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Abstract The phonon density of states (DOS) in iron
has been measured in situ by nuclear resonance inelastic
X-ray scattering (NRIXS) at high pressures and high
temperatures in a resistively heated diamond anvil cell.
The DOS data provide a variety of thermodynamic and
elastic parameters essential for characterizing iron at
depth in the Earth interior, such as average sound
velocity, Debye temperature, atomic mean square dis-
placement, average kinetic energy, vibrational entropy
and specific heat. The NRIXS data were collected at 6,
20, and 29 GPa and at temperatures up to 920 K.
Temperatures were directly determined from the mea-
sured spectra by the ratio of intensities of the phonon
creation/annihilation side bands that are determined
only by the Boltzmann factor. The change of the DOS
caused by the structural transition from o-Fe to e-Fe is
small and not resolvable within the experimental preci-
sion. However, the phonon energies in y-Fe are clearly
shifted to lower values with respect to «- and e-Fe. The
temperature dependence of derived thermodynamic
parameters is presented and compared with those
obtained by Debye’s model. The Debye temperatures
that best describe the data decrease slightly with
increasing temperature.

Keywords Phonon density of states - Nuclear resonance
inelastic X-ray scattering - Diamond anvil cell - Iron

G. Shen (X)) - V. B. Prakapenka

Center for Advanced Radiation Sources,
University of Chicago, Chicago, IL 60637, USA
e-mail: shen@cars.uchicago.edu

W. Sturhahn - J. Zhao - T. S. Tollenner
Advanced Photon Source, Argonne National Laboratory,
Argonne, IL 60439, USA

Y. Meng - H.-R. Mao
Geophysical Laboratory, Carnegie Institution of Washington,
Washington DC 20015, USA

Y. Meng - H.-R. Mao
HPCAT, Advanced Photon Source,
Argonne National Lab, Argonne, IL 60439, USA

Introduction

The lattice dynamics of materials is commonly described
by phonons. Measuring phonon dispersion relations and
phonon density of states (DOS) at in situ high pressures
and high temperatures can have great importance in
geophysics. In fact, thermodynamic and elastic proper-
ties of relevant candidate constituents of the Earth
interiors, which can be derived from DOS, are necessary
to interpret global geophysical and geochemical evi-
dence. Iron is abundant in the Earth and is the dominant
component in the core. It transforms from a bcc phase
(a-Fe) to an fcc phase (y-Fe) at moderate pressures and
temperatures and to a hcp phase (e-Fe) at higher pres-
sures (Shen et al. 1998; Uchida et al. 2001). The lattice
dynamics of iron has been extensively investigated in
both experimental and theoretical studies. Dispersion
relations have been measured in single-crystal «-Fe using
inelastic neutron scattering under ambient conditions
(Minkiewicz et al. 1967) and at pressures up to 10 GPa
(Klotz and Braden 2000). Single-crystal measurements
provide information on dispersion, single-crystal elastic
tensor, and anisotropy. With proper averaging, disper-
sion relations can also be used for calculating phonon
DOS. However, these measurements cannot be per-
formed on the high-pressure polymorph e-Fe because
the sample becomes polycrystalline at the onset of the
phase transition. With the recently developed nuclear
resonant inelastic X-ray scattering (NRIXS) technique
(Seto et al. 1995; Sturhahn et al. 1995), the phonon DOS
can be directly obtained from polycrystalline samples.
Measurements on polycrystalline a-Fe (Seto et al. 1995)
and the DOS extraction from «-Fe and iron-bearing
compounds (Sturhahn et al. 1995) demonstrated the
feasibility of this method for the study of lattice
dynamics. The NRIXS measurements on e-Fe were
performed up to 42 GPa (Liibbers et al. 2000), and up to
153 GPa with improved X-ray focusing techniques and
energy resolutions (Mao et al. 2001). The dispersion of
longitudinal acoustic phonons of polycrystalline e-Fe
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was measured by inelastic X-ray scattering (IXS) up to
110 GPa (Fiquet et al. 2001). The extrapolation of the
dispersion curve to low energies provided values for the
longitudinal sound velocity (V). Light-scattering mea-
surements also provide information of the Ilattice
dynamics of iron. Raman spectra for e-Fe were mea-
sured to 152 GPa (Merkel et al. 2000), where the
Raman-active mode corresponding to an optical phonon
E,, was correlated with a transverse acoustic phonon,
providing an approximation of the shear constant Cyy.

