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Abstract

The phonon dynamics of NaI is investigated from the dynamical structure function in real-space G(r, E) transformed
from the S (Q, E) measured by inelastic neutron scattering measurement. In this study we used the incident energies
of 36.9 and 81.3 meV which cannot yield very large maximum momentum transfer Qmax. Our analyses have shown
that the inelastic neutron scattering measurement under the conventional condition Qmax ∼ 5 Å−1 can provide us a
meaningful information on the phonon dynamics at around the first nearest neighbor distance of Na-I through the
G(r, E) analysis on accepting the worse real-space resolution.

Keywords: Phonon dynamics, Real space analysis, Alkali halide

1. Introduction

The dynamical structure function in real-space
G(r, E) is deduced from the dynamical structure fac-
tor S (Q, E) which can be obtained from inelastic neu-
tron scattering (INS) measurement. So far there have5

been several reports on the G(r, E) analysis both from
the theoretical and the experimental aspects through
the INS measurement of amorphous boron [1], vitre-
ous silica [2, 3], nickel [4, 5] , relaxor ferroelectric [5],
FeSexTe1−x [6], YTiO3 [7] and so on. In these experi-10

ments the S (Q, E) up to very large momentum transfers
(Q ≥ 20 Å−1) was needed to directly apply the Fourier
transformation. It means that both the large amounts
of sample and the long measurement time are indis-
pensable. Consequently, the dynamical study utilizing15

G(r, E) analysis has not yet become widespread.
To extract more physical information from INS mea-

surement under the conventional experimental condi-
tions, however, it should be important to examine how
the G(r, E) deduced from such S (Q, E) can contribute20

to the dynamical study of materials although the physi-
cal limitation of the worse real-space resolution coming
from the limited maximum momentum transfer Qmax

must be accepted. In this study, we have chosen the
polycrystalline NaI as a standard sample. NaI is one25
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of the most famous alkali halide crystals, and has the
NaCl structure at a lattice constant of 6.46 Å [8]. The
large difference in mass between the constituent atoms
gives rise to the large phononic band gap between
the acoustic and optic phonon branches [9]. These30

characteristic properties surely help us to evaluate the
G(r, E) features associated with the respective phonon
modes. So far there have been various studies over
the presence of intrinsic localized modes in NaI crys-
tal [10, 11, 12, 13, 14, 15]. But this has no connection35

with the main subject of this paper.

2. Analysis method

The dynamical structure factor S (Q, E) can be sep-
arated into distinct and self-scattering functions as fol-
lows:

S (Q, E) = S d(Q, E) + S s(Q, E), (1)

where the distinct term S d(Q, E) is defined by

S d(Q, E) = 4π
∫

G(r, E)
sin Qr

Q
dr + B(Q, E), (2)

where the G(r, E) has the dimension of atomic pair
distribution function (PDF). The B(Q, E) involves the
spherical Bessel function of the second kind j2(x). Pre-40

viously, as Hannon et al. demonstrated [1], the effect of
j2(x) term on the Fourier transform is principally on the
leading edge of the peak. We assume that the B(Q, E)
term in Eq. (2) can be negligible in calculation.
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The self term S s(Q, E) can be assumed to be simply
expressed by aQ2. Thus the Eq. (1) is generalized to

S (Q, E) = 4π
∫

G(r, E)
sin Qr

Q
dr + aQ2 + c, (3)

where c is the constant background.45

In our calculations, we define the kth calculated dy-
namical structure factor S cal(Qk, E), given as

S cal(Qk, E) = 4π
∑

i

G(ri, E)
sin Qkri

Qk
+ aQ2

k + c. (4)

The free energy constraint is introduced as

F =
1
2

∑
k

{S obs(Qk, E) − S cal(Qk, E)}2

σ2
k

− α
∑

i

{G(ri, E)}2 + γ(a2 + c2)

2 , (5)

where S obs(Qk, E) is the kth observed dynamical struc-
ture factor and σk the standard deviation of S obs(Qk, E).
The γ is assumed to be infinitesimal, thus this contri-
butions are negligible in calculation. The second term
of Eq. (5) is related to the so-called information en-50

tropy, where α is determined to maximize the condi-
tional probability P(α|S obs(Qk, E)). The most probable
G(r, E) will be solved by the iteration to minimizing F
at a specific α. The calculations were performed with
our in-house code which was written in Igor Pro lan-55

guage under Igor Pro ver. 6 (WaveMetrics Inc., USA).

3. Experimental procedures

The INS measurements were performed on the Fermi
chopper spectrometer 4SEASONS [16] at the Materials
and Life Science Experimental Facility in the Japan Pro-60

ton Accelerator Research Complex (J-PARC). We se-
lected the incident energies of 36.9 and 81.3 meV with
the chopper frequency of 250 Hz, where the energy res-
olutions at elastic scattering were 1.9 and 5.6 meV, re-
spectively. These incident energies were simultaneously65

selected using the so-called multi-Ei method [17]. The
beam power of the J-PARC was 218 kW at the time
we carried out this study. The data reduction processes
were completed by using Utsusemi suite [18]. The
prepared NaI sample was in the polycrystalline pow-70

der form which was purchased from Wako Pure Chem-
ical Industries. Approximately 15.8 g of the sample
was wrapped in an aluminum foil and kept in the alu-
minum can with He exchange gas. Sample temperature
was controlled to be at around 290 K by a top-loading75

closed-cycle refrigerator.
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Figure 1: The dynamical structure factor S (Q, E) of polycrystalline
NaI measured by the incident energy of (a) 36.9 meV and (b)
81.3 meV.

