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Nuclear resonant scattering of synchrotron radiation by ¥’Os
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We performed nuclear forward and inelastic scattering of synchrotron radiation by elemental Os utilizing the
nuclear excited state of '8’Os which is otherwise inaccessible using any practical radioactive decay process. The
lifetime of the excited state, 3.06(8) ns, and the energy of the transition, 9.778(3) keV, are refined. The nuclear
quadrupole moment of the excited state, Q3,, = 1.46(10) b, is determined. The density of phonon states for
elemental Os, which is herein experimentally determined, suggests that the Os lattice is a model for the lattice
dynamics of hcp-Fe. The combination of the low energy of the nuclear transition and the large nuclear mass
leads to a high recoil free fraction, f, = 0.95(1), at room temperature, a large value that strongly supports the
viability of nuclear resonance scattering as a reliable method to study electronic, magnetic, and elastic properties

of Os compounds, including Os organometallics.
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I. INTRODUCTION

Along with its congeners iron and ruthenium, osmium is a
group-8 transition metal. It stands among the compounds with
the highest density, 22.59 g/cm?, and melting point, 3306 K
[1] and crystallizes in a hexagonal structure with symmetry
P63/mmec. In the metallic state Os has mainly drawn scientific
interest because of its unexpectedly high bulk modulus [2],
which is comparable to the bulk modulus in the covalently
bonded carbon in diamond, and because of a debated electronic
topological transition around 25 GPa [3].

No less than 11 oxidation states have been observed
for osmium in compounds or complexes, and within the
majority of them it appears in octahedral coordination [4].
Studies of the hyperfine interactions between the Os nuclei
and the host environment may provide information on the
electronic properties of Os compounds via the determination
of the isomer shift, the electric field gradient, as well as
the magnetic hyperfine field. Direct experimental techniques
such as nuclear magnetic resonance (NMR) or Mossbauer
spectroscopy can in principle be used as a local probe to
obtain this information. However, there are only two NMR
active isotopes for Os, namely '¥7Os and '®°Os. The NMR
signal from '87Os is difficult to observe because of its low
nuclear magnetic moment. The '3°Os nucleus has a quadrupole
moment in its ground state and yields very broad nuclear
magnetic resonances. Thus, currently only indirect NMR
detection of Os via proton coupling is carried out [5]. The same
Os isotopes are the most favorable energywise for performing
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Massbauer spectroscopy. Mossbauer spectra using '3?0Os have
been successfully measured by both the 36.2- and the 69.5-keV
nuclear transitions by Wagner et al. [6]. The short half-life of
the radioactive source of only 13 days makes such studies
impractical for the broader scientific community. Mossbauer
spectroscopy using '#7Os is inapplicable because no practical
radioactive source for this isotope exists.

The lattice dynamics in Os compounds is interesting mainly
because Os is isoelectronic in its valence d electrons with
Fe. In this respect the lattice dynamics and the functional
properties in fields like thermoelectricity [7,8], magnetism [9],
and superconductivity [10] can be tailored. Moreover, the
elastic properties of elemental Os are particularly interesting
because Os is a possible model for e-Fe (hcp) in studies related
to conditions in the Earth’s interior [11,12]. More importantly,
lately Os organometallic complexes have been reported to have
medical applications [13]. Knowledge of the lattice dynamics
in such compounds may help to correlate the differences in the
interatomic bonding with respect to the functionality of these
compounds.

In this study, we pave the way for lattice dynamical and
hyperfine characterization studies in Os compounds by nuclear
forward scattering (NFS) [14,15] and nuclear inelastic scatter-
ing (NIS) [16,17] using the low-lying nuclear level at 9.78 keV
of 370s. From our NFS data we were able to determine
the previously unknown nuclear quadrupole moment of the
first excited state. By utilizing a monochromator with 1-meV
bandpass we collected high quality NIS spectra. We present
the experimentally obtained density of phonon states (DOS)
of elemental Os and we provide feedback for refining the Os
potential in first-principle theoretical calculations for osmium
compounds. Comparison with the corresponding DOS in the
high-pressure, hcp, e-Fe phase indicates that ambient condition
Os is a model of Fe at high pressure. We further suggest that
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both nuclear forward and inelastic scattering spectroscopy
are strong candidates to become the major hyperfine and
lattice dynamical characterization techniques for osmium
compounds.

