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Far-infrared dielectric and vibrational properties of nonstoichiometric wiistite at high pressure
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The far-infrared reflectivity of Fey9;O was investigated from atmospheric pressure up to 33 GPa at room
temperature using synchrotron Fourier transform infrared reflectivity techniques in conjunction with the
diamond-anvil cell from 100-700 cm™!. The frequency of the fundamental transverse optic (TO) mode was
found to be nearly independent of pressure up to 4.6 GPa, followed by an increase in the TO frequency with
pressure up to the rhombohedral phase transition at ~8 GPa. In addition, a second weak mode at 583 cm™! at
atmospheric pressure was well resolved and found to shift to higher frequency and increase in strength with
pressure. This localized mode arises from the presence of vacancies in the crystal structure, and the relative
strength of this mode suggests pressure-induced charge localization near the vacancy sites. The data was fit
with the classical Lorentz model with the addition of a plasmon resonance. This allowed an estimation of the
electrical conductivity as well as plasmon-phonon coupling energies. The pressure dependencies of the dielec-
tric properties of wiistite have been quantified, and their pressure derivatives show a change in sign near the
pressure-induced rhombohedral phase transition. Classical theories relating dielectric, vibrational, and elastic
properties are evaluated, and in the case of the bulk modulus, the theory fails to reproduce accepted literature

values.
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I. INTRODUCTION

Wiistite, Fe, O, is a vacancy ridden mineral that crystal-
lizes in the rocksalt structure. It is a p-type semiconductor
with a band gap of 2.3 eV.! Due to its geophysical and tech-
nological importance, wiistite has attracted a wealth of theo-
retical and experimental investigations into its vibrational,
dielectric, and thermoelastic properties.>?> A pressure-
induced rhombohedral distortion of the cubic lattice begins
around 8-10 GPa depending on the degree of
hydrostaticity.'>?? Detailed theoretical investigations of wiis-
tite often rely on comparison to thermoelastic data to cor-
roborate their results. Here we present experimental data on
the optical properties and vibrational modes at high pressure,
which are more directly related to the band structure of wiis-
tite and provide an additional set of constraints for theoreti-
cal band-structure studies.

When transversely polarized light interacts with a dielec-
tric, phonons which induce atomic displacements that pos-
sess a nonzero dipole moment may be excited; these phonons
are termed infrared (IR) active. The fundamental transverse
optic mode is the only mode predicted to be IR active for
diatomic materials that crystallize in the rocksalt structure.
This phonon manifests as a peak in the reflectivity spectrum,
and a careful analysis of the reflectivity can reveal detailed
information on the dielectric and vibrational properties of the
material.

The far-IR properties of wiistite have been investigated
previously at atmospheric pressure,>!*?*23 although most of
the data available in the literature is consistent, the interpre-
tations tend to vary. In particular, the reflectivity is found to
rise at low wavenumber, and there has been some disagree-
ment as to whether this rise is instrumental in origin or in-
trinsic to wiistite.?+>> Also, previous studies have ignored a
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small feature in the reflectivity spectrum, which we will sug-
gest is related to vacancies in the crystal structure. An at-
tempt is made to describe the origin of this mode and how its
pressure dependence can give insights into how the local
electronic structure changes with compression.

II. SAMPLE AND EXPERIMENT

The wiistite used for this experiment was Fe, O with x
=091 determined from powder x-ray diffraction
measurements.'® No other phases were detectable with x-ray
diffraction suggesting the sample was nearly pure wiistite.
The average grain size was ~100 um. A symmetrical
diamond-anvil cell was used with 500 pum culet diamonds
of type la as a pressure generating device. A stainless-steel
gasket was preindented to ~100 um and a 400 wm hole
was drilled in the center of the indentation to serve as the
sample chamber. The sample chamber was packed with the
wiistite and a single ruby ball (~5 wm diameter) was placed
in the center of the sample chamber in contact with one of
the diamond anvils. Position of the R1 ruby florescence line
was used for pressure calibration.?

