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Abstract
We have succeeded in precisely determining the hyperfine interactions, particularly the iso-
mer shifts, in the 149Sm Mössbauer transition. The difference in the nuclear radii between
the ground and excited states is critical for the determination of isomer shifts but is relatively
small in 149Sm. Therefore, the precise determination by 149Sm Mössbauer spectroscopy is
difficult. The recent development of synchrotron-radiation-based Mössbauer spectroscopy
allows the isomer shifts to be determined more precisely than previously with the help of
wellcollimated synchrotron radiation. In particular, the time-window effect assists the pre-
cise determination of hyperfine interactions in the 149Sm Mössbauer transition because this
effect enables us to measure spectra with higher energy resolution than natural linewidth
determined by the lifetime of the excited states. Meanwhile, highenergy-resolution mea-
surements to determine center shifts by SR-based Mössbauer spectroscopy enable us to
observe the second-order Doppler shift, which has not been discussed, particularly for
heavy Mössbauer nuclei. We have discussed the precise determination of isomer shifts and
the observation of the second-order Doppler shift using 149Sm synchrotron-radiation-based
Mössbauer spectroscopy.

Keywords Synchrotron-radiation-based Mössbauer spectroscopy · Isomer shift ·
Second-order Doppler shift · 149Sm Mössbauer effect · Time-window effect

1 Introduction

Hyperfine interactions are useful for understanding the physical and chemical properties
of materials from a microscopic viewpoint. Since a hyperfine interaction is represented as
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a product of electronic and nuclear terms, the precise determination of hyperfine interac-
tions depends on the nuclear nature of probe nuclei as well as the energy or time resolution
of the spectrometers used to investigate the physical and chemical properties of materi-
als: the nuclear Zeeman splitting is the product of the nuclear magnetic moment and the
hyperfine magnetic field reflecting the electronic magnetic moment; the nuclear quadrupole
interaction is the product of the nuclear quadrupole moment and the electric field gradient
due to chemical bonding, the occupation of the electronic orbit and so forth. Material sci-
entists use the nuclear parameters of probe nuclei such as the nuclear magnetic moment,
nuclear quadrupole moment and so on as constants for measuring spectra. To investigate
the physical and chemical properties of materials, therefore, more precise measurements are
required to determine the magnitude of hyperfine interactions, when the nuclear parameters
are smaller.

Mössbauer spectroscopy is a useful technique for investigating hyperfine interactions
that employs a nuclear transition through the Mössbauer effect. The precise determination
of observed hyperfine interactions depends on the lifetime of the excited states in the probe
nuclei as well as the nuclear parameters mentioned above. In Mössbauer spectroscopy, the
lifetime of the excited states provide a limit to the energy resolution with which the hyper-
fine interaction can be observed because of the uncertainty principle. Therefore, the precise
determination of hyperfine interactions is also affected by the nuclear nature of the lifetime.
In 149Sm Mössbauer spectroscopy, which is useful for investigating the physical and chem-
ical properties of various Sm compounds in a wide temperature range, the determination of
the isomer shift and quadrupole interaction may be affected by the nuclear nature of 149Sm.
The natural linewidth determined by the lifetime of the excited state, 11.0 nsec, is 1.60 mm
/ sec. This value is larger than the difference in the isomer shift values between the Sm2+
and Sm3+ states, ˜0.9 mm / sec between SmF2 and SmF3 for example [1, 2]. Meanwhile,
the nuclear quadrupole moments in both the ground state (Igd = 7/2) and excited state
(Iex = 5/2) are small.

In conventional Mössbauer spectroscopy using a radioactive source, the limit of the
energy resolution with which the hyperfine interaction can be observed in principle depends
on the lifetime of the excited state in the probe nuclei except in coincidence methods [3]. In
addition, when Mössbauer spectra are measured with radioactive sources, the geometrical
effects in spectrometers are not negligible because nuclear γ -rays are emitted isotropically.
To determine the hyperfine interactions precisely observed by Mössbauer spectroscopy,
consideration of the nuclear nature in the probe nuclei and the measuring geometry is
required. Meanwhile, synchrotron radiation (SR) sources allow us to use well-collimated
X-rays. In this sense, an SR source makes it possible not to change the nuclear nature but to
improve the measuring geometry due to well-collimated X-rays produced by SR source.