II. EXPERIMENTAL METHODS

The natural abundance of '3Os is ~2%. The nuclear spin
of 1870s is 1/2 in the ground state and 3/2 in the first excited
state [18]. The nuclear quadrupole moment of the ground state,
Q12,15 0 and for the first excited state, 032, is unknown. The
nuclear transition between the first excited state and the ground
state of '870s with transition energy of 9.78 keV is mainly of
magnetic dipole, M 1, origin. The mixing ratio with the electric
quadrupole, E2, is less than 0.04 [18]. The recoil energy is
very small, 0.274 meV, and makes possible NIS investigations
of most Os-based materials at ambient temperature. The
high internal conversion, with coefficient 280 [18], results in
sizeable delayed incoherent Os M,, fluorescence at 1.921 keV
that is difficult to detect due to absorption in the sample.

The experiment was carried out at the Nuclear Resonance
beamline ID18 [19] of the European Synchrotron Radiation
Facility. The storage ring was operating in 16-bunch mode
providing x-ray flashes every 176 ns. The optical elements
in the experimental setup were a Si (1 1 1) high heat load
monochromator (HHLM) [20] and a dedicated high-resolution
monochromator (HRM); see Fig. 1(a).

The sample, 7 mg of irregularly shaped polycrystalline
18705 grains with size distibution between 5 and 50 m and
98% enrichment, was distributed in an area of 10 mm? and
enclosed in Kapton tape. For both the NIS and NFS spectra
only the 9.78-keV radiation was monitored using avalance
photo diodes (APDs) [21].

The nuclear transition energy was determined using the
Si(111) HHLM. We measured the incoherent radiation
from the sample using a 10x10 mm?, 100-um-thick APD
placed 50 mm away from the sample in horizontal scattering
geometry. The energy E; of the nuclear transition was
found to be 9.778(3) keV, with calibration to the Zn K
edge at 9.66076(3) keV [22] close to the nuclear resonance
energy of '870Os, and the 3’Fe nuclear resonance energy at
14.412497(3) keV [23]. The energy of the transition was
independently checked versus the Er-L1 at 9.7578(11) keV
[24] and the Ta-L3 at 9.8767(12) keV [24] x-ray-absorption
edges and was found to be 9.7768(12) keV. The value of the
transition energy extracted in this study is in agreement with
the previously reported value, 9.756(19) keV [18] but more
accurate by an order of magnitude.

The design of a high-resolution monochromator with at
least 1-meV energy resolution is challenging for energies
below 10 keV [25,26] because the intrinsic Darwin width of
the highest-order reflections is relatively large, e.g., a single
Si(8 2 2) reflection has an energy width of 23 meV at9.78 keV.
For the high-resolution monochromator used in this study the
Yabashi et al. [27] scheme is adopted. We used two pairs of
asymetrically cut crystals both utilizing the Si(8 2 2) reflection
(0p = 82.11° at 9.78keV) in a (+ — —+) geometry. The
asymmetry parameter, |b| = |%| where a is the angle
between the surface and 6p is the Bragg angle, for the first
pair is 0.198 and for the second pair is 1/0.198 = 5.050. The
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FIG. 1. (Color online) (a) The experimental setup consisted of
three undulators (U), a Si(1 11) high heat load monochromator
(HHLM), a dedicated Si (82 2) high-resolution monochromator
(HRM) for scanning the energy, a sample (S) at ambient conditions,
a Si APD for measuring the incoherent radiation (INC) and three-
stacked Si APD for measuring the nuclear forward scattering (FWD).
(b) The energy bandpass of the Si (8 2 2) HRM measured by the FWD
detector (black points) in linear scale compared with the theoretically
calculated energy response function (red line). Inset: the same data
in logarithmic scale.

obtained photon flux after the HRM is 2.8 x 10°ph/s/meV at
90-mA storage ring electron current.