The infrared detector used was a liquid-helium-cooled bo-
lometer. The synchrotron far-IR reflectivity experiments
were preformed at the U2A beamline of the National Syn-
chrotron Light Source (NSLS), Brookhaven National Labo-
ratory. The IR light at the NSLS is a diffraction-limited
source and ideal for reflectivity measurements at high pres-
sure where the sample sizes are limited and the relatively
thick diamond anvil acts as an absorber of radiation. How-
ever, the intensity of the IR radiation at the NSLS depends
on the ring current and frequency. To overcome issues in data
analysis caused by this problem the intensity of the light
source must be calibrated as a function of frequency and ring
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current. This is accomplished by repeatedly measuring the
intensity of light reflected off of the back plate of one of the
diamond anvils. The optical properties of the diamond are of
course independent of the ring current so these measure-
ments provide a means to correct the reflected intensity mea-
sured off of any interface to any ring current. These reference
spectra are crucial to obtaining accurate reflectivity values.

Four measurements in addition to the current correction
are required to calculate the reflectivity of the diamond-
sample interface, R,;. These consist of: the power reflected
off of the air-gold interface, I,; the power reflected off of the
air-diamond interface, /g;,mond=Z0Rdiamond> Where Rgiamond 1S
the reflectivity of diamond; the power reflected off of the
diamond-air  interface  (through the diamond), I,
:IORdiamond(1'Rdiamond)z(I_Adiamond)z’ where Adiamond is the
absorbtivity of diamond; and the power reflected off of the
diamond—sample interface, IS = IORd( 1 'Rdiamond)z( 1 'Adiamond)z-
Combination of the above relations yields a formula for the
reflectivity of the diamond-sample interface

Rd — éldiamond ] (1)
Ie 10

Equation (1) assumes that the reflectivity of gold is close to
one throughout the measured frequency range, and it does
not account for possible back reflections or the possible pres-
sure dependence of diamond absorption. I, and I, were mea-
sured once before the sample was loaded; 4;,monq @and I, were
measured for each pressure point.

II1. DATA ANALYSIS

A classical dispersion analysis was preformed to extract
the optical constants as a function of pressure and frequency.
The reflectivity data and the corresponding fits to that data
are shown in Fig. 1. There has been some debate as to the
nature of the rise of the reflectivity in the low-frequency
region. In this analysis we have assumed that because wiis-
tite is a semiconductor with finite dc conductivity that the
rise in the reflectivity as the frequency tends to zero is intrin-
sic behavior of the sample. In fact, all previous data at atmo-
spheric pressure®!° have shown a similar rise at low fre-
quency, and one study at low temperatures showed that this
behavior disappears as temperature is decreased as would be
expected for a semiconductor.”* The index of refraction of
magnesiowlistites has been measured optically at atmo-
spheric pressure up to 66.7 mol % FeO, and found to follow
a linear trend.?” An extrapolation of this trend to pure FeO
suggests an index of refraction of 2.32 in the visible. How-
ever, taking e,=n’ for the atmospheric pressure data pro-
duces a very poor fit, therefore e, was treated as a free
parameter and the best fit produced e.,,=11.73(1), suggesting
an index of refraction of ~3.43 in the visible. This is signifi-
cantly higher than the extrapolation of optically measured
indices of refraction for magnesiowiistites, but it may not be
unreasonable as the transition from transparent to opaque is
likely accompanied by a steep rise in the index of refraction.