All these high-pressure measurements were per-
formed at room temperature. For characterizing mate-
rials at depth in the Earth interior, it is desirable for such
measurements to be possible under high temperatures.
The temperature dependence of phonons in iron at
ambient pressure has been studied using neutron scat-
tering (Vallera 1981; Satija et al. 1985; Zarestky and
Stassis 1987), nuclear forward scattering (Bergmann
et al. 1994), and NRIXS (Chumakov et al. 1996).
Recently, Debye—Waller factors, which give information
about atomic mean square displacement, have been
determined through Rietveld refinement from X-ray
diffraction data for iron collected at high pressures and
high temperatures using a resistively heated diamond
anvil cell (DAC) (Dubrovinsky et al. 2001). In this
paper, we report the results of NRIXS measurements on
iron at simultaneously high pressures and high temper-
atures. The temperature dependence of the phonon DOS
and the derived thermodynamic and elastic parameters
of iron at high pressures are presented and evaluated in
terms of Debye’s model (Debye 1912).

Experimental

We employed the internal resistance technique to heat
the samples to high temperatures in a DAC (Mao et al.
1987). An iron foil (95% pure isotopically enriched in
"Fe) was loaded in a boron insert Be gasket (Lin et al.
2003; Shen et al. 2003). The sample configuration is
schematically shown in Fig. 1. The Pt foil electrodes and
iron sample (resistance element) were insulated from the
Be gasket by layers of Al,O3; powder. A DC power
supply provided electric current through the iron sample.
The heating power was calculated from applied voltages
and currents. To know the heating power—temperature
relationship at each pressure, we preheated the sample
two or three times to a temperature of ~ 1200 K, which
was measured by a spectroradiometric system at Geo-
SoilEnviroCARS (Shen et al. 2001). The DAC and
heating assembly were then moved to the experimental
station for NRIXS measurements. We assumed that
temperature would change linearly with electric power
(Zha and Bassett 2003), and we adjusted the electrical
power level to the desired temperature range. Final
temperatures were determined from the collected NRIXS
data (see below). Pressures were measured before and
after the high-temperature NRIXS measurements using
the ruby pressure scale (Mao et al. 1986).

Fig. 1 Schematics of a resistively heated iron foil in the diamond
anvil cell. The iron strip was about 25 pm in width and 5-10 um in
thickness

The NRIXS measurements were performed at the
synchrotron beam line 3ID at the Advanced Photon
Source. The details of the experimental setup for the
diamond cell have been reported elsewhere (Mao et al.
2001). The synchrotron radiation was monochromatized
to 2 meV bandwidth and tuned + 110 meV around the
nuclear transition energy of 14.4125 keV in steps of
0.6 meV. Synchrotron radiation is emitted in short
pulses, and if the energy is close to the nuclear transition
energy, nuclei are excited, and delayed emission of X
rays within the lifetime of the excited nuclear state (141
ns) can be observed. In the experiment, we recorded only
the yield of a secondary radiation of Fe-K, s fluores-
cence in the time window between synchrotron pulses
while tuning the energy of the incident X-ray pulses.
This time-discrimination method removes all non-
nuclear scattering of the X rays very effectively. The
phonon excitation probability density S(E) is then
obtained directly from the measured data by proper
normalization, and the partial phonon DOS can be ex-
tracted by a mathematical procedure (Sturhahn 2000). A
detailed theoretical treatment of incoherent nuclear
resonant scattering and the properties of S(E) has been
given earlier (Sturhahn and Kohn 1999).

The NRIXS data were collected at 6, 20, and 29 GPa
and at temperatures up to 920 K. The typical counting
rate in the phonon side bands was 0.4 Hz at room
temperature and 1.2 Hz at a temperature of 920 K. The
typical accumulation time for each NRIXS spectrum
was about 12 h. The data were evaluated using the
PHOENIX software (Sturhahn 2000).

