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Magnetic and diffusive nature of LiFePQ, investigated by muon spin rotation and relaxation
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In order to elucidate the magnetism and Li diffusion in LiFePO,, we have measured muon-spin rotation and
relaxation (u*SR) spectra for the polycrystalline LiFePO4 sample in the temperature range between 1.8 and
500 K. Below Ty ~ 52 K, two oscillatory signals together with one fast relaxation signal were clearly found in
the zero-field (ZF) u* SR spectrum. The three signals are reasonably explained using an antiferromagnetic (AF)
spin structure proposed by neutron measurements, because electrostatic potential calculations suggests multiple
different muon sites in the LiFePQ, lattice. However, the AF ordered moment estimated from p ™SR was about
3/4 of that reported by neutron, probably due to a different time window between the two techniques. In the
paramagnetic state, ZF and longitudinal-field (LF) 1t SR spectra exhibited a dynamic nuclear field relaxation.
From the temperature dependence of the field fluctuation rate, a diffusion coefficient of Li* ions (Dy;) at 300 K
was estimated about 3.6 x 10719 ¢cm?/s, assuming that diffusing Li* ions jump between the regular site and

interstitial sites.

DOI: 10.1103/PhysRevB.84.054430

I. INTRODUCTION

Although diffusion of Li* ions in solids is the basic
principle behind the operation of Li-ion batteries, > a reliable
diffusion coefficient of Li* ions (Dy;) has not been determined
for positive electrode materials. This is because the most
common technique for measuring Dyj, i.e., TLi-NMR, is
known to be not suitable for materials that contain magnetic
ions, due to the magnetic contribution to spin-lattice relaxation
processes.i4 In fact, Dy; estimated by "Li-NMR for LiCoO,
and LiNiO,,> which are currently used in commercial batteries,
is reported to be three or four orders of magnitude smaller
than the Dy; predicted by first-principles calculations.® On the
contrary, muons do not feel fluctuating magnetic moments
at high T, but instead sense the change in nuclear dipole
field due to Li diffusion. Even if magnetic moments still
affect the muon-spin depolarization rate, such an effect is,
in principle, distinguishable from that of nuclear dipole fields.
In particular, a weak longitudinal field can be applied that
decouples the magnetic and nuclear dipole interactions.”* We
have therefore initiated a systematic study of Dy; for battery
materials by means of a muon-spin rotation and relaxation
(1t SR) technique.”'?

In Li,Co00,, as T increases from 50 K, the field fluctuation
rate (v) is initially constant (eventually 0), but starts to increase
above 160 K,'” around which the ’Li-NMR linewidth suddenly
decreases due to a motional narrowing.!! Furthermore, the T
dependence of v was well explained by a thermal activation
process in the T range between 160 and 250 K. Assuming a
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random-walk jump of the Li* ions between the neighboring
sites, Dp; (300 K) for Lip73C00, is estimated as about
6.2 x 10719 ¢cm?/s,' which is comparable to the prediction
from first-principles calculations.® Here, electrostatic potential
calculations predict that muons locate not at the vacant Li
site but in the vicinity of O%>~ ions so as to make a stable
wt-0 bond.'® As a result, muons sense the Li diffusion in
the Lig73Co0; lattice, although the mass of Lit is heavier
by 63 times than the u™. For LiNiO,, u*SR is also found to
provide reasonable Dy;.'?> Furthermore, for LiCrO,, which
crystalizes in the same structure as LiCoO, and LiNiO,
with similar lattice parameters, the zero-field (ZF) spectrum
showed a typical static Kubo-Toyabe behavior even at 500 K,
indicating that muons are bound to the O~ ions at least until
500 K. Since Li ions are not removed from LiCrO, by an
electrochemical reaction, such a static nature is very consistent
with its electrochemical properties.'3-!7