At atmospheric pressure a very weak peak in the reflec-
tivity spectrum is present at 583 cm™!, this peak has been
observed by other authors,>!*?* and was found to decrease in
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FIG. 1. (Color online) Reflectivity of the diamond-wiistite inter-
face at various pressures. The dots are the raw data; the solid lines
are the best fits of those data to Eq. (4).

intensity as temperature was lowered.>* This peak was ig-
nored in previous quantitative analysis of the data because of
its very weak strength and unknown origin. Consistent with
previous work, this peak was observed; it was found to in-
crease in intensity with increasing pressure. The origin of
this peak will be discussed below. We treated the dielectric
function to be a sum of two oscillators plus a plasmon reso-
nance, except for the highest pressure point at 33 GPa where
the second weak peak in the reflectivity spectrum has slipped
beyond the frequency range of this study. We assume a di-
electric function of the form below, where the summation
goes only to one for the 33 GPa data,

2 2 2
p fjwi

2+ . + 2 2 . B
w l‘ypw Jj=1 (Uj - W - l'yj(l)

2)

where €, and &, are the real and imaginary parts of the di-
electric function, respectively, &, is the background dielec-
tric constant, w, is the plasma frequency, v, is the plasma
damping factor, f;, @;, and v; are the strength, frequency, and
damping factor of oscillator j, respectively. Prévot et al.'®
used an identical form as this with only one oscillator plus
the plasmon resonance. The complex index of refraction is

Exp

éw)=g +ig,=€,—

defined as N:n+ik, in the case of diamond the extinction

coefficient, k, is much less than one and therefore ]Vdiamond
=n,. The index of refraction, n, and the extinction coeffi-
cient, k, are related to the real and imaginary parts of the
dielectric function through the relations &,=(n*~k?)/u and
&,=2nk/ u, where u is the permeability. The reflectivity of
the diamond-sample interface is given by
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TABLE 1. Best fit to Eq. (4), all values in cm™!, except pressure (GPa).

Pressure

(GPa) 10~ 4.6 7.2 9.4 17.1 33.0

£x 12.7%+0.1 15.0+0.2 18.1£0.2 18.1+0.3 11.8%£0.3 7.1%£0.1

v, 469 =21 570£52 565*34 660 x50 85121 525+20

Yp 1073 £105 1470 =279 1078 =137 1342 +£205 1756 =235 631+50

2 335.2%0.6 335.4+0.8 345*1 354x1 373.5x0.5 357x2

Y 86.3+£0.6 81.6+0.8 831 93*1 155*1 202%2

/1 142%0.1 16.0=£0.1 18.60.2 18.0£0.2 14.3*0.1 103202

123 583*2 588*1 610+2 620*2 649 *2

b 41%6 37*5 71*+9 65+8 99+7

12 0.10x£0.01 0.19£0.02 0.46+0.07 0.46 =0.06 0.55%0.05
Ngiarnond = Nearmoie 2 the plasmon. resonance, and the . longitgdinalioptic (LO)

Ry= | . (3)  modes are given by the zeros. An interaction with the plas-

Ngiamond + Nsample mon resonance and optic modes results in two additional

Combining the relations above leads to the following for-
mula for the reflectivity of the diamond-sample interface in
terms of the index of refraction of diamond, and the dielec-
tric function of the sample:

_
n(21+ \8% + 8% —\2n,(e, + \/8% + 8%)”2

d— 7 5
2)1/2

(4)

2 f [~ [
ni+ et + 85+ \2ny(e, + Vet + &

n, is approximately constant over the far IR; and we have
taken the permeability to be one. The particular diamond
used in this study had a nearly constant reflectivity of 17.7%
from 100-700 cm™' corresponding to an index of refraction
of 2.4554.

A nonlinear regression was preformed for Eq. (4) begin-
ning with the values of the plasmon and phonon constants
given by Prévot et al.,' the phonon parameters correspond-
ing to the second peak in the reflectivity spectrum were ini-
tially guessed. The regression at each successive pressure
was started at values obtained at the previous pressure. The
results of these regressions are presented schematically in
Fig. 1 and the values of the plasmon and phonon parameters
are tabulated in Table I. No interference fringes are apparent
in the raw data, suggesting that it was not necessary to ac-
count for back reflections from the sample in Eq. (1). The
dielectric functions are presented in Fig. 2, and the corre-
sponding complex index of refraction is presented in Fig. 3.
The maximum value of the vacuum-wiistite reflectivity at
atmospheric pressure derived from the fit is 70%, compared
to 70,%* 66,'° and ~75%.3 The good agreement with the mag-
nitude of the maximum reflectivity, shape, and presence of
the second weak peak in the reflectivity spectrum all indicate
that the data collected in this study is accurate. Various other
optical properties such as the optical conductivity and sur-
face impedance are related to the dielectric function and may
be calculated as a function of pressure and frequency with
the data presented in Table I.