III. RESULTS AND DISCUSSION

The obtained HRM instrumental function is shown in
Fig. 1(b) together with the theoretical reflectivity calcu-
lated for a 10-urad divergent x-ray beam impinging on the
monochromator. The obtained full width at half maximum is
1.05(5) meV. The tails are narrow and decrease by nearly four
orders of magnitude within 6 meV. The experimental data
are in agreement with the theoretical calculations. A slight
discrepancy observed between the experimental data and the
theoretical calculations shown in logarithmic scale, see inset
to Fig. 1(b), might be related with either the misalignment of
the HRM or the quality of the crystals at the surface.

The time distribution of the incoherent spectrum was
measured between 10 and 40 ns, see Fig. 2(a), and reveals an
exponential decay. The fit of the data with a simple exponential
function, I(¢) = Iye™/™, where 1y is the lifetime of the excited
state yields a lifetime of 3.06(8) ns close to the tabulated value
of 3.43(25) ns [18].

The NFS data were measured between 7 and 40 ns, see
Fig. 2(b), with a count rate of 30 Hz. The NFS data show clear
oscillations in addition to the usual exponential decay which
stem from the electric hyperfine interaction. The electric-field
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FIG. 2. (Color online) (a) The time distribution of the delayed
incoherent scattering obtained on resonance by '¥’Os metal (black
points) and the fit between 10 and 40 ns using an exponential decay
(red line) to obtain the lifetime of the excited state, t; see text.
(b) The time distribution of the delayed coherent scattering obtained
on the same sample and the corresponding fit to obtain the nuclear
quadrupole spliting, Q3,,; see text.

gradient eq in osmium, eq = 0.89(8)x 10'® V/cm?, was mea-
sured by Wagner et al. [6]. However, the nuclear quadrupole
moment of the excited state, 03/, is unknown. The small
effective thickness [28] of the sample, & = 0.34(11), allows us
to fit the data with a simple analytical expression:

AEQ t i
l_‘() To v '
(H

where AEg = (e/2) - eq - Q3> s the quadrupole splitting, e is
the absolute value of the electron charge, I'y = 0.217(6) ueV
is the natural linewidth, K is related to the grain size
distribution, and ¢ denotes the shift of the beats due to the
effective thickness. A similar equation was used to analyze
NFS spectra [15] utilizing the corresponding 1/2 — 3/2
nuclear transition in *Fe.

The NFS spectrum shown in Fig. 2(b) is fitted between 7
and 25 ns with the formula given by Eq. (1) and the obtained
value of the quadrupole splitting is AEgy = 0.65(4) ueV.
Notably the observed oscillations are resolvable because
the quadrupole splitting is larger than the natural linewidth,
3.0(2)T"y, and allows us to calculate the nuclear quadrupole
moment of the excited state O3/, = 1.46(10) b.

The NIS spectra of Os metal were recorded at 295 K in
8 h between —20 and 35 meV with respect to the '37Os
transition energy. It is evident from the exponential decay
that extending the measurement of the incoherent spectra to
earlier time than 10 ns would allow a significant increase in
the obtained count rate. The development within reach of a
faster detection scheme starting at 1 ns would allow ten times
faster acquisition, i.e., the NIS spectra in this study would be
collected within less than an hour.

The DOS, g(E), for Os, see Fig. 3, was obtained by
employing the double Fourier transformation as implemented
in the software DOS [29]. The Os DOS shows a Debye-like

I(t) x exp(—(] + é/2)ri> |:1 + Kcos(
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FIG. 3. (Color online) Os density of phonon states measured
using nuclear inelastic scattering (black points) at 295 K; for clarity a
dashed line connects the points and typical error bars are given. The
theoretically calculated density of phonon states obtained by Ref. [30]
(blue line). The density of phonon states of ¢-Fe at 25 GPa obtained
by Mao et al. [39] (yellow area and black line). Inset: The Debye
level calculated between 5 and 11 meV (red line) from the data in the
Debye representation.

behavior up to 11 meV. A clear peak is observed between 26
and 27 meV followed by a sharp cutoff at 28 meV.