Following upon the 14" SR studies of the layered transition-
metal dioxides, we have extended the research to phospho-
olivines, namely, LiFePO, and related cornpounds,18 since
the phospho-olivines have numerous advantages over layered
transition-metal dioxides as practical battery materials.'*°
That is, besides its high capacity (approximately 170 mAh/g),
LiFePO4 shows high stability during lithium extrac-
tion/insertion and does not deteriorate when used at moderately
high temperatures. Here, the LiFePO, olivine structure con-
sists of a distorted hexagonal close-packed (hcp) framework
containing Li and Fe in octahedral sites and P in tetrahedral

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevB.84.054430

JUN SUGIYAMA et al.

sites (see the inset of Fig. 1.2' 1t is an orthorhombic
structure, space group Pnma, with lattice parameters of
a =10.3290 A, b = 6.0065 A, and ¢ = 4.6908 A.*>?* Dur-
ing lithium extraction/insertion reaction, the Li* ions are
removed topotactically while maintaining the topology of
the FePO, framework. The Li™ ions were found to diffuse
along the b direction by neutron-diffraction measurements on a
Li-deficient sample at high-T.>* However, the dynamic nature
of the Li* ions is still not clarified, despite the considerable
effort dedicated to fabricating Li-ion batteries using LiFePOy4
as a positive electrode material."®

This is because LiFePO, is a Curie-Weiss paramagnet
down to its antiferromagnetic transition temperature (Tn =
52 K).202! Furthermore, since the electron configuration of
the Fe?* ion is tfgeg with § = 2, large Fe moments affect
the spin-lattice relaxation rate (1/7)) of the Li-NMR signal
even at ambient temperature, resulting in difficulty to observe
Li diffusion by Li-NMR. In fact, the 1/7(T) curve for
LiFePO, obtained by Li-NMR was reported to be almost T
independent above 51 K due to the effect of the paramagnetic
Feions.?> Hence it is obviously not possible to reliably estimate
Dy; by NMR, as in the case for Li,CoO,. On the other
hand, a recent Mossbauer study showed that Dy; of LiFePOy
ranges between 8 x 1073 and 3 x 10~!! cm?/s at ambient
temperature.”® However, first-principles calculations predicted
that Dy; ~ 1078 ¢cm?/s for Li;sFePO4.?” In contrast to Dy,
the chemical diffusion coefficient (Dy;), which is measured
under a potential gradient, is reported to range between 1.8 x
10~ cm?/s (Ref. 28) and 7.6 x 107! cm?/s,?° depending on
the measurement technique. It is therefore highly required to
estimate reliable Dy; of LiFePO,4 experimentally.

Neutron experiments also revealed that LiFePO, enters into
a collinear AF ground state below Ty.?"?33° The magnetic
moments of the four Fe ions present in the unit cell are
parallel/antiparallel to the b axis with the ordered moment
(tora) 4.19up at 2 K. Since such AF order generates a large
internal magnetic field (Hjy) at each moun site, we can expect
a clear muon-spin precession signal in a zero-field (ZF) u*SR
spectrum below Ty. If there are multiple muon sites with
different Hj, in the lattice, we could reconfirm the AF spin
structure from the intensity ratio between multiple Hjy, as in
the case for BaCoOs3,3' Ba;Co004,3? and NaV,04.33

Here, we report the low-7T" magnetism and high-T diffusive
behavior of LiFePO, investigated by *SR. Since u*SR sen-
sitively probes Hj, originated by both electron and nuclear, the
change in H;,, with T is clarified in a microscopic spatial scale.

II. EXPERIMENT

A powder sample of LiFePO, was prepared by a
solid-state reaction technique using reagent grade Li,COs,
Fe(I)C,04-2H,0, and (NH4),HPO, as starting materials. A
stoichiometric mixture of the raw materials was thoroughly
mixed by a conventional planetary milling apparatus, and then,
the mixture was sintered at 700 °C for 6 h in a purified argon gas
flow. According to a powder x-ray-diffraction (XRD) analysis,
the sample was assigned as a single phase of an orthorhombic
symmetry with space group Pnma.