The main peak in the reflectivity spectrum of wiistite is
due to the transverse-optic (TO) vibrational mode. The TO
modes are given by the poles of the dielectric function minus

branches caused by plasmon-phonon coupling, which may
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FIG. 2. (Color online) (a) Real and (b) imaginary parts of the
dielectric function of Fe¢;O at various pressures.
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FIG. 3. (Color online) (a) Real and (b) imaginary parts of the
index of refraction of Fe( ;O at various pressures.

take on complex values depending on the relative magnitude
of the plasma frequency and the TO frequency. These fre-
quencies are known as v, and v_, in this study the real part of
v, is nonzero and has a value of 507+3 cm™' at atmo-
spheric pressure, compared to 508 cm™' from reflectivity
measurements'® and 527+ 13 cm™' from neutrons.'* The
presence of this mode is reflected in the broadening of the
main peak in the reflectivity spectrum. Semiconductors
which do not possess a finite dc conductivity typically have
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very sharp drops in the magnitude of their reflectivity at
frequencies higher than the frequency of the TO mode. The
frequency of the modes determined from the zeros and poles
of the dielectric function and their dominant character are
presented in Table II.

Origin of the 583 cm™! mode

Previous studies on the reflectivity of nonstoichiometric
wiistite at atmospheric pressure have revealed a small feature
near 583 cm~'. This mode was not treated in detail previ-
ously because it has very small strength compared to the TO
mode and its origin was not understood. Indeed, if only the
atmospheric pressure data in Fig. 1 were examined it would
be easy to ignore this feature. However, this peak shifts po-
sition and increases in strength with increasing pressure,
strongly suggesting that the origin of this mode is related to
the phonon dynamics of wiistite and is not the result of ex-
perimental artifact. There have been many theoretical inves-
tigations into the normal modes of linear diatomic chains,
and the effects that vacancies and mass defects have on the
frequency of those modes and their IR strengths.?®

We have developed a very simple model using a linear
chain of alternating Fe and O atoms in which every tenth
iron atom is missing (corresponding to Fe,qO) where
nearest-neighbor interactions occur. The spring constant, k, is
identical for all atom pairs except those nearest the vacancy
where we allow the spring constant to vary, this constant is
k'. The free oscillations of a 19-atom chain with periodic
boundary conditions were solved with Mathematica. This is
shown schematically in Fig. 4(a). Following the method of
Barker and Sievers,?® we solve for the normal-mode frequen-
cies and IR strengths; we find that the frequency of the TO
mode depends only on the atomic masses and the spring
constant k. The atomic displacements for the TO mode are
presented in Fig. 4(b). The presence of vacancies in the lat-
tice give rise to a new mode termed the localized mode, in
which atoms near the vacancy oscillate with large amplitude.
In this model the frequency of this mode is doubly degener-
ate and the sum of the two eigenvectors corresponding to this
mode was summed to produce Fig. 4(c). The values of the
spring constants k, and k', where chosen such that the ob-
served TO and localized mode frequencies were reproduced
by the model at atmospheric pressure.

It should be noted that for most systems, introduction of a
vacancy is usually expected to induce softening of the bonds
of the nearest neighbors. This will give rise to a gap mode
whose frequency falls between the optic and acoustic

TABLE II. Calculated phonon, and plasmon-phonon coupling frequencies in cm™! derived from the

dielectric function, Eq. (3) (see text for details).