Here, we briefly mention the importance of the 149Sm Mössbauer transition for material
science. Sm is an attractive element in solid state physics as well as an important element in
permanent magnets as an industrial application. Sm has valence degrees of freedom, which
are not allowed in all rare-earth elements, as well as magnetic degrees of freedom. 149Sm
Mössbauer spectroscopy using radioactive sources was established [4, 5] and first applied
to the investigation of magnetism [6, 7] more than a half century ago. Recently, the valence
degrees of freedom in Sm have become of interest to material scientists because of the dis-
covery of unconventional heavy fermion behavior as a quantum critical behavior from the
viewpoint of solid state physics [8–10]. Our recent studies using X-ray absorption spec-
troscopy (XAS) suggest that the valence degrees of freedom are important for understanding
the heavy fermion behavior in some Sm intermetallics, suggesting that the Sm valence is
fluctuating [11–13]. However, since the time window in XAS measurements is PHz order
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[14, 15], it is difficult to conclude that the valence fluctuates only from XAS measure-
ments. Since the time window in Mössbauer spectroscopy is MHz or GHz order [16, 17],1

depending on the magnitude of the hyperfine interactions, it is useful for discussing the fluc-
tuation originating from electronic states such as the valence fluctuation behavior through
the hyperfine interaction.

The development of nuclear resonant scattering techniuqes enables us to perform
Mössbauer spectroscopy in the energy domain using an SR source [18]. Since most of the
incident X-rays are scattered by electrons, pulse X-rays with a certain time interval are
required to distinguish the weak signals of nuclear resonant scattering, known as Mössbauer
resonance using the SR source, from strong signals of electronic scattering. The X-rays
provided by SR facilities are pulsed X-rays. To effectively observe signals from nuclear res-
onant scattering with X-rays provided by SR facilities, the choice of the X-ray pulse interval
is an important factor, which depends on the lifetime of the probe nuclei. It is necessary
to choose an operation appropriate to the lifetime of the excited state in the probe nuclei,
even when SR-based Mössbauer spectroscopy is performed. This technique also enables us
to measure Mössbauer spectra with higher energy resolution than the resolution limit of the
natural linewidth in the energy defined by the lifetime of the excited state in the probe nuclei
[19]. Concerning the 149SmMössbauer transition, the methodology of SR-based Mössbauer
spectroscopy has been established [20]. In this study, 149Sm2O3 at room temperature was
chosen as an analyzer. To achieve good detection efficiency, the 149Sm2O3 analyzer and an
avalanche photodiode (APD) were installed in the same vacuum chamber In addition, the
spectral change due to the time-window effect in signal detection was investigated. In the
present work, we have succeeded in observing the second-order Doppler shift in a relatively
heavy nucleus of 149Sm, which has not been previously discussed, as well as the precise
determination of isomer shifts in SmBe13, SmTi2Al20 and SmB6 using 149Sm SR-based
Mössbauer spectroscopy.

2 Spectral simulation and estimation of signal intensity

2.1 Spectral shape and linewidth

A spectral simulation was carried out assuming the same parameters in Sm2O3 except for
the distributed nuclear levels: the thickness of the sample is 200 μm; the isotropic ratio
of 149Sm is the natural abundance of 13.9%; the recoil-free fraction of the sample is iden-
tical to that of Sm2O3 at 300 K of 0.42 [21]. Since the spectral shape in SR Mössbauer
spectroscopy is affected by the operation mode of the SR facilities, we consider the 203
bunch operation, 4-bunch x 84train operation and 11-bunch x 29-train operation of SPring-8
(http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes), all of which are
fully available for nuclear resonant scattering as shown in Table 1. The time structure of
the X-ray pulses in each operation is shown in Fig. 1. The spectral shape is affected by the
time window used for measurements, i.e., the starting time and stopping time, as well as the

1A typical treatment of the fluctuating hyperfine interaction has been previously reported [16, 17]. Since the
hyperfine interaction observed is usually as much as neV or less than μeV, the time window in Mössbauer
spectroscopy is of MHz or GHz order. This coincidentally and approximately agrees with the lifetime of
the excited states in Mössbauer isotopes. Although the equation given in a previous treatment [16, 17] is
independent of the lifetime of the excited states, it is sometimes said that the time window of Mössbauer
spectroscopy is equal to the lifetime in a rough estimation.

