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Abstract

We have systematically investigated the dynamical structure factor in real-space G(r, E) of polycrystalline Ni trans-
formed from the inelastic neutron scattering data S(Q, E). In particular, we have extensively explored the effects of
different O-F ranges of S (Q, E) on the accuracy of G(r, E). Our analyses have proven that atomic pair correlations at
the first nearest neighbor distance can be reasonably evaluated by G(r, E) transformed from the conventional S (Q, E)

where the covered Q-F range is not so wide.
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1. Introduction

Inelastic neutron scattering (INS) is a powerful
tool used to investigate the dynamical structure factor
S(Q, E) of various materials. By deriving the Fourier
transform of S (Q, E) for the momentum transfer Q, we
can obtain the dynamical structure factor in real-space
G(r, E). This procedure is not trivial, as S(Q, E) needs
to be defined to large values Q to yield a correct Fourier
transform. Several attempts to convert S(Q, E) into
G(r, E) have been made under special conditions, in-
cluding large sample amounts and long measurement
times. In addition to theoretical studies[1, 2], this prob-
lem has been addressed in experimental reports, such
as those for amorphous boron [3], vitreous silica [4, 5],
relaxor ferroelectric [6], and FeSe,Te _, [7]. The re-
cent development of high-flux neutron beams enables
a reduction in the required sample amount and mea-
surement time for a G(r, E) analysis. Egami et al.
reported the real-space atomic correlation of Pb-free
ferroelectrics[8] and liquid helium[9] by using the chop-
per spectrometer at the Spallation Neutron Source in
Oak Ridge National Laboratory.

In Japan Proton Accelerator Research Complex (J-
PARC), we have also independently developed the soft-
ware used to deduce the dynamical structure factor in
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real-space from the inelastic and quasielastic neutron
scattering data, recently publishing a G(r, E) study of
Nal[10], as well as a P(r, t) study of liquid bismuth[11].
The special feature of our analysis is its utilization of
information entropy. Our study of Nal[10] has shown
that meaningful information on phonon dynamics close
to the first nearest neighbor (NN) distance for Nal can
be obtained using G(r, E) with an incident energy E; of
36.9 meV. Compared to the S(Q, E) presented in pre-
viously published studies [3, 4, 5, 6, 7], the O-F range
covered by INS measurement with E; = 36.9 meV was
not as wide. Due to the difficulties in a Fourier trans-
form, the experimental condition of E; = 36.9 meV was
considered as conventional for measurements address-
ing the Q-E space, but not appropriate for the investi-
gation of r-E space. Our findings on Nal are important
because they may inspire a new perspective in further
research development, by utilizing a large amount of
previously measured S (Q, E) data.

This study was conducted to confirm the validity of
our analysis method and focuses on the effect differ-
ing O-F ranges of S(Q, E) may have on the accuracy
of G(r, E). We have performed INS measurements of
polycrystalline Ni, which is frequently used as a stan-
dard sample to investigate features of G(r, E)[2, 6, 7].
Further research utilizing our newly-developed G(r, E)
analytical method should be based on this study, as well
as our previous works [10].
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Condition E; [meV] 20pax  Omax [AT]  Ar[A]
110Ei-m1  110.6 68.4° 8.6 0.37
110Ei-m2  110.6 59.0° 7.7 0.41
110Ei-m3  110.6 492° 6.8 0.46
110Ei-m4  110.6 39.3° 5.9 0.53
56Ei-ml  56.2 68.4° 6.1 0.52
56Ei-m2  56.2 59.0° 5.5 0.58
56Ei-m3  56.2 492° 48 0.65
56Ei-m4  56.2 39.3° 4.2 0.76

Table 1: Analysis conditions. The symbol Ej represents the incident energy, 26,,,, the largest horizontal scattering angle, Omqy the largest momen-
tum transfer for elastic scattering, and the r-resolution, defined as Ar = 7/ Qmax, is denoted as Ar.

2. Experimental setup and data analysis

The INS measurements were performed using the
Fermi chopper spectrometer 4SEASONS [12] at the
Materials and Life Science Experimental Facility in J-
PARC.

The incident energy in a chopper spectrometer can
be arbitrarily set by tuning the phase delay of the
monochromating chopper, which typically has a ro-
tational frequency (several hundred Hz) that is much
higher than the frequency of the pulsed neutron source
(25 Hz in J-PARC). Thus, the chopper window opens
multiple times within the source period. Accordingly,
neutrons of multiple incident energies can pass through
a monochromating chopper. We have succeeded in ex-
perimentally demonstrating that simultaneous INS mea-
surements using multiple values of E; can be real-
ized [13]. This method has been referred to as multi-E;
measurement and it has rapidly become widespread as a
standard method of INS measurement at pulsed neutron
facilities worldwide.

