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Li-ion diffusion in LiFeSixP1−xO4/C with x = 0 and 0.03
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The primary issue in the use of LiFePO4 in battery
applications is its low intrinsic electronic conductivity
and lithium-ion diffusion coefficient. Furthermore, there
is an urgent need to improve the cycle life and long-
term cyclability of LiFePO4.1) Several strategies have
been considered to enhance the electronic/ionic conduc-
tivity and cycle life of LiFePO4, such as carbon coating,
reduction of particle size, and element doping.2)

Powder samples of LiFeSixP1−xO4/C with x = 0 and
0.03 were prepared by a solid-state method. Single-
phase samples of LiFePO4 have not been obtained so
far. Our study strongly supports that Si doping sig-
nificantly improves the electrochemical performance of
LiFePO4 as reported in Ref. 3). A sample with x = 0.03
yielded the highest specific capacity. Further study on
Li-ion diffusion is significant for increasing the battery
performance. Muon spin relaxation (µSR) is a powerful
tool to study Li-ion diffusion.

In order to study the Li-ion diffusion in
LiFeSixP1−xO4/C further, we measured zero-field and
longitudinal-field µSR (ZF- and LF-µSR, respectively)
using the ARGUS spectrometer at the RIKEN-RAL
Muon Facility. The ZF-µSR was measured in the tem-
perature range of 5–30 K, and the LF-µSR was measured

Fig. 1. LF-µSR spectra on of LiFeSixP1−xO4/C with (a) x =
0 and (b) x = 0.03.
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Fig. 2. Temperature dependences of ∆ with (a) x = 0 and
(b) x = 0.03 and of λ with (c) x = 0 and (d) x = 0.03 for
LiFeSixP1−xO4/C.

at 300 K under low magnetic fields of 5 G and 10 G.
Figure 1 shows the LF-µSR spectra of LiFeSixP1−xO4/

C with (a) x = 0 and (b) 0.03. The dynamic behavior at
300 K was clearly observed for LiFeSixP1−xO4/C with
x = 0 and 0.03 because there is only a small “decoupling”
effect due to applied LF. The spectra were fitted by an
exponentially relaxing dynamic Kubo-Toyabe function.

Based on Fig. 2, the field distribution width (∆)
and field fluctuation (λ) were found to be independent
of temperature down to 50 K, whereas ∆ and λ in-
creased with temperature decreasing below 50 K for
samples with x = 0 and x = 0.03. There is no abrupt
change in ∆ or λ in either sample. Following the re-
sults in Ref. 4), we obtained the diffusion coefficient as
DLi = (1.598 ± 0.0033) × 10−10 cm2/s, for x = 0 and
DLi = (1.751± 0.0037)× 10−10cm2/s for x = 0.03. The
present result demonstrates the slight increase of Li-ion
diffusion by silicon substitution, which can improve the
performance of LiFePO4 cathode materials. Addition-
ally, from the ZF-µSR results, the magnetic transition
temperature was detected, starting from the tempera-
ture 50 K and close to the estimation of the Neel tem-
perature, TN, LiFePO4 reported in Ref. 5).

References
1) M. Nishijima et al., Nat. Commun. 5, 4553 (2014).
2) Z. Xu et al., J. Electrochem. Soc. 163, A2600 (2016).
3) M. Zainuri et al., Key Eng. Mater. 860, 75 (2020).
4) M. Månsson et al., J. Phys. Conf. Ser. 551, 012037 (2014).
5) J. Sugiyama et al., Phys. Rev. B 84, 054430 (2011).

1

RIKEN Accel. Prog. Rep. 54 (2021)

Measurement of muon spin rotation in muonic hydrogen atom

S. Kanda∗1 and K. Ishida∗2

A muonic atom is a bound-state consisting of a neg-
ative muon and a nucleus. The charge radius of the
nucleus can be obtained by measuring the Lamb shift
in a muonic atom. In 2010, the Lamb shift of muonic
hydrogen (µp) measured at the Paul Scherrer Institute
indicated a significantly smaller proton charge radius
than previously known from hydrogen spectroscopy
and electron-proton scattering.1)

In addition to the charge radius, the proton’s size is
expressed by the Zemach radius, which is defined by
convolving the charge and magnetic moment distribu-
tion. The Zemach radius is derived from the hyperfine
splitting (HFS), in contrast to the charge radius de-
rived from the Lamb shift. For the Zemach radius, the
consistency between muonic and electronic measure-
ments has not been fully discussed due to muonic mea-
surements’ limited precision. To tackle this problem,
we are preparing for laser spectroscopy of the ground-
state HFS in µp atoms.2)

In the experiment, a circularly polarized laser beam
excites µp atoms in the spin-singlet state to the spin-
triplet one. However, excited µp atoms are quenched
by spin-exchange collisions with protons.3) There is no
experimental result of this hyperfine quenching rate for
µp atoms; therefore, we performed a muon spin rota-
tion (µSR) measurement using a low-density gaseous
hydrogen target. Only µp atoms in the spin-triplet
state show muon spin precession.

Figure 1 illustrates an experimental setup at Port 4
of the RIKEN-RAL muon facility. A pulsed negative
muon beam irradiates hydrogen gas filled in an alu-

Fig. 1. Experimental setup: (a) cross-sectional view; (b)
view from upstream. The numbers in the parentheses
denote (1) hydrogen gas contained in an aluminum ves-
sel, (2-5) electron detectors, (6) Helmholtz coils. Note
that the electron detectors are not shown in (b).
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Fig. 2. Decay electron time spectrum with protium gas tar-
get at 0.1 atm. A transverse magnetic field of 66.7 mT
was applied. Each line corresponds to the respective
fitting result. The vertical axis is normalized by the
number of beam pulses.

minum vessel. The momentum of the beam was set
to 20 MeV/c. The gas pressure was 0.1 atm at room
temperature. A transverse magnetic field of 66.7 mT
was applied using a Helmholtz coil. Under these con-
ditions, the quenching time of the triplet state and
the spin precession period are expected to be 500 ns
and 320 ns, respectively. The electrons from the muon
decay were counted by a detector consisting of scin-
tillating fibers and silicon photomultipliers (SiPMs).
Kalliope front-end electronics4) processed the signal
from the SiPM, and a multi-hit time-to-digital con-
verter (TDC) recorded the time.

Figure 2 shows a decay electron time spectrum. The
spectrum has components corresponding to hydrogen,
aluminum, silver, and constant background events.
The beam has a double-pulse structure with a 320 ns
interval. The first two peaks of the spectrum corre-
spond to prompt electrons. Detailed analysis to ex-
tract the µSR asymmetry is in progress.

This experiment was conducted under the user pro-
gram RB1970003 at the RIKEN-RAL muon facility.
This work was supported by Japanese JSPS KAK-
ENHI Grant Numbers 18K13572 and 19H04618.
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