http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
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Table 1 Parameters in SPring-8 user operations for SR-based Mössbauer spectroscopy (http://www.spring8.
or.jp/en/users/operationstatus/schedule/bunchmodes)

Operation mode Number of bunches
in a train

Interval of single bunches
or trains (nsec)

Ring current (mA)

203 bunches 1 23.6 100

4-bunch × 84 train 4 51.1 100

11-bunch × 29 train 11 145.6 100

Note that interval between the bunches in each train is 1.97 nsec

Fig. 1 Time structure of X-ray pulses in each operation mode of SPring-8 (http://www.spring8.or.jp/en/users/
operationstatus/schedule/bunchmodes). The current in mA corresponds to the intensity of the X-ray pulse as
a function of time in nsec.

operation mode of the SR facilities. Here, we define the starting time as the time when the
signals of nuclear resonant scattering start to be measured after last X-ray pulse comes and
the stopping time as the time when the measurement of the signals stops. The time window
is defined as the time during which signals of nuclear resonant scattering are measured. In
the present work, although the stopping time was fixed as the time immediately before the
next X-ray pulse comes, the starting time was varied to change the energy resolution of

http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
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Fig. 2 Operation mode and time-window dependence of simulated spectra in 149Sm SR-based Mössbauer
spectroscopy

the spectral measurements and/or the detection efficiency of the signals of nuclear resonant
scattering.

The simulated timewindow dependences of the spectral shape under the 203-bunch
operation the 4-bunch× 84 train operation and 11-bunch× 29-train operation of SPring-
8 are shown in Fig. 2a, b, c, respectively. As reported in Ref. [20], the spectral linewidth
in the 11-bunch× 29-train operation is narrower than that in the 203-bunch operation
for the same starting time, with that in the 4-bunch× 84 train operation between those
of the 203-bunch and 11-bunch× 29-train operations (http://www.spring8.or.jp/en/users/
operationstatus/schedule/bunchmodes). Meanwhile, the starting-time dependence of the
spectral linewidth is qualitatively similar between the 203-bunch and 11-bunch× 29-
train operations in SPring-8. The resonance linewidth becomes increasingly narrower as
the starting time becomes later. The background oscillation and tail structure become
increasingly complicated in all cases. The background oscillation is more apparent in the
203-bunch operation, whereas the tail structure is steeper in the 11-bunch× 29-train oper-
ation (http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes). However,
the peak position, which is important for discussing the hyperfine interaction, is insensi-
tive to the time-window effect in spite of the changing peak shape. These simulation results
demonstrate that the time-window effect of SR Mössbauer spectra is very useful for pre-
cisely determining the hyperfine interaction, regardless of the operation mode in the SR
facility.

We also consider the startingtime dependence of the spectral linewidth in our simulation
results for the sample shown in Fig. 2. When simulated spectra are fitted with a single
Lorentzian function to determine the linewidth of the resonance absorption, the startingtime
dependence of the simulated spectra in each operation mode shown in Fig. 3 is obtained.
The startingtime dependence of the spectral linewidth is stronger in the 203-bunch operation
than in the other operations. The spectral linewidth exponentially decreases with increasing
starting time. Since the interval between each X-ray pulse is 23.6 nsec in the 203-bunch
operation, measurement with a starting time later than 24 nsec is impossible. When we set
the starting time to 21 nsec, the signal rate is predicted to be very limited in the 203-bunch

http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
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Fig. 3 Plots of linewidth against starting time for counting signals of 149Sm SR-based Mössbauer spectra in
various SPring-8 operation modes. Linewidths were obtained by the spectral analyses of simulated spectra
shown in Fig. 2 using a single Lorentzian function. The dashed line depicts the natural linewidth of the 149Sm
Mössbauer resonance

operation of SPring-8, resulting in very limited signal rates. As shown in Fig. 3, the spectral
linewidth obtained in the 203bunch operation is close to that in the 4-bunch× 84train and
11-bunch× 29-train operations. The linewidth obtained from the data for the 4-bunch× 84-
train operation is between those obtained for the 203bunch operation and 11-bunch× 29-
train operation. The linewidth also depends on the sample thickness as has been observed
in conventional Mössbauer spectroscopy using both radioactive and SR sources.