The n-th incident wavelength A;(n) [10\] selected by a
Fermi chopper with the frequency of f [Hz] is given by

3956-(n—1)

Aln) = (1) + —————,

Zf'me (1)

where A;(1) [A] is the shortest wavelength of the multi-
ple incident neutrons and Ly, [m] the distance between
the neutron source and the Fermi chopper. The factor 2
in the denominator of Eq. (1) stems from the fact that a
neutron can pass through the Fermi chopper from both
sides of the chopper window. The n-th incident neutron
energy Ej(n) [meV] is calculated as

2

The phase delay of the Fermi chopper was tuned to
select the incident energy of 110.6 meV and set the
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chopper frequency to 350 Hz. In this condition, other
values of E; can also be selected, i.e., E; can also take
the value of 310.1 meV, 56.2 meV, 33.9 meV, 22.7 meV,
and 16.2 meV. In this study we analyzed INS data with
E; = 110.6 meV and E; = 56.2 meV, where the energy
resolutions for elastic scattering equaled 6.6 meV and
2.8 meV, respectively. Approximately 100 g of the poly-
crystalline Ni powder was sealed in an aluminum can
and the measurement was carried out at room temper-
ature for 10 hours at the beam power of 292 kW. The
data reduction process performed to produce S(Q, E)
was completed using the Utsusemi suite [14], and the
conversion from S (Q, E) to G(r, E) was executed using
our in-house code written in the Igor Pro programming
language.

3. Results and discussion

Vertical angle (deg.)

Horizontal angle (deg.)

Figure 1: Two-dimensional maps of the intensity distribution from
polycrystalline Ni on the detectors. The incident neutron energy in
all cases is 110.6 meV. The yellow regions of the maps correspond to
the masked detector region. The largest horizontal scattering angle,
20max, equals (a) 68.4°, (b) 59.0°, (c) 49.2°, and (d) 39.3°.

The detectors of 4SEASONS are *He position-
sensitive with ¢19 mm X 2500 mm, and they are cylin-
drically placed at a distance of 2500 mm from the sam-
ple. The horizontal scattering angle coverage was from
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—35.3° to +68.4°, and the vertical one was from —25.1°
to +27.5°. To obtain S(Q, E) by a data reduction pro-
cess, the data from the defective detectors and pixels can
be discriminated using the so-called mask file.
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Figure 2: Dynamical structure factor S(Q, E) of polycrystalline Ni.
The analysis conditions are (a) 110Ei-m1, (b) 110Ei-m4, (c) S6Ei-m1,
and (d) 56Ei-m4, as described in Table 1.
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Figure 3: The r-dependences for G(r, E) in the elastic region trans-
formed from the S(Q, E) shown in Fig. 2. The analysis conditions
are (a) 110Ei-ml, (b) 110Ei-m4, (c) 56Ei-m1, and (d) S6Ei-m4, as
described in Table 1.

To survey the effects of differing Q-E ranges of
S(Q, E) on the G(r, E) features, we prepared several dif-
ferent mask files and produced several S (Q, E) data sets.
The INS intensity distributions on detectors for poly-
crystalline Ni with Ej = 110.6 meV are shown in Fig. 1.
These intensities were accumulated in the energy trans-
fer range between —20 meV and +100 meV. The de-
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tector maps shown in Fig. 1 are analyzed by four types
of mask files, and the yellow color denotes the masked
detector regions. The largest horizontal scattering an-
gles 26,,,. are also indicated. In this paper, the analysis
conditions represented by Fig. 1(a)-(d) are referred to
as (a) 110Ei-m1, (b) 110Ei-m2, (c) 110Ei-m3, and (d)
110Ei-m4. The details of the analysis conditions for all
data sets are listed in Table 1, including the data of E;
= 56.2 meV. The largest momentum transfer values for
an elastic scattering Q. are summarized in Table 1,
together with the r-resolutions Ar = 7/ Q.. Note that
all analyses listed in Table 1 were performed using one
raw data set obtained by one INS measurement.

The two-dimensional S(Q,E) maps of polycrys-
talline Ni are shown in Fig. 2 for the analysis condi-
tions (a) 110Ei-m1, (b) 110Ei-m4, (c) 56Ei-m1, and (d)
56Ei-m4, as described in Table 1. The strong intensities
found around 20 meV and 35 meV are ascribed to the
transverse and longitudinal acoustic phonon energies at
the zone boundary, respectively.

Peak Deviation (A)
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Figure 4: The Qmqy dependences of the (a) peak deviations from the
calculated NN distances, and (b) full width at half maximum (FWHM)
of a series of fitted Gaussian peaks.

