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The recoilless fraction is a parameter that reflects lattice vibrations and provides important knowledge in
physics, chemistry, etc. However, in the commonly used 3’Fe Mdssbauer spectroscopy, the recoilless
fraction is not actively measured. This is because the recoil energy of >’Fe is low, and the recoilless
fraction is usually saturated at low temperature to room temperature. On the other hand, in “’Au
Maossbauer spectroscopy, the energy of y-rays is high, so differences and changes in the recoilless fraction
appear significantly. We attempted to estimate the Debye temperature not from the absolute amount of
spectral absorption area but from its temperature dependence curve. The Debye temperature was
estimated by fitting the temperature dependence curve with the calculated value of the Debye model. We
estimated the Debye temperature of metallic Au with reasonable accuracy to the literature value and
estimated that of Au compounds. Also, we estimated almost the same Debye temperature for samples
with different thicknesses.  Although this method is simple, it is helpful for '’Au Mdssbauer

spectroscopy.
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1. Introduction

The recoilless fraction is the probability that recoilless resonance of an atomic nucleus
(Mossbauer effect) occurs and is also called the Lamb-Mdossbauer factor. This value
corresponds to the Debye-Waller factor in X-ray diffraction. The recoilless fraction
reflects lattice vibrations and bonding of atoms, and its behavior can be approximately
described by the Debye temperature based on the Debye model. The Debye
temperatures can provide important knowledge of physics, chemistry, and so on [1, 2].
It is also important for determining the ratio of atoms belonging to each spectral
component in Mossbauer spectra.  In the Mdssbauer spectra, the spectral absorption area
appears as the product of the number of atoms ratio in each state and the recoilless
fraction. When measuring unknown samples, the correct component ratio cannot be
determined without the value of the recoilless fraction. In the >’Fe Mossbauer spectra,
the difference in recoilless fraction due to the chemical form of Fe is not significant in
most cases. Especially for inorganic and metallic materials, it is often assumed that
there is no difference in the recoilless fraction at each state of Fe. On the other hand,
some organic compounds and biological materials have small recoilless fractions at room
temperature [3, 4]. Discussing the area ratio of components in the Mdssbauer spectra of
these materials requires low temperatures to saturate the recoilless fraction. In '’Au
Moéssbauer spectroscopy, many materials differ in recoilless fractions at typical
measurement temperatures (7 < 60K). In the '””Au Mdssbauer spectra, the recoilless
fraction differs between Au'* and Au** compounds [5].  In addition, it is considered that
the recoilless fraction becomes small when the metallic Au becomes fine particles or
clusters [6, 7]. In Au clusters, it has been reported that the recoilless fractions differ
depending on the sites [8, 9]. In '’ Au Mdssbauer spectroscopy, the recoilless fractions
are essential parameters. As the elementary data for Au Mdssbauer measurements, we
measured the absorption area of the spectra in multiple chemical states. We studied a
method for estimating the Debye temperature not from the absolute amount of spectral
absorption area but from its temperature dependence curve.

The following equation describes the recoilless fraction fusing the Debye model [10].
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Here, T is the temperature, ép is the Debye temperature, and Er is the recoil energy of
the y-ray emission or absorption. Figure 1 shows the temperature dependence in the
recoilless fraction on the Méssbauer effect of '°’Au, calculated from the above equation
assuming various Debye temperatures. As the Debye temperature decreases, the
recoilless fraction decreases, and the inflection point of the curves of the temperature
dependences also changes. We attempted to estimate the Debye temperature from these

differences in the temperature dependence curve.

2. Experimental Procedure

7Au Méossbauer measurement was performed using a constant-acceleration
spectrometer with a Nal scintillation counter. The '*’Au y-ray source (77.3 keV) was
obtained from !°’Pt (half-life; 18.3 hours) generated by neutron irradiation to 98%-
enriched Pt metal foil using Kyoto University Reactor (KUR). !°’Au Méssbauer
measurements were performed using the helium refrigerator at 20 to 70 K.  The samples
and source were into 1 atm He gas, so both were in the same temperatures. The series
of temperature dependence measurements were made by changing the temperature only.
In spectral measurements, changes in collimation and geometry affect the background's
intensity, thus changing the absorption area. We did not touch the sample and the y-ray
source in a series of measurements to avoid the geometry change. We set the single
channel analyzer (SCA) slightly wider than usual and did not change the amplifier's gain
during measurements. The absorption peak position of a metallic Au foil was set as 0
mm/s. The Mdssbauer spectra were fitted with MossWinn program [11, 12].

We prepared Au metal, gold(III) hydroxide (Au(OH)3), and gold(I) sulfide (AuxS) for
the standard chemical state samples of Au. Au(OH); sample was prepared by adding
NaxCO3 aqueous solution to a concentrated aqueous solution of HAuCls and stirring [13].

For the AwS sample, NaHS aqueous solution was gently added to an aqueous HAuCly



solution while stirring to perform ligand exchange. Then, concentrated HCl was added
all at once and stirred vigorously. The pH was further adjusted to around 1, and a
precipitate was created by stirring for 1 hour. Both samples were vacuum dried at room
temperature.