In order to know the macroscopic magnetic properties of the
sample, susceptibility (x) was measured below 400 K under a
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H <10kOe field with a superconducting quantum interference
device (SQUID) magnetometer (MPMS, Quatum Design).
The Weiss temperature (®cw) and effective magnetic moment
(tetr) were determined from the x(7') curve by fitting to a
Curie-Weiss law, x = C/(T — Ocw) and C = (N /3kp)u2;
in the T range between 100 and 400 K. Here, N is the number
density of Fe spins, g is the effective magnetic moment
per Fe, and kg is Boltzmann’s constant. As a result, we
obtained Ocw = —92.1 £0.7 K and e = 5.58 & 0.01up,
respectively (see Fig. 1). These values are reproducible to
those for polycrystalline samples in literature,>*?!>*23 and are
consistent with the average values along the three directions
for a single-crystal sample.??

The " SR spectra were measured at the surface muon beam
lines using the LAMPF spectrometer of TRIUMF in Canada,
the ARGUS spectrometer of ISIS/Riken-RAL in UK, and the
D-OMEGA1 spectrometer of MUSE/MLF/J-PARC in Japan.
In TRIUME, the approximately 500-mg powder sample was
placed in an envelope with 1 cm x 1 cm area, which is made
of Al-coated Mylar tape with 50 um thickness in order to
minimize the signal from the envelope. And then, the envelope
was attached to a low-background sample holder in a liquid-He
flow-type cryostat in the T range between 1.8 and 250 K. In
Riken-RAL and J-PARC, on the other hand, a ~2-g powder
sample was pressed into a disk with 27 mm diameter and
1 mm thickness, and packed into an Au O-ring sealed titanium
cell. The window of the cell was made of a Kapton film with
50 pm thickness. The cell was mounted onto the Cu plate of
a liquid-He flow-type cryostat in the T range between 10 and
500 K. The experimental techniques are described in more
detail elsewhere.®

III. RESULTS
A. Low-temperature magnetic properties
1. Weak transverse field u* R

In order to study the microscopic magnetic nature of
LiFePO,, we initially measured utSR spectra in a weak
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FIG. 1. (Color online) T dependence of inverse susceptibility
(1/x) for LiFePO,. The x data were obtained in field cooling (FC)
mode with H = 10 kOe. A solid line represents a linear fit in the T
range between 100 and 400 K using a Curie-Weiss formula.
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transverse field (WTF around 30 Oe). Here, “weak” means
that the applied field is significantly less than any possible
spontaneous internal fields (H,) in the ordered state. The
wTF-u*SR technique is sensitive to local magnetic order
via the decrease in the amplitude (asymmetry) of the ™
spin precession signal and the enhanced u™ spin relaxation.
Figure 2(a) shows the variation of the wTF time spectra of
LiFePOy at different temperatures. When 7 decreases below
55 K, the oscillation amplitude due to wTF rapidly decreases
below 51 K, indicating the appearance of additional strong
Hiy. At 49 K, the wTF oscillation eventually disappears and
the spectrum consists of a fast relaxing signal in an early time
domain and a slowly relaxing tail signal. Note that the initial
amplitude of the wTF oscillation (Ap) is below 0.2 even at
55 K, although Ay ~ 0.24 for a Ag reference. This means
that electron-induced magnetic moments are still fluctuating
within a #"SR time scale even above Ty. The wTF-u ™SR
spectrum was consequently fitted using a combination of
a slowly relaxing precessing signal and two exponentially
relaxing nonoscillatory signals. The first component is due to
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FIG. 2. (Color online) T dependences of (a) the weak transverse
field spectrum for LiFePO4 measured in TRIUMF, (b) normalized
asymmetries (A;/Ap), and (c) relaxation rates (A;). The data in
(b) and (c) were obtained by fitting the wWTF spectrum using
Eq. (1).
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the externally applied magnetic field (WTF = 30 Oe) and the
second and third are due to Hi,.. More correctly, the third signal
corresponds to the “1/3 tail” caused by the Hi, component
parallel to the initial muon-spin polarization:

Ao Prr(t) = Arp cos(whgt + ¢rF) eXp(—Atrt)
+ A7tFfast €XP(—ATFfast?)
+ ATFslow eXp(_)"TFslowt)v (1)

where Ay is the initial (r = 0) asymmetry, Prg(?) is the muon
spin polarization function, wfy, is the muon Larmor frequency
corresponding to the applied wTF, ¢1r is the initial phase
of the precessing signal, Arg, Atpfast, and Arpgow are the
exponential relaxation rates, and Atp, Atrpfast, and ATpsiow
are the asymmetries of the three components of the utSR
spectrum.