Results and discussion
NRIXS data
Figure 2 shows a typical excitation probability density

S(E) directly normalized from the inelastic scattering
intensity I(E)= AS(E). The value of S(E)dE gives the
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Fig. 2 The phonon excitation probability density S(E) determined
from NRIXS data at 6 GPa and at two different temperatures.
Energy zero corresponds to the nuclear transition energy of
14.4125 keV, positive (negative) energies indicate the region of
phonon creation (annihilation). High temperature has two obvious
effects: the increase of overall probability density and the growth in
the side band of phonon annihilation

probability that the resonant nucleus can be excited by
X-rays in the energy range (E,E+dE). Since phonon
states with any momentum allowed by the dispersion
relations contribute equally to the probability, NRIXS
provides momentum-averaged information. The inten-
sity of the inelastic side band is proportional to (1-fLm),
where fia is the Lamb—Mossbauer factor or the prob-
ability of recoilless absorption. From S(E), fim can be
directly determined (Sturhann et al. 1995; Sturhahn and
Chumakov 1999). The intensity increases with temper-
ature, reflecting the decrease in the recoilless fraction
fim. The lattice average kinetic energy can also be
derived directly from NRIXS data (Sturhahn and
Chumakov 1999; Sturhann 2004). The side band at po-
sitive energies represents phonon creation, while the side
band at negative energies arises from phonon annihila-
tion. The ratio is given by the Boltzmann factor:

S(E) = ’ES(—E), (1)

where f = 1/(kgT) is the inverse temperature, and kg
the Boltzmann constant. The temperature of the sample
can be determined from the Bolzmann factor.

Temperature determination from NRIXS data

For DAC experiments with external heating techniques,
temperatures are usually measured by thermocouples.
With internal heating methods, such as laser heating and
resistive heating, temperatures above 900-1000 K are
measured by thermal radiation signals fitted to the
Planck radiation law (Boehler 1986; Shen et al. 2001).
However, there are currently no satisfactory methods
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available for temperature determination at temperatures
below 900-1000 K with internally heated DAC. We
address this issue successfully by determining the tem-
perature from the NRIXS data using the Boltzmann
factor.

From Eq. (1), the data pairs [S( £ E)] provide us
with temperatures that can be averaged. We determine
an average temperature using the relationship:

/ S(E)dE = / e’ES(—E)dE, (2)

where the integration range in our case is SmeV < E < oo,
This 5-meV cutoff value is chosen to avoid contributions
from the tails of the elastic peak. Apparently from Eq.(2),
the temperature determination depends on the spectral
shape of a particular system and statistical accuracy in
experiments. An error analysis retaining only first-order
terms results in the following expression:

o _ 1 /J(L+e)S(E)dE ;
B VA JPEPES(BYE G

Here, A is the normalization factor; the integration
ranges are SmeV < E < oo, The trivial effect of increased
statistical accuracy, e.g., by longer collection times
resulting in larger values of 4, is now separated from the
effects of spectral shape. Note that S(E) is temperature-
dependent and that the uncertainty is a complicated
function of spectral shape and temperature itself. At the
low-temperature limit § — oo, the uncertainty will grow
without bound. This behavior is evident because the
measured signal S(E) simply disappears when zero
temperature is approached. The high-temperature limit is
described by f — 0, and Eq. (3) takes the form:

5B 1 \/J2S(E)dE

§ Vi [ES(ENE @

The normalization of the positive-valued function S(E)
leads to a finite numerator. The denominator will disap-
pear as /f because the integral [ES(E)dE behaves like
the square root of the total energy, which is proportional
to 1/f. Thus, we have the following asymptotic form

op 1 0T T
— X ———= Of — X —. (5)
B VA T V4

This means that for high temperatures the uncertainty in
temperature will increase without bound as well, and is
proportional to /7. However, the increase may be
compensated by improving the statistical accuracy (by
the factor LA). Particularly at high temperatures,
counting rates are higher (see, for example, Fig. 2), and
help to improve counting statistics. In combination with
longer collecting times, good statistics (v/4) might
overcome the term /7 and give reasonable accuracy for
temperature measurements.

From the data in this study, the values of 4 were
found to be around 30000. Temperature uncertainties
calculated by Eq.(3) are listed in Table 1, with a level
typically at 5-10%.
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Table 1 Derived thermodynamic and elastic parameters from NRIXS measurements®