The Au particle supported on TiO2 sample (Au/TiO2) was prepared by mixing TiO»
powder and HAuCl4 aqueous solution to pH 9-10, stirring for 24 hours, filtering, drying
at 100°C overnight, and then calcined at 300°C for 4 hours [14]. In this study, the
amount of Au was 10wt% on the Au/TiO, sample. To facilitate °’Au Mdssbauer
measurements, we use samples with more Au than practical material for Au-supported

catalysts.

3. Results and Discussion

Figure 2 shows the temperature dependences in the '’ Au Mdssbauer spectra of metallic
Au, Au(OH)3, and Au;S. Au(OH); sample contains metallic Au produced by
decomposition as an impurity, which can be easily distinguished by spectral fitting. It
1s seen that the absorption intensity decreases as the temperature increases in all samples.
We fitted these spectra and determined their absorption areas. The obtained isomer shift
and quadrupole splitting are 2.8 mm/s and 1.9 mm/s for Au(OH)3, and 2.3 mm/s and 5.3
mm/s for AuzS, respectively at 20K. These values are consistent with previous studies
[13, 15].

Figure 3 shows the temperature dependence in the absorption area obtained from the
spectra (markers) and the temperature dependence of the absorption area at each Debye
temperature (lines). The absorption area was normalized by the value at 20K, which
was the lowest temperature that can be stably achieved with our cryostat. The sample
and source were cooled in the same He gas bath and kept at the same temperature. This
calculated value also includes the recoilless fraction of the y-ray source and the samples.
The recoilless fraction of the source was calculated using the Debye temperature of
metallic platinum (240K) [16].

The obtained values for metallic Au and Au(OH);3 are almost on the same line, and the

Debye temperatures estimated by the least squares method are 169 K and 166 K for



metallic Auand Au(OH);, respectively. The Debye temperature of the obtained metallic
Au is close to the literature value (165K) [16]. The obtained value of Au,S showed a
significant different curve from other samples, and estimated Debye temperature was
103K. It has been reported that the recoilless fractions of linear two-coordination Au'*
compounds are smaller than that of Au** compounds and metallic Au, and this result is
reasonable [5].

On this analysis, we did not use variable parameters other than the Debye temperature
in these least squares methods. We obtained the Debye temperature using simple
absorption area measures and least squares fitting. This analysis method is simple and
useful.

On such measurements, there is concern about the influence of the thickness of the
sample. If the sample is too thick, the absorption intensity will be saturated, and the
change in the recoilless fraction will no longer match the change in the absorption area.
To investigate the influence of sample thickness, we measured the spectra using different
amounts of the sample. Figure 4 shows spectra measured with two amounts of the
sample. The sample was Au precipitated and calcined on TiO> powder (Au/TiO»).
Samples of 445 mg and 867 mg in the 10 mm diameter holder were used for measurement,
and the effective thicknesses estimated from the preparation values were 1.2 and 2.4,
respectively. The spectra show single peak, indicating that almost all Au had been in
metallic state. As seen from the vertical axis of the spectra, the absorption intensities
are different from the amounts of the sample. Still, the changes in the absorption areas
are highly similar. Figure 5 shows the temperature dependence in the absorption area
of the sample with various thicknesses. The plot is normalized with the absorption area
at 20K, as in Fig. 3. Although the samples differ in thickness by a factor of two, the
measured values for both samples plot almost on the same line. This result shows that
this method is not sensitive to sample thickness when the effective thickness is 2.4 or less.
Although simple, this method helps measure the recoilless fraction and Debye
temperature. This method can also be applied to samples with uncertain Au content.

The Debye temperatures estimated by the least squares method are 159 K and 150 K for
the 445 and 867 mg samples, respectively. Although this value is somewhat smaller
than the bulk Au’s value (165 K), further measurements are required to conclude that this

result is due to the affection from TiO».



4. Conclusion

We attempted to measure the Debye temperatures from the temperature dependences of
the absorption areas in the Mdssbauer spectra. The temperature dependence curve
obtained by normalizing the absorption area by the value at 20K agreed well with the
temperature dependence in the recoilless fraction calculated by the Debye model. The
Debye temperature of metallic Au determined using this method agreed with the literature
value of 165K. The Debye temperature of Au(OH)s determined using this method was
close to that of metallic Au, but the Debye temperature of Au,S was 103K. These are
consistent with the trend obtained previous studies. As a result of measuring Au/TiO2-
supported fine particle samples with different thicknesses, we obtained almost the same
Debye temperature regardless of the thickness. This simple method determines the

Debye temperature with reasonable accuracy.
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Figures and Figure captions
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Fig. 1 Temperatures dependence of the recoilless fractions on '°’Au Mossbauer effect

assuming various Debye temperatures.
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Fig. 2 %7 Au Méssbauer spectra of (a) metallic Au, (b) Au(OH)3, (¢) AuzS at valorous

temperatures. The spectra of Au(OH); include metallic Au as impurity.
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Fig. 3 The temperature dependences of the absorption area obtained from the spectra of
metallic Au and Au compounds (markers), and the temperature dependences of the
absorption area at each Debye temperature (lines). The absorption area was

normalized by the value at 20K.
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Fig. 4 1°7 Au Méssbauer spectra of Au/TiO, samples (a) 445 mg, (b) 867 mg at various

temperatures.
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Fig. 5 The temperature dependences of the absorption area obtained from the spectra of

different thickness Au/TiO2 samples (markers), and the temperature dependences of the

absorption area at each Debye temperature (lines). The absorption area was

normalized by the value at 20K.
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