By plotting Atp versus T [see Fig. 2(b)], we can clearly see
that the LiFePO, sample has a bulk AF transition at Ty" =
50.7 K, where the normalized Atp(=Atr/Ao = Nay) = 0.5.
This is because the normalized Arg corresponds to the
volume fraction of paramagnetic (PM) phases in a sample.
Interestingly, as T decreases from 150 K, Arpgg slightly
decreases down to Ty, and then, disappears at Ty. Below Ty,
Atpgow appears instead and approaches to 1/3 with further
decreasing T. Here, we wish to mention the appearance of
another fast relaxing component below Ty, which was clearly
detected by zero-magnetic-field measurements, as explained
in Sec. IIT A 2.

As T decreases from 150 K, the Arp(T) curve exhibits a
critical behavior towards Ty [Fig. 2(c)], while such behavior
is very weak for the Arppy(7') curve. The origin of the Arggg
signal will be discussed in Sec. IV B. On the other hand, Apgiow
decreases with decreasing T, as expected for the 1/3 tail signal
(see also Sec. IIT A 2).

2. Zero-field n*SR

In order to further elucidate the nature of the magnetic
phase, we measured the ™SR spectra in zero magnetic
field (ZF). The ZF-1 "SR technique is uniquely sensitive to
local magnetic [dis]order in samples exhibiting quasistatic
paramagnetic moments. Figure 3(a) shows the T dependence
of the ZF time spectrum in an early time domain for
LiFePO, and the Fourier transform frequency spectrum of
the ZF time spectrum at the lowest 7 measured. The time
spectrum shows a clear oscillation below 7y, and the frequency
spectrum indicates the existence of two oscillatory signals with
~45 MHz and ~90 MHz at 1.8 K. In addition, there is a very
fast relaxing signal in the initial 0.01-0.02 pus in the time
spectra.

In fact, the ZF spectra were well fitted by a combination
of two exponentially relaxing cosine oscillations for the static
internal field and two exponentially relaxing nonoscillatory
signals,

Ao Pzr(t) = Aar1 COS(Whp t + Par1) eXp(—AaFi?)
+ Aar2 COS(@po! + Par2) EXP(—AaF2l)
+ Afast exp(_)"fastt) + Aslnw exp(_)\slowt)’ (2)

where Ay is the initial asymmetry, Aar;, Aar2, Afus, and
Agow are the asymmetries associated with the four signals.
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FIG. 3. (Color online) (a) T dependence of the ZF- "SR time
spectra and (b) the Fourier transform of the ZF spectrum at the lowest
T measured. In (a), each spectrum is offset by 0.15 for clarity of
display. These spectra were obtained in TRIUMF.

a)ﬁﬁ(z 27 fari) is the muon Larmor frequency corresponding
to the static internal AF field, ¢ap; is the initial phase of the
oscillatory signal, Aapi, Afast, and Ageyw are the exponential
relaxation rates of the four signals.

Figures 4(a)—4(f) show the T dependences of the ZF-u+SR
parameters. The two far(T) curves [Fig. 4(a)] exhibit an
order-parameter-like 7 dependence. That is, as 7" decreases
from Ty, both far; and fap, increase monotonically down to
the lowest 7 measured with decreasing the slope (d f; /dT).
Furthermore, the T dependence of fap; is found to be very
similar to that of fag;. In fact, the ratio fapi/far is 2.1
below Ty, as seen in Fig. 4(f). If we employ a mean-field
theory for the fari(T) curves in the T range between 20 and
50.1 K, i.e., fari/fari (0 K) = [(Tx — T)/Ix]P, the critical
exponent (f) is estimated as 0.244(2) and TI%F as 50.20(2) K.
These values are consistent with those obtained by neutron
measurements in the same T range, [8"""" = 0.27(3) and
Tl\rlleutron — 500(5) K].30