Pb T fLM Cvib Svib Ek 0111) Vav Fm
(GPa) (K) (kp) (kp) (meVatom™) (K) (kms™h) (Nm™)
0 300 0.7951(6) 0.794(1)  2.722(9) 3.133(9)  42.54(18) 42.51(15) 430(2) 3.54(1) 174(2)
6.0(5) 300 0.772(3) 0.798(11)  2.75(7) 3.30(4) 42.1(8) 42.8(3) 407(5) 3.21(8) 155(6)
6.0(5) 920(28)  0.403(2) 0.399(39)  2.97(6) 6.68(8) 117(1) 121(2) 372(2) 2.73(1) 144(3)
20(1) 72024)  0.590(4) 0.615(35)  2.94(11) 5.55(11) 92(2) 97(5) 435(3) 3.21(2) 182(7)
29(2) 300 0.852(4) 0.848(12)  2.61(7) 2.66(6) 44(1) 43(4) 526(7) 3.98(9) 253(17)
29(2) 430(18)  0.782(6) 0.789(25)  2.80(8) 3.68(12) 59(2) 60(6) 498(6) 3.71(4) 249(19)
29(2) 720(35)  0.656(7) 0.615(35)  2.93(8) 5.25(23) 95(3) 97(3) 485(5) 3.65(7) 235(15)

2All quantities are calculated from the derived phonon DOS, except
those in italics that are calculated directly from NRIXS spectra
using sum rules. Numbers in parentheses denote uncertainties at
the last digit(s)

Pressures were determined using the ruby scale; uncertainties re-
flect pressure variations from an area of 30 um in diameter; pres-
sure change before and after the high-temperature NRIXS
measurements was found to be less than 1 GPa

Phonon density-of-states

The phonon DOS was extracted from measured inelastic
scattering spectra by using the PHOENIX software,
which follows the data analysis procedure described by
Hu et al. (1999) and Sturhahn 2000). The multi-phonon
contributions and the central elastic peak were sub-
tracted from the measured spectrum. The remaining
single-phonon contribution gives the phonon DOS. The
results of DOS spectra for all experimental conditions
are summarized in Fig. 3. The derived thermodynamic
parameters are listed in Table 1.

In general, the spectral features of the DOS (Fig. 3)
are shifted to higher energies with increasing pressure
and to lower energies with increasing temperature.
However, the DOS spectrum collected at 6 GPa and 920
K is shifted to lower energies with respect to o-Fe at
ambient conditions. At this pressure and temperature
the stable phase of iron is y-Fe (Zhang and Guyot 1999).
The shift to lower energy is due to the a- to y-Fe phase
transition. The spectrum at 6 GPa and 300 K (Fig. 4)
was collected after the sample was heated at 920 K for
12 h. As reported by Zhang and Guyot (1999) y-Fe
could be temperature-quenchable and coexists with a-Fe
in this pressure range (referred to as quench in Fig. 4).
The DOS for the quenched sample in Fig. 4 shows that
it contains large portions of the y-Fe phase. Overall, the
DOS of y-Fe in this study is consistent with the DOS of
y-Fe precipitates in a Cu matrix (Tsunoda et al. 2002),
and with the data of y-Fe that were calculated from the
dispersion relations determined at 1480 K and at
ambient pressure (Zarestky and Stassis 1987). Under
ambient conditions, we obtained a similar DOS pattern
from a steel with fec structure with the same experi-
mental setup (Fig. 4).

It is interesting to note that the DOS change caused
by structural transition from o-Fe to e-Fe is small and
not resolvable within experimental precision (Liibbers
et al. 2000; Mao et al. 2001), but there is a clear differ-
ence in DOS between y-Fe and o- or &-Fe. Considering
the structural similarity between y-Fe and e-Fe, both

“Temperatures were determined from the measured NRIXS spectra
by the ratio of intensities of the phonon creation/annihilation side
bands

9The Debye temperatures are calculated from fiu, using (6) and
the relation fiy = e % <>
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Fig. 3 Summary of phonon density of states determined in this
study. Vertical offset is applied for clarity

having closely packed structures, the difference in lattice
dynamics is remarkable and warrants further studies.
The shift in DOS spectra of y-Fe naturally influences all
derived thermodynamic and elastic parameters (Ta-
ble 1). For example, the fcc iron (or alloys) has sys-
tematically lower Debye temperatures and average
sound velocities than /cp iron.
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Fig. 4 Phonon density of states of y-Fe at 6 GPa. The spectra are
shifted to lower energies with respect to a-Fe. Inelastic neutron
scattering data of y-Fe at 1480 K and at ambient pressure
(Zarestky and Stassis 1987) is shown for comparison. Also plotted
is the DOS of an fec-structured stainless steel determined with the
same experimental setup