Several first-principle calculations on the lattice dynamics
of elemental Os exist in the literature [30-34] in relation
with the thermodynamic properties and the existence of
an electronic topological transition around 25 GPa [3]. The
experimental DOS obtained herein at 295 K is compared with
the ab initio theoretical calculations by Ma et al. [30]. The
shape of the experimental DOS is reproduced by the theory,
however, the energy axis of the theoretically calculated DOS
should be stretched by 12%, in order to match the experimental
cutoff energy; see Fig. 3. Better agreement in the cutoff energy
obtained by the provided phonon dispersion relation is found in
a report where relativistic corrections and spin-orbit coupling
were included [31].

A series of thermodynamic parameters is obtained by
weighted integration of the DOS [29]. The recoil-free fraction,
known as the Lamb-Mossbauer factor, fi s, for Os at room
temperature is 0.95(1). Such a high f; ), is comparable only
with the f; 4 in Ta using the '8/ Ta transition at 6.214(2) keV
[35]. The Debye speed of sound, up, can be extracted from
limEeo%. The Debye representation of the DOS is fitted
with a zero slope line between 5 and 11 meV, see inset to
Fig. 3, and the obtained limEQO% is 5.3(6) x 107 meV 3,
The extracted Debye speed of sound at room temperature is
up = 3.58(14) km/s. The longitudinal, u; = 5.747 km/s, and
transversal, uy = 3.425 km/s, speed of sound measured in a
polycrystalline Os-metal sample at 300 K by Pantea ez al. [36]
result in an average Debye speed of sound up = 3.791 km/s,
close to the speed of sound extracted herein. The mean force
constant for Os is obtained from the second moment of the
DOS and is 335(5) N/m. Diamond and osmium have similar
bulk moduli [2]. The mean force constant in Os metal is
almost half of the interatomic mean force constant of carbon
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in diamond, i.e., 775 N/m [37]. This is expected because the
covalent bonding in diamond is stronger than the metallic
bonding in Os metal.

Os and Fe are isoelectronic in d valence electrons, but, at
ambient conditions Fe crystallizes in bcc and Os in the hep
structure. At room temperature under application of 15 GPa
bee (a-Fe) transforms to hep (e-Fe). The mass ratio between Fe
and Os is (Mr <)1/2 = 1/1.81 and the lattice parameters ratio in

the hep structure s 4£<236P) — ¢, f(ZSGPa) = 1/1.1. According
to the mass homology relatlon [38] ‘the Fe vibrational modes
with energy Ep, should be energy-compressed in order
to match the vibrational modes of Os with energy Eoq
with a compression constant, g” =1/1.81x1.1) =1/1.99.
Figure 3 shows in addition to thé Os DOS obtained herein the
&-Fe DOS obtained at 25 GPa by Mao et al. [39]. The main
features in the DOS of Os are reproduced and thus elastically
Os is a model for e-Fe at ambient conditions. In order to match
the phonon cutoff energy of Os DOS the energy axis of the
&-Fe DOS should be compressed by 1.55. This is ~22% lower
compared with the energy compression constant indicated by
the mass homology relation. Such a difference might only be
explained by a slight difference in bonding between ¢-Fe and
Os. The mean force constant calculated from the DOS in ¢-Fe
at 25 GPa is, 235 N/m, indeed lower than the corresponding
in Os.

IV. CONCLUSIONS

In summary, we have studied the nuclear forward and
inelastic scattering of synchrotron radiation by the low-lying
nuclear level of '87Os in Os metal. We refined the energy
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of the transition, 9.778(3) keV, and the lifetime of the first
excited state, 3.06(8) ns. In addition, we have determined
the previously unknown nuclear quadrupole moment of the
first excited state, O3/, = 1.46(10) b. We carried out nuclear
inelastic scattering spectroscopy with a 1-meV resolution
and extracted the density of phonon states in Os metal. We
provide a basis for refining the Os potential in first-principle
theoretical calculations for osmium compounds. We indicate
that from a lattice dynamics perspective Os is a model
of Fe at high pressure with minor differences in the local
environment. As measurements of hyperfine interactions in Os
compounds are practically not feasible using both Mossbauer
and NMR spectroscopy, we suggest that nuclear forward
scattering is a viable promising technique for measuring
the hyperfine interactions in Os compounds, including Os
organometallics.
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