The r-dependences of G(r,E) in elastic region are
given in Fig. 3. For Fig. 3(a)-(b), the integration range
equals -5 meV < E < +5 meV, whereas the one for
Fig. 3(c)-(d) equals =2 meV < E < +2 meV. The first,
second, and third NN distances of Ni are calculated to
be 2.49 A, 3.52 A, and 4.32 A, respectively. As shown
in Fig. 3(a), G(r, E) for the 110Ei-m1 condition can cor-
rectly describe the peaks up to at least the third NN dis-
tance. The deviations of the observed peak positions
from the calculated NN distances are plotted in Fig. 4(a)
for each NN distance, as a function of Q... Each
peak was fitted using a Gaussian function and a linear
baseline, and the peak position was assumed to corre-
spond to the center of a fitted Gaussian function. The
Omax dependences of the full width at half maximum
(FWHM) of a series of fitted Gaussian peaks are shown
in Fig. 4(b). The first NN can be correctly evaluated by
the G(r, E) transformed from S (Q, E) with Qp,,, being
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equal to at least 6 A, whereas worse r-resolutions make
it more difficult to distinguish the second NN peak.

Next, we will discuss the characteristic features of
G(r, E) in the inelastic scattering region. In the case of
E; = 110.6 meV, the tail of the elastic scattering was
non-negligible up to 20 meV, so we use the data of E;
= 56.2 meV to discuss the acoustic phonon features
of polycrystalline Ni. The inelastic G(r, E) under the
condition 56Ei-m1 is shown in Fig. 5(a) and the con-
stant r slice of G(r,E) at r = 2.5 A s presented in
Fig. 5(b), where the integration width equaled 0.2 A.
The peak position at r ~ 2.5 A experienced almost
no change up to 22 meV, and the energy dependence
shown in Fig. 5(b) is found to be in complete agree-
ment with the previously published results ([0.5, 0.5,
0] in Fig. 5 of Ref. [2]). The positive values below an
energy of 22 meV occur due to the in-phase atomic cor-
relations, and the negative peak at 33 meV indicates the
out-of-phase atomic correlations of longitudinal acous-
tic phonon at the zone boundary. Therefore, we may
conclude that the G(r, E) of polycrystalline Ni under the
condition 56Ei-m1 can provide reasonable information
on the atomic pair correlations around the first NN.
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Figure 5: (a) Inelastic G(r, E) of polycrystalline Ni under the condi-
tion 56Ei-m1, (b) constant r slice of G(r, E) at r ~ 2.5 A.

It is also important to examine how the smaller Q4.
affects the inelastic G(r, E) features, which are shown
for the conditions 56Ei-m3 and 56Ei-m4 in Fig. 6(a) and
Fig. 6(b), respectively. As can be seen in the figure, the
peak profiles broaden with a decreasing Q.. The con-
stant E slices at 10 meV < E < 15 meV are presented
in Fig. 6(c), and those at 30 meV < E < 35 meV in
Fig. 6(d). In the low-energy region up to approximately
15 meV, the differences in Q. do not have a large in-
fluence on the peak profiles, but they greatly affect the
peak profile in the high-energy region around 30 meV.

4. Conclusion

This study presented an investigation of the dynam-
ical structure factor in real-space G(r, E) for polycrys-
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Figure 6: Inelastic G(r, E) of the polycrystalline Ni under the condi-
tion (a) 56Ei-m3 and (b) 56Ei-m4. The r-dependence of G(r, E) in the
energy range of (c) 10 meV < E < 15 meV and (d) 30 meV < E <
35 meV.

talline Ni, in conjunction with its applicability and lim-
itations. Following the conclusions of previously pub-
lished studies [10] and those presented in this one, we
can be fairly certain that the atomic pair correlations at
the first NN distance can be reasonably evaluated using
the conventional S(Q, E) with Qe ~ 6 A. These re-
sults suggest that many previously accumulated S (Q, E)
data sets can be effectively reused for further studies.
We are now exploring the possibilities of G(r, E) analy-
sis using the previously measured S (Q, E) data sets.

To conduct this study, we prepared a large sample
(approximately 100 g) and performed a long measure-
ment (approximately 10 hours), but we confirmed that
G(r, E) equivalent to that presented in our study can be
obtained with a measurement time of 4 hours and a sam-
ple amount of approximately 15 g. The required mea-
surement time and sample amount will be drastically re-
duced when the beam power of J-PARC achieves its ex-
pected maximum (1 MW). Furthermore, the horizontal
scattering angle of 4SEASONS is planned to have ex-
panded to +127° by January 2019, which means that the
research activities in materials science utilizing G(r, E)
analysis are expected to accelerate in the near future.
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