Pressure (GPa)

Mode character 10~ 4.6 7.2 94 17.1 33.0
TO 332.4(6) 332.9(8) 343(1) 351(1) 365.4(5) 343(2)
LO 486(2) 481(4) 490(4) 497(5) 551(8) 551(7)
Localized mode 583(2) 588(1) 609(2) 619(2) 647(2)

v, 507(3) 491(7) 512(9) 507(11) 558(17) 665(7)
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FIG. 4. (Color online) (a) Spring model for nonstoichiometric
wiistite; [(b) and (c)] atomic displacements plotted in the vertical
direction for the two strongest normal-mode frequencies of a 19-
atom iron oxide chain with one iron vacancy (Fej¢0). Atomic dis-
placements are exaggerated relative to atomic spacing, the displace-
ments for the TO and localized modes are plotted on the same scale.

branches.? Localized modes such as the one observed here
are theoretically possible only when some relaxation of the
atomic positions around the vacancy occurs.’’ In the spring
model presented here the bond distances were assumed to be
uniform throughout the lattice, and therefore it is only meant
to provide a very rough description of the vibrational modes.
A detailed three-dimensional model taking account of all
force constants which reproduce the vibrational density of
states and elastic constants would certainly provide more in-
sights into the details regarding the origin of this mode.

The relative infrared strengths of the modes in the spring
model are related to the frequencies of the modes and the net
dipole moments induced by the atomic displacements. The
ratio of the IR strengths of the TO and localized modes are
approximately given by

2
fTO ( 210 VIocal )

f local

where z is the net induced dipole moment, assuming that the
density of vacancies remains constant. The frequencies and
strengths of these modes have been measured as a function
of pressure, and therefore it is possible to extract information
on changes in charge distribution around the vacancies.
When an Fe?* is removed from the ideal lattice and replaced
with a vacancy, a charge deficit occurs and the charge on the
lattice must be balanced by the addition of two electrons.
Whether this occurs as a definite site on the lattice going
from Fe?* to Fe** or if these extra charges are distributed in
some way among the remaining iron atoms is not well un-
derstood, however it is possible to make some speculations
based on Eq. (5).

Inspection of Figs. 2(b) and 2(c) shows that the net dipole
moment induced by atomic displacements for the localized
mode will be maximized when the iron atoms nearest the
vacancy take on the extra charge lost by inclusion of the
vacancy, while the net dipole moment of the transverse optic

(5)

Zlocal V'TO
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FIG. 5. Static, g(, and background, e.., dielectric constants as a
function of pressure. The vertical line shows the approximate struc-
tural transition pressure from rocksalt to rhombohedral under non-
hydrostatic conditions. Estimated errors on €., are smaller than the
symbols.

mode is essentially unaffected because the motions of the
iron atoms near the vacancy is small compared to iron atoms
far from the vacancy. Hence, balancing charge by placing
Fe* ions on the iron sites nearest the vacancy will minimize
the ratio zZyo/Zjoc, and placing Fe** ions on iron sites far
from the vacancy will maximize zrg/zjoca- Applying Eq. (5)
to the data in Table I indicates that 1o/ zjcq decreases nearly
linearly from 6.8 =0.5 at 10™* GPato2.9+0.1 at 17 GPa. A
quantitative treatment of the charge distribution is not pos-
sible using the simple one-dimensional model of the solid;
however the trend in the data would suggest that as pressure
increases, the extra charges are increasingly concentrated
closer to the vacancy sites. This is also reflected in the ratio
of the spring constants, k'/k. In the model this ratio gets
larger with increasing pressure in order to match the ob-
served TO and localized mode frequencies; the bonds near
the vacancy get stronger as the additional electrons needed
for charge balance tend to spend more time around the atoms
near the vacancy as pressure increases.

IV. DERIVED PROPERTIES

The Lyddane-Sachs-Teller (LST) relation links the IR fre-
quencies of the crystal to the ratio of the static and back-
ground dielectric constants®!