The four asymmetries are also 7" independent below ~40 K
[Fig. 4(b)]. In particular, since Agow ~ 1/3, Aglow 1s most likely
as a “1/3 tail” signal caused by the field component parallel to
the initial muon-spin polarization. It should be noted that the
Apag signal is the largest among the four asymmetries. Besides
the 1/3 tail signal, the usage of the three independent signals in
Eq. (2) does not mean the existence of three different magnetic
phases in the sample but indicate the presence of three mag-
netically different muon sites in the LiFePO, lattice, because
all the signals disappear above Ty. The assignment of the three

PHYSICAL REVIEW B 84, 054430 (2011)

06— 7T (tl))
0.4 -_A a Afait A A A AM; _
< Atai 5
- La a A A N |
<< 0.2}o o A|<:>2 o o o O% -
i - AA':1 [ Q% 1
0 L | L | L | .u | L | L
_100F — T T T T
Tw _o [ KAF: e o © 85°0© (C) T
© 1o o o o o © 4
= | Aar2 TR
&0_01 P S
"_U, 200k T T {E— T @ |
2% 1 1 bl
Z100F 3 R
B L &
< Qlb—m
—T—7——7—

0 %géggéé%ow)

dari (DEG)
@

* OaF1
-60} ° Oar2 E .
QoL+ v R
2?#??0@0%' 0 ]
8 I fari/far2
& 1__ Aar1/Anr2 o
0 o0 o o o O o

0 10 20 30 40 55 60
TEMPERATURE (K)

FIG. 4. (Color online) T dependences of u*SR parameters for
the LiFePO, sample; (a) muon-spin precession frequencies (fap =
@i /27), (b) the normalized asymmetries (A4;/Ay), (c) the relaxation
rates (Aapi), (d) the relaxation rate of the Apg signal (Apg), (€) the
initial phases of the two oscillatory signals (¢ar;), and (f) the ratios
between far; and fag, and Aag; and Aag,. The data were obtained
by fitting the ZF spectra using Eq. (2). In (a), solid lines represent
the fitting result at 7 > 20 K using the equation fag/far (0 K) =
[(Tx — T)/ TN,

signals to the muon sites will be discussed in Sec. IV A. Here,
we wish to emphasize that such a situation is often observed
for magnetic materials, depending on its crystallographic
and magnetic spin structures. For instance, although there is
crystallographically only one muon site in the AF insulating
LiCrO; lattice, there are 36 magnetically different muon sites
in the AF phase. The ZF spectrum for the AF phase of LiCrO,
is well explained by the sum of the 36 independent oscillatory
signals plus a 1/3 tail signal.®> Furthermore, for an AF
metallic compound, NaV;,0y, there are crystallographically

054430-4



MAGNETIC AND DIFFUSIVE NATURE OF LiFePO; . ..

four muon sites in the lattice, resulting in the appearance of four
oscillatory signals in the ZF spectrum below Ty.>*3¢ Multiple
oscillatory signals are also observed in the ZF spectrum for
the AF phase of BaCoOj3 (Ref. 31) and Ba,Co0,.*

Although the two relaxation rates Aap; and Aap, exhibit
a maximum below the vicinity of 7y, they decrease rapidly
with decreasing 7', and level off to a constant value below
~40 K [Fig. 4(c)], below which Aap; and Aap, are also T
independent. On the other hand, Aq, decreases monotoni-
cally with decreasing 7', and approaches to 0 with 7 — O.
Furthermore, since Agow << Aap2, Aglow 1S reasonably assigned
as a 1/3 tail signal. Interestingly, the A5 (7)) curve shows a
similar 7 dependence to fapi(7T) and fap(T) [Figs. 4(a) and
4(d)], indicating that A, comes from the fluctuating internal
AF field. The origin of the Ay, signal is discussed later.