2.2 Detection efficiency

The detection efficiency of signals is also an experimentally important factor in the mea-
surement of spectra. Since the intensity of nuclear resonant signals exponentially decays as
a function of time after the excitation of nuclei by X-rays, the operation mode dependence
of the detection efficiency should be considered when carrying out SR-based Mössbauer
spectroscopy. We estimated the detection efficiency of signal rate in SR-based Mössbauer
spectroscopy when the time window used for signal detection is open as wide as possible in
each operation.

The detection efficiency of nuclear resonance signals in the three operation modes
of the 203-bunch operation, 4-bunch× 84 train operation and 11-bunch× 29-train opera-
tion (http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes) is shown in
Table 2 assuming the absence of multiple excitations in the nuclear resonance. The detection
efficiency is nearly identical for the 203-bunch operation and 4-bunch× 84train operation
and much higher than that for the 11-bunch× 29-train operation. When we consider both
the linewidth and detection efficiency, the 4-bunch× 84-train operation is the best mode for
carrying out 149Sm SR-based Mössbauer spectroscopy. When the time window is reduced
to reduce the linewidth for a high-energy resolution setup, the signal rate for the SR-based
Mössbauer spectroscopy can be reduced by setting the starting time later. When the starting
time is chosen to be after 20 nsec in 4-bunch× 84-train or 11-bunch× 29train operation, the
simulation results suggest that higher energy resolution can be achieved in 149Sm SR-based
Mössbauer measurements.

http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
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Table 2 Operation mode dependence of detection efficiency in 149Sm SR-based Mössbauer spectroscopy
when the signals from nuclear resonant scattering are taken at 7 nsec after the last X-ray pulse comes into
detector. Detection efficiencies were normalized by that for the 11-bunch x 29-train operation in SPring-8
(http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes)

Operation mode in SPring-8 Normalized detection efficiency

203-bunch operation 1.7

4-bunch x 84-train operation 1.6

11-bunch x 29-train operation 1

3 Experimental results

3.1 Experimental procedure

149Sm SR-based Mössbauer spectroscopy was carried out at BL09XU in SPring-8. The
details were reported in Ref. [20]. A high resolution monochromator (HRM) which consists
of Si(4 2 2) and Si(16 8 8) crystals is located after the Si(1 1 1) doublecrystal monochro-
mator in the beamline. The HRM improves the signal to noise ratio and reduces the energy
band-width of X-ray to 1.5 meV at 22.507 keV. Measured samples were located in the
upstream of the beamline at a distance of about 7 m from the 149Sm2O3 analyzer. In addi-
tion, the installation of a detector into the vacuum chamber that includes the 149Sm2O3
analyzer mounted on a velocity transducer improves the counting rate of nuclear reso-
nant signals owing to the detection of internal conversion electrons as well as resonant
X-rays [22].

As discussed in the previous section, the 4-bunch× 84-train operation is the best
operation for 149Sm SR-based Mössbauer spectroscopy from the viewpoints of scat-
tering intensity and linewidth (http://www.spring8.or.jp/en/users/operationstatus/schedule/
bunchmodes). In the present work, the 4-bunch× 84-train operation was chosen to perform
149Sm SR-based Mössbauer spectroscopy on several compounds.

3.2 Experimental results for SmBe13 and SmTi 2Al20

SmBe13 and SmTi2Al20 are magnetic compounds: SmBe13 undergoes an antiferromagnetic
ordering at 9 K [23]; SmTi2Al20 also undergoes an antiferromagnetic ordering at 6 K [9,
24]. Magnetic susceptibility measurement of SmBe13 demonstrates that the Sm valence
state is a purely trivalent state [25] and that of SmTi2Al20 suggests that the Sm valence state
is an intermediate state between divalent and trivalent states [9]. The Sm valence state in
SmTi2Al20 has been confirmed as an intermediate, which is also confirmed by XAS [13]. A
common feature of these compounds is their cubic symmetry at the Sm site [25–28], which
indicates the absence of nuclear quadrupole interactions in these compounds. In the present
work, 149Sm SR-based Mössbauer spectroscopy was performed on SmBe13 and SmTi2Al20
at various temperatures with a high-resolution setup using the time-window effect.

