984; Reynard and Rubie 1996) and
orthorhombic perovskite (Williams et al. 1987; Gillet et al.
2000). However, no polarized single crystal measurement has
been performed for these materials. Using systematics of iso-
morphs, tentative assignments have been reported (McMillan
and Ross 1987; Williams et al. 1987; Gillet et al. 2000).

A comparison of Raman spectra in the MgSiO; and Fe,0;
systems is shown in Figure 8. The correlation between ilmenite
and corundum is indicated by dashed lines following the study
by McMillan and Ross (1987). For guidance, we also show the
relation of low-pressure phase modes to high-pressure phase
modes and peak splittings in the Fe,O; system using short
dashed lines. It is evident that the highest frequency ilmenite
mode disappears in the Raman spectrum of perovskite. How-
ever, in the Fe,O; system, the highest frequency mode, E,(5),
still survives after the phase transformation. We also highlighted
other modes that disappear after the phase transformation by
arrows in Figure 8. However, the related modes in ilmenite
still exist in the perovskite Raman spectrum. These differences
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FIGURE 8. Raman modes before and after the phase transformation
for Fe,0; at 55 GPa. Modes for MgSiO; ilmenite and perovskite phases
are shown for comparison. Group theoretical correlation between
MgSiO; ilmenite and Fe,O; corundum phases are shown by dashed
lines. Peak splitting and continuation through phase transformation in
Fe,0; system is denoted by short dashed lines. The modes that
disappear after the phase transformation are highlighted by arrows.
“?” denotes a new mode observed only during decompression.

may indicate that the observed Raman spectrum of the high
pressure phase of Fe,O; is inconsistent with the signature of
the corundum-to-perovskite phase transformation. This agrees
with the recent Mossbauer result for the high pressure phase of
Fe,0; (Pasternak et al. 1999) where only one oxidation state of
Fe was observed that is not consistent with the perovskite struc-
ture. However, our conclusions must remain tentative, as we
have no information about the correlation between the Fe,O;
system and the corundum to Rh,0;-II phase transformation.

It is also worthwhile to revisit the prediction of an orthor-
hombic perovskite structure for the high-pressure phase of Fe,0,
by Reid and Ringwood (1969). They used the relationship be-
tween volume per formula unit and average octahedral bond
length at ambient pressure. However, at that time the Rh,O5-11
structure was not known. If one plots the volume of Fe,O; with
the Rh,0O;-1II structure on their plot calculated using the result
of Shannon and Prewitt (1970), the volume lies slightly lower
than that of the B-rare earth type structure (Cromer 1957) but
higher than that of perovskite. Because the volume of corun-
dum is much greater than those of the Rh,O;-II and perovskite
phases, the Rh,Os-II structure should be considered equally
plausible as the perovskite structure on the basis of volume
considerations. The predictability of these systematics is lim-
ited, however, as Reid and Ringwood (1969) predicted that
MgSiO; ilmenite would be stable between 60 and 120 GPa.
However, it has since been shown that the perovskite structure
is stable for that pressure range (Liu 1975; Fiquet et al. 2000;
Shim et al. 2001).
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