Thermodynamic and elastic parameters

Thermodynamic and elastic parameters were derived
from the measured DOS at high pressures and high
temperatures. By integration of the DOS, we obtained
properties such as vibrational contribution to entropy
(Syip) and specific heat (Cy;,), mean force constant (F),,),
vibrational kinetic energy (E;), Debye temperature (0p),
the Lamb—Moéssbauer factor (fia), the mean square
displacement ((Ax?) ), and average sound velocity (V)
(Table 1). In addition, we calculated vibrational kinetic
energy, and Lamb-Moéssbauer factor directly from
S(E) using sum rules as reviewed by Sturhahn and
Chumakov, (1999). The agreement of both methods
within the accuracy of the data proves the validity of the
quasi-harmonic approximation in the pressure—temper-
ature range of this study. Debye temperatures in Table 1
were calculated from f;\ values. Values for the Debye
sound velocity were obtained from parabolic fits to the
low-energy region of the DOS (Hu et al. 2003). The
temperature effect on these parameters at 29 GPa is
shown in Fig. 5. For comparison, we employed Debye’s
model, and results are shown as lines in the figure. For
the vibrational contribution to entropy and specific heat,
there is a reasonable agreement between the obtained
data and those from the model at Debye temperature of
500 = 30 K (Figs. 5A,B). Debye’s model can also suc-
cessfully stretch the data points of the kinetic energy
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(Fig. 5C). Also plotted in Fig. 5C is the %kBT classical
limit. It can be seen that the kinetic energy approaches
the classical limit above the Debye temperature. The
mean force constant (Flg 5D) from the Debye model is
calculated by F, = 35 E 1303, where k = 7.31 A is the
wave vector of the 14 41 keV quanta; E, = W is the
recoil energy with M the mass of nuclear isotope.
The weak temperature dependence of the mean force
constant qualitatively agrees with a harmonic model for
the lattice vibrations. Data on mean force constant also
indicates that Debye temperatures slightly decrease with
increasing temperature. Figure SE shows data of the
average sound velocity (V,,) from the low-energy por-
tion of the DOS spectra. Using the molar volume data
by Uchida, et al. (2001), V,, is calculated from Debye
temperatures through the relatlon Op = 251. 20 V;V
where V is the molar volume in ¢n® and V,, in kms™.
Again, velocity data indicate that Debye temperatures
slightly decrease with increasing temperatures. This de-
crease is also evidenced from the Lamb-Mdssbauer
factor (Fig. SF) and the mean square displacement (Ax?)
These two parameters are related by

= ¢ ¥ In Debye’s model, the mean square
displacement (Ax?) is obtained by the relation (Marad-
udin et al. 1971):

9

6E, |1 T, [ «x
i dx
sl MH%)/a—l
0

(Ax?) =

(6)

It appears that Debye’s model describes the temperature
dependence of thermodynamic parameters moderately
well. This is not too surprising for the case of iron, for
which it can be assumed that all atoms are mechanically
equivalent and that lattice vibrations are well described
by acoustic phonons. The small decrease of 0p with
increasing temperature is related to anharmonicity
effects in the lattice. The Debye temperatures from
average sound velocity (the elastic 0p), heat capacity
(the calorimetric 0p), and the Lamb—M&ssbauer factor
are plotted in Fig. SH. The difference in Debye tem-
perature from various parameters decreases as temper-
ature increases, indicating a more Debye-like lattice at
higher temperatures.

Conclusions

Thermodynamic and elastic properties of o-Fe, y-Fe
and e-Fe phases have been studied using NRIXS at in
situ high pressures to 29 GPa and high temperatures to
920 K. Derived properties from the NRIXS data in-
clude phonon density of state, vibrational specific heat,
vibrational entropy, average kinetic energy, mean force
constant, the Lamb—-Mdssbauer factor, Debye temper-
ature, and average sound velocity. In this study, tem-
peratures were directly determined from the measured
NRIXS spectra by the ratios of intensities of the
phonon creation/annihilation side bands. It is found
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that the change in the phonon DOS caused by the
structural transition from a-Fe to e-Fe is small and not
resolvable within experimental precision. However, a
clear difference in lattice dynamics is observed for y-Fe,
with its phonon energies shifted to lower values with
respect to a-Fe and e-Fe. Consequently, y-Fe has
systematically lower Debye temperatures and average
sound velocities than e-Fe. Temperature dependence of
derived parameters for e-Fe at 29 GPa can be described
by Debye’s model moderately well, implying a Debye-
like lattice for e-Fe. The Debye temperatures that best
describe the data decrease slightly with increasing
temperature.
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