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Phonon Density of States Measured by Inelastic Nuclear Resonant Scattering
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The phonon density of states was measured by observing the nuclear resonant fluorescence of "Fe
versus the energy of incident x rays from a synchrotron radiation beam. An energy resolution of 6 meV
was achieved by use of high-resolution crystal optics for the incident beam. Extremely low background
levels were obtained via time discrimination of the nuclear fluorescent radiation.

PACS numbers: 63.20.—e, 76.80.+y

Knowledge of the dynamics of atomic motion has
been valuable in condensed matter physics [1]. It is
possible to obtain this information by measurement of
the phonon dispersion relation with slow neutrons or
monochromatic light, the latter with a very restricted
range in momentum transfer, along different directions of
a single crystalline sample [2,3]. The data can be used
to reconstruct the complete four-dimensional dispersion
surface once a specific model for the interatomic forces
has been chosen. The phonon density of states (DOS) is
then calculated from the reconstructed dispersion relation
[4]. In many cases of interest, single-crystal samples
are not available or it might be sufficient to know the
phonon DOS and not the complete dispersion relation.
This situation can be accommodated by collecting the
scattered neutrons over a large solid angle for those
elements with an appreciable cross section for inelastic
neutron scattering. The energy of the scattered neutrons
has to be determined, e.g. , by time-of-flight analysis, and
the selected neutrons have to be discriminated against
electronic scattering contributions and detector noise. The
scattering of x rays was considered as an alternative
method to analyze excitations in solids [5]. The x rays
interact predominantly with the electrons in the solids, and
vibrational excitations are accompanied by low energy
electronic excitations.

In the present Letter, we use a recently reported method
[6] that permits derivation of the phonon DOS directly
from the measured data. We observed the absorption
of x rays from the 14.4136-keV nuclear resonance of

Fe and the subsequent deexcitation by emission of K-
Auorescence radiation. Nuclear resonances that are low

in energy usually have a very narrow energy width,
4.66 neV for Fe. Considering inelastic scattering, we
may benefit from such a well-defined energy reference in
the lattice. This allows tuning the energy of the incident
x rays with respect to this resonance and not with respect
to the energy of the scattered particle, which then would
have to be determined. Furthermore, the deexcitation of
the nucleus by emission of a conversion electron followed
by fluorescence radiation takes place on a time scale of
the lifetime of the nuclear resonance, 141 ns for Fe.
If the nucleus is excited by pulsed synchrotron radiation,
the discrimination of nuclear resonant absorption from
the electronic contribution is very efficiently done by
counting only delayed fluorescence photons. Tuning the
energy of the incident synchrotron radiation with respect
to the nuclear resonance while monitoring the total yield
of the delayed fluorescence photons gives a direct measure
of the phonon DOS.

Nuclear resonances with low transition energies on the
order of 10 keV can be coherently excited by synchrotron
radiation with very high efficiency [7—9]. Besides the
precise determination of hyperfine interaction parame-
ters, these experiments permit determination of the Lamb-
Mossbauer factor [10,11]. The incoherent scattering from
a nuclear resonance was observed [12,13], but the signal
was too weak for further analysis. The probability of such
a process can be calculated from a self-correlation function
of the displacement of the nucleus. Similar self-correlation
functions were discussed earlier with respect to neutron
scattering [14] and with respect to effects on the line shape
of the nuclear resonance in Mossbauer transmission exper-
iments [15]. The quantitative analysis gives reasonable
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probability for the excitation of the nuclear resonance with
synchrotron radiation when the energy is tuned away by
an amount needed for creation or annihilation of phonons.
The arrival of a very short ((100 ps) synchrotron-radiation
Gash triggers the emission process of an inelastically scat-
tered photon or of a conversion electron and subsequent
fiuorescence radiation. In both cases the delay of this emis-
sion is on the order of the natural lifetime of the nuclear res-
onance. The discrimination of the delayed events, which
then signal the creation or annihilation of phonons from all
other scattering contributions, which are prompt in time,
is achieved by conventional timing methods. The energy
resolution in the phonon spectrum is determined by the en-
ergy bandwidth of the incident synchrotron radiation.

In the present experiment, the 14.4136-keV resonance
of the Mossbauer isotope Fe was employed because of
its large resonance cross section, the tolerable electronic
absorption in the materials used, and the convenient
lifetime. However, the method can be applied for any
nuclear resonance of nuclei in solids, liquids, or gases.