Figure 4a and b respectively show 149Sm SR-based Mössbauer spectra of SmBe13 and
SmTi2Al20 in their paramagnetic states. The SR-based Mössbauer measurements were car-
ried out with a high energy-resolution setup, whose starting time was chosen as 20 nsec. The
observed spectra reflect cubic symmetry at the Sm site: single line spectra were observed

http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
http://www.spring8.or.jp/en/users/operationstatus/schedule/bunchmodes
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Fig. 4 149Sm SR-based Mössbauer spectra of a SmBe13 and b SmTi2Al20 at various temperatures in their
paramagnetic states

in their paramagnetic states. As expected from the results of magnetic susceptibility mea-
surements, the spectra at 300 K demonstrate that the Sm valence state in SmTi2Al20 is an
intermediate valence state or that it fluctuates between the Sm2+ and Sm3+ states, whereas
that in SmBe13 is a purely Sm3+ state. Spectral analyses with a single Lorentzian func-
tion provide the temperature dependence of the center shift in each compound. The center
shift in both compounds exhibits a linear temperature dependence as shown in Fig. 5. These
experimental findings suggest that the valence states in both compounds exhibit tempera-
ture dependence but disagree with the previous results based on magnetic susceptibility [9,
23, 25] and XAS [13], if the center shifts in these compounds are affected only by the Sm
valence state.

In general, the center shift is connected with both the isomer shift due to the valence states
and the second-order Doppler shift due to phonons. Since the second-order Doppler shift in
heavy nuclei such as 149Sm has been seldom discussed, change in the center shift value in
heavy nuclei is usually recognized as that in the valence state. Considering the small differ-
ence in the isomer shift between Sm2+ and Sm3+ states in the 149Sm Mössbauer effect as
well as the experimental results based on magnetic susceptibility and XAS measurements,
the contribution of the second-order Doppler shift to the center shift is worth considering
when the temperature dependence of the center shifts in SmBe13 and SmTi2Al20 is inter-
preted. In particular, the disagreement between the present work and previous magnetic
susceptibility and XASmeasurements infers that the effect of the second-order Doppler shift
is not negligible. Since the Sm valence state in SmBe13 is expected to be a purely trivalent
state from the magnetic susceptibility measurement [23, 25], no temperature dependence of
the Sm valence state is expected. The temperature dependence of the Sm valence state in



Hyperfine Interact (2018) 239: 50 Page 9 of 16 50

Fig. 5 Temperature dependence of center shift in 149Sm SR-based Mössbauer spectra of SmBe13 and
SmTi2Al20. Solid lines are the fitting results for each compound. The dotted line shows slope of the limit at
high temperature

SmTi2Al20 was also unexpected because the XAS spectra show no temperature dependence
[13]. However, linear temperature dependence of the center shift was observed for both
SmBe13 and SmTi2Al20 as shown in Fig. 5. In this sense, the contribution of the change in
the isomer shift to the center shift can be excluded when explaining the linear temperature
dependence of the center shifts observed in both SmBe13 and SmTi2Al20. In other words,
the linear temperature dependence could be caused by the second-order Doppler shift.

3.3 Experimental results for SmB6

SmB6 is known as a valence-fluctuating system. Mössbauer spectroscopy on SmB6 was
first performed about a half century ago [1, 2]. These works suggest that the Sm valence
state is between the Sm divalent and trivalent states but the isomer shift exhibits no temper-
ature dependence. The previous reported spectra of SmB6 at various temperatures suggest
the absence of a nuclear quadrupole interaction reflecting the cubic symmetry at the Sm site
[29]. Meanwhile, the Sm valence state estimated by XAS measurements and from its ther-
mal expansion including neutron diffraction suggested that the Sm valence state in SmB6
exhibits temperature dependence [30–32]. These results contradict the previous results
obtained byMössbauer spectroscopy. Since the natural linewidth of 149SmMössbauer effect
is too broad to discuss the precise Sm valence state in Sm compounds as mentioned above,
such a natural linewidth and/or geometrical effect in measurements might have prevented
the detection of the temperature dependence of the isomer shift in the previous studies.
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Fig. 6 149Sm SR-based Mössbauer spectra of polycrystalline SmB6 at various temperatures. Solid curves are
fitting results obtained using a Lorentzian function