€0 (’to)z
—=|—. (6)

Ex Vto

The static dielectric constant, g, determined from this rela-
tion at atmospheric pressure is 27.2* 0.5, where we have
used only the main TO and LO modes, compared to a value
of 24 determined from a previous reflectivity study at
10™* GPa." The value of &, calculated from Eq. (6) is pre-
sented in Fig. 5. There is clearly a change in behavior asso-
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ciated with the rocksalt to rhombohedral structural phase
transition.

The Lorentz-Lorenz formula relates the background di-
electric constant, €., with the electronic polarizability, ..

3V[ie,—1
a.=———], (7)
dr\e,+2

where V is the volume per ion pair. Application of Eq. (7)
gives the electronic polarizability at atmospheric pressure to
be 3.76+0.04 A3 This is in fair agreement with a previous
study,'® 3.62 A3, and the relatively high value reflects the
large effective volume of oxygen in the lattice. A similar
formula, the Clausius-Mossotti relation, connects the static
dielectric constant, &,, with the static polarizability, «aj

] ®)

oy =
dqr 80+2

Application of Eq. (8) at atmospheric pressure results in a
static polarizability of 4.1 +0.1 A3, in good agreement with
the value of 4.2 A3 based on the data of Prévot et al.'®

In the limit of zero frequency, the real part of the optical
conductivity reduces to the dc conductivity; hence, the dc
conductivity is related to the plasmon parameters determined
in the fit of the data to Eq. (4)

2

g = 22O em™), 9)
60y,

where v,, and 7, are expressed in cm~!. Equation (9) sug-
gests a dc conductivity of 44+6 Q' cm™! at atmospheric
pressure. This value is a factor of ~2.5 larger than that deter-
mined in a previous reflectivity study,'® and ~4.4 times larger
than the dc conductivity determined from direct electrical
measurements.’ Differences in the position of the upturn in
the reflectivity spectrum as the frequency tends to zero re-
sults in the difference in the magnitude of the dc conductivity
determined here at that of Prévot et al.'® and may be due to
difference in stoichiometry between the two samples. We
note that the dc conductivity derived from reflectance mea-
surements often deviates from direct electrical measurements
even in the case of metals.’> The electrical conductivity of
wiistite depends on the nonstoichiometry and is found to
increase with decreasing x in Fe,0.3* The arrangement of
vacancies in wiistite is not random,>* and it is likely that the
density and agglomeration of defects play a critical role in
the origin and magnitude of the electrical conductivity.® The
magnitude of the dc conductivity derived from the reflectiv-
ity measurements initially rises with pressure before reaching
a maximum and then decreasing. There are two competing
effects that contribute to the magnitude of the dc conductiv-
ity. First is the mobility of vacancies through the lattice
which to first order scales with bond strength. Second is the
charge associated with the vacancies. We have provided evi-
dence that, upon compression, charge is concentrated near
the vacancy sites, this likely leads to the rise in the conduc-
tivity at low pressure. However, the vacancy mobility de-
creases with pressure as the density rises and the bonds near
the vacancies become stronger. This effect begins to domi-
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nate between 9.4 and 17.1 GPa, causing a decrease in the dc
conductivity.

The first Szigeti relation® in the classical theory of dielec-
tric polarization relates the incompressibility of the lattice to
the frequency of the transverse optic mode

g9+2 | poto
K= 1/3 2
g,+2/) 3V

(10)

where K is the bulk modulus, w is the reduced mass of an ion
pair, and V is the volume per ion pair. Equation (10) is
strictly valid only at zero pressure. Barron and Batana,*® gen-
eralized the first Szigeti relation to any pressure and obtained
the following, presented here in slightly different form valid
for the rocksalt structure