The experiments were performed at the undulator
beamline NE43 at the 6.5-GeV KEK-AR synchrotron
radiation facility in Tsukuba, Japan [16]. A high-heat-
load monochromator, which consists of two symmetric
silicon (111) reflections in a nondispersive setting, and
a high-resolution, nested monochromator, as described
earlier [17], were employed to achieve the required
energy resolution. The high-resolution monochromator
uses asymmetric silicon (422) and symmetric silicon
(106 4) reflections. The synchrotron radiation incident on
the Fe-containing sample had an energy bandwidth of
6 meV at 14.4136 keV. An avalanche photodiode (APD)
with an active area of 2 cm was used to detect the
emitted lluorescence radiation [18]. The photon Aux on
the sample was monitored with an ion chamber for proper
normalization of the data.

The time delay between the output pulses of the APD
detector and the bunch arrival signal that was derived
from the RF of the storage ring was measured. The
nonresonantly scattered radiation that appears promptly
with respect to the bunch arrival signal was eliminated by
counting in a time window of 30 to 600 ns after the arrival
of the synchrotron radiation fiash. The detector noise in
this time window was less than 0.03 Hz. The energy of
the incident radiation was tuned by rotating the (1064)
channel-cut crystal in steps of 1.55 meV. The samples
were mounted at a distance of =3 mm from the APD with
an inclination angle of =10 relative to the incident beam
providing good coverage of solid angle and illuminating a
large sample volume.

We observed phonon spectra from metallic foils of o. -

iron and stainless steel Fep 5g CI'p 25Nip 2 with thicknesses
of 10 and 30 p, m, respectively. In addition, phonon
spectra were taken from powder samples of strontium iron
oxide, SrFeO with x = 2.5, 2.74, 2.86, 3.0 and sample
thicknesses of about 100 p, m. The measurements were

conducted at room temperature (298 K), and the samples
were 95% enriched in Fe. The collection time for each
phonon spectrum ranged between 50 (stainless steel) and
100 min (SrFeO, ).

The main features of the observed phonon spectra are
an elastic peak and sidebands at lower and higher energy
(inset of Fig. 1). The elastic peak dominates the spec-
trum, as expected for solids with reasonable probability
for recoilless absorption. Photons with less energy can
excite the nuclear resonance by annihilation of a phonon
(low energy sideband). The high energy sideband cor-
responds to phonon creation. Phonon annihilation is pro-
portional to the temperature-dependent phonon occupation
number, whereas the creation of phonons- can also occur
spontaneously, which explains the observed asymmetry in
the spectra.

With the energy of the incident synchrotron radiation
shifted by F. relative to the nuclear resonance, the flux of
delayed K-fluorescence photons emitted in the full solid
angle is given by
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FIG. 1. The absorption probability density S(E), as given in
Eq. (2), is shown for n-iron (circles, dashed line) and stainless
steel (triangles, solid line). The elastic peak is removed as
described in the text. The inset shows the raw data.

I(E) = Iopo —. I S(E), (1)
1 + A 2

where Ip is the incident photon Aux, o. is the nuclear
resonant cross section, g& is the fluorescence yield, a, n&
are the total and partial internal conversion coefficients,
respectively, and I is the nuclear level width. The
effective area density of nuclei p also accounts for
absorption within the material. S(E) is the absorption
probability per unit of energy. We will give it in terms of
the quantum states ~y) and the displacement operator r of
the nuclear motion
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I (E)E dE—

(3)
The second term in this expression accounts for the
slight correction that is necessary if the measured inten-
sity I (E), instead of I(E) as given by Eq. (1), is used to
calculate the first moment. The resolution function R(E)
gives the energy distribution of the incident synchrotron
radiation and it is usually very close to being symmet-
ry. Therefore, the correction term becomes very small.
The phonon spectra are now easily normalized without
complicated calculations of p that would involve sample
geometry and composition. The pure phonon excitation
spectrum results after the central peak is removed by fit-
ting and subtraction. The normalized spectra of n-iron
and stainless steel after removal of the central peak are
shown in Fig. 1. The integrated spectra directly give the
recoilless fraction or Lamb-Mossbauer factor

1f = 1 —— I'(E)dE, (4)

where I' (E) denotes the phonon spectrum after removal
of the central peak. In contrast to Mossbauer transmission
spectroscopy [20] and synchrotron radiation Mossbauer

The sum is over those intermediate states that differ
by energies in the interval [E,E + dE] from the initial
state, and a thermal average is performed over the
initial state. k is the wave vector of the incident
radiation. S(E) is normalized to unity. Its value in
the wings of the phonon spectrum is estimated by 5 =
(1 —f)/2kiiT, where f is the recoilless fraction and
kpT is the thermal energy. In the present experiment,
typical values were f = 0.8, k&T = 25 meV, po. = 10,
I 5 = 2 X 10, and Io = 10 Hz. The estimated flux
of delayed fluorescence photons is then I = 103 Hz.
Further corrections for absorption in the sample, detector
efficiency, and coverage of solid angle finally lead to the
observed counting rates of -20 Hz.