149Sm SR-based Mössbauer spectra of SmB6 obtained using a polycrystalline sample
are shown in Fig. 6. The SR-based Mössbauer measurements were carried out with a high
energy-resolution setup, whose starting time was chosen as 20 nsec. All the spectra were
successfully fitted with a single Lorentzian function except for the tail of the resonant
absorption owing to the time-window effect. This spectral analysis provides the temper-
ature dependence of the center shift as shown in Fig. 7. Unlike the previous results of
149Sm Mössbauer spectroscopy [1, 2], the evident temperature dependence of the center
shift can be seen in SmB6. This may have been caused by the wellcollimated beam of SR
X-rays as well as the high-resolution measurements based on the time-window effect in SR-
basedMössbauer spectroscopy. The observed temperature dependence has steplike behavior
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Fig. 7 Temperature dependence of center shift in 149Sm SR-based Mössbauer spectra of SmB6 obtained
using a powder sample. The dotted curve represents a calculation based on the Einstein model

below about 180 K. However, the characteristic temperature based on the center shift is dif-
ficult to explain only from the temperature dependence of the Sm valence state estimated
by XAS measurements [30]. The characteristic temperature estimated by XAS measure-
ments is about 140 K, in agreement with the temperature at which anomaly in the thermal
expansion was observed in neutron diffraction experiments. Therefore, as discussed in the
results for SmBe13 and SmTi2Al20, the contribution of second-order Doppler shift to the
center shift appears to be essential to interpret the experimental results for SmB6. When we
considered the effect of the second-order Doppler shift on the center shift, the characteristic
temperature of the Sm valence state estimated from the center shift agreed well with that
estimated by XAS measurements as shown in Fig. 7.

We also measured a single-crystalline SmB6 sample. The thickness of the measured
sample was 200 μm. The incident X-rays were parallel to the [1 0 0] direction. In this
measurement, we found a fine structure in the peaks as shown in Fig. 8. The fine struc-
ture was caused by the difference in the transition probability between a powder pattern
and a single-crystalline one, but the origin of the fine structure owing to observation of
nuclear quadrupole interaction, several Sm valence states and so forth has not yet been con-
firmed. Assuming that the fine structure is caused by the nuclear quadrupole interaction
corresponding to the transition from the 7/2 state to the 5/2 state in the 149Sm Mössbauer
transition, we successfully fitted the results using a set of eight Lorentzian functions. Under
this assumption, the temperature dependence of the center shift agrees with the results using
a polycrystalline sample except for a shift due to the consideration of the nuclear quadrupole
interaction. The origin of the nuclear quadrupole interaction is perhaps the electric field
gradient produced by an electronic quadrupole moment or the orbital occupancy of Sm 4f
electrons, but this has not yet been clarified. This nuclear quadrupole interaction does not
exhibit any temperature dependence.

4 Discussion

When the second-order Doppler shift is calculated using the Debye and Einstein models
based on the 149Sm Mössbauer resonance, the temperature dependence is very close to that
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Fig. 8 149Sm SR-based Mössbauer spectra of single-crystalline SmB6 at various temperatures. Solid curves
are fitting results obtained using a set of eight Lorentzian functions

obtained with each model as shown in Fig. 9 except for the difference between the Debye
and Einstein temperatures. The second-order Doppler shift exhibits a linear temperature
dependence, which is a typical behavior as the high temperature limit for each Mössbauer
nucleus, as shown in Fig. 9. Although we have no information on the phonon dispersion or
the lattice dynamic parameters such as the Debye or Einstein temperature for SmTi2Al20,
the phonon dispersion relation and the Einstein temperature at the Sm site are known for
both SmBe13 and SmB6: the Einstein temperature at the Sm site in SmBe13 has been esti-
mated to be about 150 K by X-ray diffraction [27] and inelastic X-ray scattering [33]; the
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Fig. 9 Calculation of the second-order Doppler shift using a Debye and b Einstein models based on 149Sm
Mössbauer transition. The calculation was performed at interval of 50 K of the Debye or Einstein temperature.
Bold curves correspond to Debye or Einstein temperatures of 100, 200 and 300 K

Fig. 10 Temperature dependence of center shift in SmBe13. The dotted curve represents the result calculated
with the Einstein model

Einstein temperature at the Sm site in SmB6 is 100 K [34, 35]. This means that more detailed
discussion is possible for SmBe13 and SmB6.