4. Results and discussion

The two-dimensional S (Q, E) maps of polycrys-
talline NaI are shown in Fig. 1(a) and 1(b). The inci-
dent energies for Fig. 1(a) and 1(b) are 36.9 meV and80

81.3 meV, respectively. In Fig. 1(a) the transverse op-
tic phonon mode is clearly observed at around 15 meV,
while the acoustic phonon modes are densely observed
below 10 meV. The S (Q, E) measured by 81.3 meV in-
cident energy covers a wide Q-E range although the in-85

elastic features become obscured.
Figures 2(a) and 2(b) show the G(r, E) maps at

around the elastic region transformed from the S (Q, E)
maps in Fig. 1(a) and 1(b), respectively. The respec-
tive r-dependences of G(r, E) are compared in Fig. 2(c),90

where the integration width was E = 0 ± 5 meV for each
spectrum. The first, second and third nearest neigh-
bor distances of Na-I are 3.23, 5.59, 7.22 Å, and those
distances of Na-Na (I-I) are 4.57, 6.46 and 7.91 Å.
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As shown in Fig. 2(c), several peaks corresponding to95

the nearest neighbor distances in NaI structure are ob-
served. We may say that the G(r, E) with 81.3 meV in-
cident energy can correctly provide the peaks at least up
to the second nearest neighbor distances. It is certainly
not surprising that the G(r, E) with higher incident en-100

ergy can provide more precise peak features in higher r
region because the INS measurement with higher inci-
dent energy yields higher Qmax. However, the point we
would like to stress in this study is that even the G(r, E)
obtained by the S (Q, E) under the conventional experi-105

mental condition (Q ⪅ 7 Å−1) has a potential to yield a
meaningful information on the interatomic distances of
a certain material.
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Figure 2: The G(r, E) maps at around the elastic region transformed
from the S (Q, E) maps with the incident energies of (a) 36.9 meV and
(b) 81.3 meV. (c) The r-dependences of G(r, E) in elastic region.

Next, we shall discuss the characteristic features of
G(r, E) in the inelastic region. Figure 3(a) shows the en-110

ergy dependences of S (Q, E) measured by the incident
energies of 36.9 and 81.3 meV, where the integrated
Q range for both was from 2 to 4 Å−1. The respec-
tive energy values of transverse acoustic (TA), longitu-
dinal acoustic (LA) and transverse optic (TO) phonon115

modes are indicated by the arrows in the figure. In case
of 81.3 meV incident energy, the acoustic phonon fea-
tures are hidden by the tail of elastic scattering, and
only TO phonon mode can be observed. In Fig. 3(b)
the r-dependences of G(r, E) at the energy region of TO120

phonon mode are compared. The phase of oscillation
for both are considered to be quite similar although the
measurement with higher incident energy gives sharper
r profiles. Accordingly, it seems reasonable to discuss
the dynamical properties of NaI only at around the first125

nearest neighbor distance of Na-I using the G(r, E) with
36.9 meV incident energy.

0.4

0.3

0.2

0.1

0.0

In
te

n
si

ty
 (

a.
 u

.)

20151050

Energy (meV)

 Ei = 81.3 meV

 Ei = 36.9 meV

(a)

TA

LA

TO

r (Å)

G
(r

, E
=

15
m

eV
) 

(a
. u

.)

-0.1

0.0

0.1

5432

 Ei = 81.3 meV

 Ei = 36.9 meV

(b)

TO phonon : 

   14.8 meV < E < 15.2 meV

Figure 3: (a) The energy dependences of S (Q, E) measured by the
incident energies of 36.9 and 81.3 meV. (b) The r-dependences of
G(r, E) at the energy region of TO phonon mode transformed from
the S (Q, E) maps with the incident energies of 36.9 and 81.3 meV.
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Figure 4: (a) The inelastic features of G(r, E) transformed from the
S (Q, E) with 36.9 meV incident energy. (b) The r-dependence of
G(r, E) in several energy regions.

The inelastic G(r, E) with 36.9 meV incident energy
is given in Fig. 4(a), which may be divided into three re-
gions, that is, acoustic (4 < E < 9 meV), phononic band130

gap (9 < E < 12 meV), and optic region (12 < E <
18 meV). The representative 1d-plots for each region
are shown in Fig. 4(b). The 1d-plot for elastic region is
also given in the figure. In acoustic region, the peak cor-
responding to the first nearest neighbor distance of Na-I135

(3.23 Å) tends to shift toward higher r with increasing
energy. Looking further in detail, it is likely that there
is almost no change in the peak position at r ∼ 3 Å un-
til E = 6 meV which must be interpreted that the first
nearest neighbor Na and I tends to move in the same140

direction. Furthermore it is noteworthy that the G(r, E)
profiles of both the top of acoustic (E = 8 ∼ 9 meV) and
the optic region become zero at the r corresponding to
the first nearest neighbor distance of Na-I. The G(r, E)
at E = 8 ∼ 9 meV may correspond to the LA phonon145

mode at zone boundary (ZB). We suppose that these re-
sults indicate the constituent atoms (Na for acoustic and
I for optic) are at rest in the respective energy ranges.
The anti-phase behaviors of the G(r, E) between LA at
ZB and TO is also physically reasonable in terms of the150

phonon dynamics in polycrystalline NaI.

5. Conclusion

The dynamic structure factors in real space G(r, E)
of polycrystalline NaI were investigated. A series of
G(r, E) were transformed from the S (Q, E) measured by155

INS experiments under the conventional conditions with
the incident energies of 36.9 and 81.3 meV. The G(r, E)
analysis successfully provided us the physically reason-
able results on the phonon dynamics of NaI at around
the first nearest neighbor distance of Na-I. These results160

suggest the possibility that a large number of S (Q, E)
data which have been accumulated so far can be ef-
fectively reused. We will continue to investigate the
phonon dynamics and the associated atomic motions in
various kinds of materials using the G(r, E) analysis.165
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