Finally, except for a small temperature range in the vicinity
of Tn, both ¢ar; and ¢ap; are O [Fig. 4(e)]. This suggests a
commensurate AF structure to the lattice period. We should
note that all the ZF-u*™SR parameters show a monotonic
change in the T range between 7y and 1.8 K. The present
results hence suggest the absence of an additional magnetic
transition below Ty, in contrast to the result of very recent
Méssbauer measurements.>* The relationship between the AF
spin structure proposed by neutron and the ;TSR parameters
will be discussed in Sec. IV A.

B. High-temperature diffusive behavior

In the paramagnetic state above Ty, the ZF-u+ SR spectrum
consists of a fast relaxation due to paramagnetic Fe moments
(HE®) and a slow relaxation due to a nuclear magnetic field
(Higl) caused by Li, 7Li, and 3'P, as expected from the wTF
measurements. Figure 5 shows the ZF and longitudinal field
(LF) 4T SR spectrum obtained at (a) 100 K, (b) 250 K, and
(c) 350 K. Although the applied LF (=10 Oe) clearly reduces
the relaxation rate of the slow relaxation, i.e., decouples Hil;fl,
at 100 K, such a “decoupling” effect is very weak at 250 K,
indicating the increase in a field fluctuation rate of HY, with 7.
Interestingly, the same LF apparently reduces the relaxation
rate again at 350 K. This means that H, shows a static nature
at 100 K, but dynamic at 250 K, and then becomes static again
at 350 K.

In order to know the change in H'® and HY with T,
the ZF and LF spectra were fitted simultaneously by a
combination of an exponentially relaxation signal caused by
HEe, an exponentially relaxing dynamic Gaussian KT function
[GPCKT(A ,v,¢, H )] caused by a fluctuating HiI;I[ due to Fe
moments and Li diffusion,?” and an offset background (BG)
signal from the fraction of muons stopped mainly in the sample

cell, which is made of high-purity titanium,

Ag PLr(t) = Arexp(—Af?)
+ AgrGP KT (A v,1, Hy p) exp(—Axrt) + Ag,
3

where Ag is the initial (# = 0) asymmetry, Ag, Agr, and
Apg are the asymmetries associated with the three signals.
Ap and Agr are the exponential relaxation rates, A is the
static width of the local-field distribution at the disordered
sites, and v is the field fluctuation rate. When v = 0 and
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FIG. 5. (Color online) ZF- and LF-u*SR spectra for LiFePO,
obtained at (a) 100 K, (b) 250 K, and (c) 350 K. The magnitude of

LF was 10 Oe. Solid lines represent the fit result using Eq. (3). These
spectra were obtained in ISIS/RAL.

Hip =0, GP9%T(¢, A v, Hip) is the static Gaussian KT func-
tion GX'(#,A) in ZF. Equation (3) suggests that there are two
different muon sites, as in the case for the low-T re-
sults, for which there are two oscillatory signals and one
fast relaxing signal, together with the 1/3 tail signal.
Correctly speaking, the Ap signal should be given by
ApGPOKT(A v, 1, Hi ) exp(—Art), as well as the second term
of Eq. (3). However, since A is very large compared with A
and v, as demonstrated later, exp(—Agt) is predominant for the
Ap signal. We thus used A exp(—Art?) instead. The assignment
of the two signals to the muon sites will be discussed in
Secs.IV A and IV B. Moreover, the Agg term appears in Eq. (3)
but does not in Eq. (2), because the sample cell was used only
for high-T "SR measurements, as described in Sec. II.

At first, we fitted all the ZF and LF spectra using a common
Apg in the whole T range and common, i.e., Hy r independent,
A and v at each T in Eq. (3). Then, since both Agg and Agr
were found to be approximately 7" independent, we finally
used common A and Ak for fitting the ZF and LF spectra.
The obtained values are Agg = 0.0247(1), Ar = 4.03(5) x
10° s, and Agt = 0.0571(8) x 10° s~ .