The temperature dependence of the center shift in SmBe13 is simpler than that in SmB6
because Sm valence state expected to be unchanged as a function of temperature Linear
temperature dependence above 100 K demonstrates that the Sm valence state is unchanged
as expected from macroscopic measurements [23, 25]. Since the linear dependence of the
center shift was observed in the whole temperature region of the paramagnetic state, the
observed deviation from the calculated curve based on the Einstein model shown in Fig. 10
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implies that the hybridization between 4f and conduction electrons might be important
when considering the ground state of SmBe13. On the other hand, although the tempera-
ture dependence of the Sm valence state is more complicated in SmB6 than in SmBe13, the
interpretation of the temperature dependence is much simpler for SmB6 than for SmBe13.
When we attempted to fit the observed data with a calculated curve based on the Einstein
model in high-temperature region, higher than 100 K, the deviation from the calculated
curve was caused by the change in the Sm valence state as discussed for the previous XAS
and neutron diffraction results shown in Fig. 7 [30, 31]. The constant behavior in the low
temperature region, below about 20 K, is interpreted to be due to the unchanged isomer shift
with the changing Sm valence state or to the small change within the experimental error,
because abnormal thermal expansion associated with the change in the Sm valence state
was reported [30, 32]. The effect of the change in the Sm valence on the isomer shift in the
149Sm Mössbauer spectra is smaller at about 120 K, than at about 30 K.

From the viewpoint of precise determination of the hyperfine interaction, the center shift
was observed on the basis of the coupling between the isomer shift and the second-order
Doppler shift. The second-order Doppler shift is based on the phonon dispersion relation
and/or phonon density of states associated with the probe atomic site. Even if the phonon
dispersion relation and/or phonon density of states is unknown, a phonon calculation based
on the crystal structure could be used as a reference to estimate the magnitude of the second-
order Doppler shift. Since SR-based Mössbauer spectroscopy can in principle be applied to
all the Mössbauer isotopes, precise determination is possible even for Mössbauer isotopes
other than the 149Sm isotope as discussed in the present work.

5 Summary

We have succeeded in the precise determination of the isomer shift using 149Sm SR-
based Mössbauer spectroscopy, which is an important parameter for discussing Sm valence
state in the Sm intermetallics of SmBe13, SmTi2Al20 and SmB6. The good collimation of
X-rays delivered by an SR source as well as the development of SR-based Mössbauer spec-
troscopy enabled us to observe the temperature dependence of the isomer shift, which was
difficult to discuss previously. At the same time, the second-order Doppler shift was suc-
cessfully observed in heavy 149Sm nuclei, which is generally negligible in measurements of
Mössbauer spectra using heavy nuclei. Meanwhile, since the isomer shift are always coupled
with the second-order Doppler shift, careful data treatment is required to estimate the iso-
mer shift even in heavyMössbauer isotopes, particularly with high-resolution measurements
using the time-window effect.

Although high-resolution measurements using the time-window effect in SR-based
Mössbauer spectroscopy provide unexpected effects such as the second-order Doppler shift
in the heavy Mössbauer isotope of 149Sm, such high-resolution measurement is also help-
ful for determining the magnitudes of the hyperfine magnetic field and nuclear quadrupole
interaction even in Mössbauer nuclei having small nuclear magnetic and/or quadrupole
moments. For example, the small nuclear quadrupole moments in 151Eu as well as 149Sm
may make it difficult to determine the nuclear quadrupole interactions in some Sm or Eu
compounds using conventional Mössbauer spectroscopy with radioactive sources. Since
SR-based Mössbauer spectroscopy is in principle applicable to all the Mössbauer isotopes,
this technique could be helpful for Mössbauer isotopes such as 151Eu.
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