In extracting S(E) from the measured data, one faces
the problem of determining p for each sample. Diffi-
culties occur because of the sharp increase in attenuation
of the incident synchrotron radiation at the nuclear reso-
nance. To illustrate the situation, we give the electronic
and nuclear contributions to the attenuation length in
the case of iron metal. The nuclear part is 0.09 p, m at
the elastic peak and takes an average value of 0.36 m in
the wings of the spectra. The electronic part is constantly
20 p, m. Therefore, for thick samples as in the present
experiment, the effective number of nuclei that partici-
pate in the scattering is strongly decreased at the nuclear
resonance and the elastic peak in the data is reduced in
height by an essentially unknown factor. This normal-
ization problem is solved by using the general property
of S(E) that its first moment equals the recoil energy
E~ = (6~k )/2M (1.94 meV for Fe) of the nucleus [19].
This relation permits a calculation of the integrated inelas-
tic spectrum A from the measured spectrum I„,(E),

1 1
R(E)EdE I (E) dE.
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(5)

The phonon DOS 23 (E) is proportional to the one-phonon
term in this expansion. Generally the ratio of the n-
and (n —1)-phonon terms is given by —(ln f)/n, which
results in a multiphonon contribution of less than 15%
for the present data. We deconvoluted the measured
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FIG. 2. The phonon DOS of different materials are shown.
(a) n-iron (circles, dashed line) and stainless steel (triangles,
solid line). (b) SrFeO with x = 3 (triangles, solid line),
x = 2.86 (diamonds, dashed line), x = 2.74 (rectangles, dotted
line), and x = 2.5 (circles, dashed-dotted line).

spectroscopy [11,21], Eq. (4) does not require specific
knowledge about isotopic abundance, shape or thickness
of the sample, resonant cross section, or hyperfine in-
teractions. The Lamb-Mossbauer factor of n-iron was
determined to be f = 0.805(3). From the phonon DOS,
as shown in Fig. 2, we calculated the recoilless fraction
at zero temperature to be fo = 0.9241(7) and a ratio of
f/fo = 0.871(4). This is in agreement with earlier results
of f/fp = 0.866(3) [11].

For further processing of the data, we assumed the
sample material to behave like a harmonic lattice with
well-defined phonon states. An expansion of S(E) in terms
of n phonon contributions is then straightforward [22]

S(E) = fB(0) + f g S„(E),
n=l
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spectra with the resolution function that was fitted to the
central peak and applied Eq. (5) to recover the phonon
DOS. The results are shown in Fig. 2. In the case of
n-iron, 23(E) shows several critical points as predicted
[2], although the features are smeared out, most likely
due to phonon lifetime effects. The structures above
45 meV are residuals that arise from the deconvolution
procedure. If the energy scale of the phonon DOS of
stainless steel is stretched by 8%, then the acoustic modes
exhibit strong similarities with those of n-iron. This
indicates a reduced coupling of about 16%, which might
be related to the change in local symmetry from bcc for n-
iron to fcc for stainless steel. Dramatic differences occur
in the phonon DOS of SrFeO while the system undergoes
structural changes from cubic perovskite for x = 3.0 to
tetragonal perovskite with vacancy ordering for x = 2.86
to orthohombic perovskite with vacancy ordering for x =
2.74 and finally to brownmillerritelike orthorhombic for
x = 2.5 [23]. Most striking are the persistent phonon
modes at 25 meV and the increase of soft-phonon modes
at 8 and 16 meV for the brownmilleritelike structure.

From the phonon DOS, we derived the vibrational con-
tribution to the specific heat at constant volume. For
n-iron, we determine a value of 23.8(3) J/Kmol. The
difference between this value and the thermometrically
determined value 25. 1 J/Kmol [24] is attributed to the
electronic contribution to the specific heat. It was mea-
sured as 1.5 J/K mol [25], which is in agreement with the
present evaluation.

In conclusion, we presented measurements of phonon
DOS by inelastic nuclear resonant scattering of syn-
chrotron radiation for a number of compounds. This
technique allows direct determination of phonon DOS for
small samples (=3 mg in the present experiment) with
excellent signal-to-noise ratio (S/N = 103) in a very short
time (several minutes at third-generation synchrotron
radiation sources). The energy resolution is variable
and can be reduced to —1 meV using crystal optics or
even to p, eV levels via nuclear resonant filtering of the
incident synchrotron radiation. The information that
can be derived from such measurements can be used to
support existing or develop new models for the inter-
atomic forces and for the coupling of phonons to other
quasiparticles. Thus, for example, vibrational entropies
and other thermodynamical properties of order-disorder
alloys can be studied and temperature-dependent phonon
spectra can provide data about the phonon interaction. In
addition, materials with noncrystalline structure, such as
glasses and liquids, can easily be investigated on the basis
of a trend analysis.
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