+2\pwr, 4
:<80 ):U« TO Zp, (11)
Ept+2

315 T3

where P is the pressure. The volume of our wiistite sample
was measured at atmospheric pressure by x-ray diffraction to
be 79.06(6) A3 per unit cell. Using Eqs. (10) and (11) we
obtained K=125=*4 GPa for the zero-pressure bulk modu-
lus. Literature values for the zero-pressure bulk modulus of
wiistite  determined  experimentally  range  from
142+ 10 GPa,*” for Feygp;O up to 174+12 GPa,'” for
Fe( 930. The value of the zero-pressure bulk modulus deter-
mined from this dielectric data at atmospheric pressure is
significantly lower than all theoretical, ultrasonic, and com-
pression studies, suggesting a breakdown of the classical
theory for wiistite. The specific volume of the wiistite sample
was not measured at high pressure so significant uncertainty
exists as to the volume of the sample at high pressure; how-
ever if we adopt the equation of state for Fe( 9O measured
by x-ray diffraction compression studies,’” we can use Eq.
(11) to calculate the bulk modulus expected based on the
classical theory. We note that the volume dependence of the
bulk modulus in this theory is relatively weak, and therefore
the choice of the equation of state to calculate the volume of
the wiistite as a function of pressure does not have a signifi-
cant effect on the calculated bulk modulus according to Eq.
(11). The first pressure derivative of the bulk modulus be-
tween 4.6 and 9.4 GPa determined from these calculations is
~4. The bulk modulus appears to increase much more slowly
during the rhombohedral distortion of the lattice consistent
with significant softening of the C,4 elastic constant.?3

The second Szigeti relation,?® in the classical theory cor-
relates the effective charge of the ions to the frequency of the
transverse-optic mode

OV s’ _e, \ ]2
ej:{ “‘”m( fo=® )} : (12)

4ar (e0+2)?

For a purely ionic Fe-O bond, the Szigeti effective charge,
e, should be 2 since this is the valence state of both Fe and
O. However, since the bond is not completely ionic, and
some Fe** must be present in the lattice to maintain charge
balance, the effective charge may be altered from its ideal
value. Indeed for most materials the Szigeti effective charge
is found to be much lower than its ideal value, and the
value found at 10 GPa here, (0.57 +0.02)e, is in good
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TABLE III. Calculated properties of wiistite, the static dielectric constant, &; static polarizability, a;
electric polarizability, a..; electrical conductivity, o; Szigeti effective charge, ej (ratio to electron charge); and

bulk modulus, K; see text for details.

Pressure (GPa) 1074 4.6 7.2 9.4 17.1 33.0

€0 272+05 31.2+09 37+1 36+ 1 27+1 183+0.6
ag (AY) 42=+0.1 42+0.2 4.1+02 4.1+02 3.8+0.3 3.4+02
., (A3) 3.76+0.04 3.76+0.07 3.82+0.07 3.77*0.08 33+0.1 2.65+0.07
o (Qem™) 44+6 55+15 89+ 16 98 +21 81+16 52+6
elle 0.57+0.02 052+0.03 048+0.03 048*+0.03 0.65+006 0.77+0.04
K (GPa) 124+4 131+7 1419 149+ 10 187+ 18 202+ 11

agreement with a previous study,!® 0.62e. The Szigeti effec-
tive charge first decreases with pressure up to the rhombohe-
dral transition where it begins to increase with further com-
pression. A summary of the derived properties of wiistite is
presented in Table III.

The optic mode Griineisen parameters are defined as

B d(In Vi)

Y= gn ) ()

In Fig. 6 we have plotted the mode frequencies as a function
of volume adopting the equation of state of Fe(qp30.%7 As
can be seen in the figure wiistite exhibits rather unusual be-
havior up to 4.6 GPa. Below this pressure, the frequencies of
the TO and LO modes have a slope of nearly zero or nega-
tive, respectively. It is likely that this observation is related to
the vacancies in wiistite. Going back to the spring model, the
TO frequency is independent of the force constant k', while
the localized mode frequency depends on both k and k’. The
frequency of the localized mode does slightly increase with
pressure in the 0-4.6 GPa range, suggesting that if k is con-
stant then &' must be increasing. This is indeed what is found
in the model and it suggests that most of the compression
taking place is initially concentrated around the vacancy

700 T T T T T T T T T T T T T T
650 [~ % L4 TO =
m |O
e + Local
600 |- e -
P B gl
£ 550 - — ——
3 .
500 =
§ . . i
[
>
T 450 -
<
400 =
[ ]
350 | oy . i
[ ] HH
300 n 1 " 1 " 1 n 1 1 1 " 1 n 1

80 78 76 74 72 70 68 66

Volume (A¥/unit cell)

FIG. 6. Optic and localized mode frequencies of Feg ;O plotted
against unit-cell volume. See text for details.

sites. The simple spring model cannot quantify this effect
because the initial assumption was that the spacing between
all sites are the same; however it does show that it is at least
plausible that the pressure independence of the TO and LO
frequencies below 4.6 GPa could be related to the unusually
large density of vacancies in Fe( ;0. Above 17 GPa, the TO
and LO mode frequencies show softening. In the 33 GPa
data the frequency of the localized mode has slipped beyond
the measured frequency range, and thus the data was only fit
to one phonon plus the plasmon resonance. However, if the
localized mode parameters are prescribed in Eq. (4) based on
an extrapolation of the lower pressure data, there is almost
no effect on the TO mode parameters or the plasmon param-
eters. This would suggest that the softening observed is an
intrinsic property of wiistite.

Most materials do not have such a large concentration of
vacancies, and therefore we may expect that simple averag-
ing of the optic mode frequencies to estimate the thermal
Griineisen parameter is probably not applicable in the case of
wiistite, although these averages seem to be reasonably good
for many materials.*>*! The optic mode Griineisen param-
eters for the TO and LO modes are ~0 below 4.6 GPa. At
higher pressures the rhombohedral distortion of the lattice
becomes significant and also appears to play a role in the
frequencies of the optic modes. As is evident from Fig. 5,
this distortion begins to have an effect on the optical proper-
ties around 8 GPa; however the frequencies of all three
modes vary approximately linearly with pressure between
4.6 and 9.4 GPa, indicating it may be useful to define an
average Griineisen parameter for the observed modes in this
pressure range. A linear regression of the data in this pressure
range leads to the following Griineisen parameters: 7yrq
=1.756+0.007, y,0=1.14%0.01, and 7y ,.»q=1.8%£0.3. Ap-
plication of the averaging of the TO and LO mode Griineisen
parameters results in an estimate of the thermal Griineisen
parameter, Yrperma=1.34+0.02. This value seems reason-
able; however the issues described above clearly raise ques-
tions about the accuracy of the thermal Griineisen parameter
derived in this manner.

V. CONCLUSIONS

Synchrotron far-IR reflectivity measurements have been
performed on Fej4;0 up to a pressure of 33 GPa at room
temperature. The frequencies of the TO and LO modes ap-
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pears to be nearly independent of pressure up to 4.6 GPa,
suggesting that most of the compression initially takes place
around the vacancy sites. A second peak in the reflectivity
spectrum was observed at higher wavenumber than the TO
mode. The origin of this mode is suggested to be associated
with large amplitude vibrations of the nearest neighbors of
vacancies, and a simple spring model was developed to il-
lustrate the origin of this mode. The strength of this mode
increases with pressure, suggesting that the extra charges re-
quired for charge balance when introducing a vacancy tend
to increasingly concentrate close to the vacancy sites. The
static and background dielectric constants of wiistite show a
change in the sign of their pressure derivatives very close to
the pressure that the rhombohedral distortion of the cubic
lattice is expected to occur. Finally, classically theories based
on electronic polarizability that relate dielectric, vibrational,

PHYSICAL REVIEW B 79, 014104 (2009)

and elastic properties fail to satisfactorily reproduce the bulk
modulus of wiistite.
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