Figure 6 shows the T dependences of u*SR parameters
obtained by such a global fitting. As T increases from
100 K, A is almost T independent until 200 K, and
decreases slightly with 7', then finally levels off to a
constant value (~0.1 x 107% s~!) above ~300 K. On
the other hand, v starts to increase above around 150 K
with increasing the slope (dv/dT), reaches a maximum
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FIG. 6. (Color online) T dependences of (a) A and v and (b)
normalized AKT and AF [AKT/(AKT+AF) and AF/(AKT+AF)]
for LiFePO,. Circles represent the data obtained in ISIS/RAL and
triangles represent the data obtained in J-PARC. Each data was
obtained by global-fitting the ZF and LF spectra using Eq. (3).

at 260 K, and then decreases with further increasing 7.
Then, v also becomes T independent at T above 325 K.

It should be noted that there is no structural change around
260 K, according to neutron-diffraction measurements.”
Moreover, detailed structural analyses of the XRD data,
which were obtained in a synchrotron radiation x-ray source
(SPring-8), revealed a monotonic 7 dependence of both the
Fe-O bond length and the Fe-O-Fe angle in the T range
between 100 and 300 K (see the Appendix). Then, if muons
start to diffuse above 150 K and such diffusion is responsible
for the T dependence of v, it is very difficult to explain the
static nature above 325 K.

Therefore the most reasonable scenario is that the Lit ions
start to diffuse above 150 K and their diffusion rate increases
with T'. Above 260 K, since v becomes rather large compared
with A, such diffusion is too fast to be visible by u*SR. As
a result, v decreases with 7' above 260 K, and finally, v (A)
corresponds to the nuclear field fluctuation rate (nuclear field
distribution width) mainly by 3'P. Such v and A are naturally
static, because the P ions form the POy tetrahedra in the lattice.
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The diffusive behavior detected by ut SR will be discussed in
detail in Sec. IV B.

The two asymmetries are found to vary with 7', particularly
at around 300 K. That is, the Ag7(T) curve exhibits a broad
minimum, but the Ag(T) curve exhibits a broad maximum,
indicating the change in the occupancy of muon sites with
T. This is because, since the Li™ ions are diffusing, the
distribution of electrostatic potential in the lattice is naturally
altered by Li™ diffusion. As a result, the stability of each muon
site is thought to depend on T'.

IV. DISCUSSION
A. Low-T AF phase

Based on electrostatic potential calculations using a point-
charge model, there are four different muon sites at the vicinity
of the O ions in the LiFePO, lattice. More correctly, we
assumed that each p is bound to the nearest O~ ion with a
typical bond length in oxides, namely, d,_o = 1 A.® Then,
we calculated the dipole field at each site using a collinear AF
structure, which is proposed by a neutron experiment.?>* As
a result, we obtained an internal AF field (Hap) at each muon
site, as listed in Table I. Since the AF ordered moment (u)2)
is reported as 4.19(5)up at 2 K,>* one can expect the muon
spin rotation signals with the precession frequency, 114, 70,
103, and 103 MHz in the ZF-u*SR spectrum. However, as
seen in Fig. 4(a), far1 = 93 MHz and fap, = 45 MHz at 2 K.
This suggests that the muons responsible for the Aap, signal
locate at the 12 site, while those responsible for the Aap;
signal must locate at one of the remaining three sites, i.e., the

pll, u21, or u31 site with ,u“SR ~ 2.9ug. The discrepancy

ord
between ,ugij and phD is probably due to a different time

window between the two techniques.

Next, we will discuss the origin of the A, signal. Note that
the Apst(T') curve is similar to the fap;(T) and fap(T') curve,
but Apg = 180 x 10° s7! at 2 K. The magnitude of H;,, at the
muon site(s) responsible for the A,y signal is hence likely to
range below fr.q = 29 MHz = A /27 (Hine = 2100 Oe for
™), although it is difficult to estimate Hi,, for a nonoscillatory
signal. This rough estimate, however, excludes the possibility
of muonium formation in LiFePOy,, because the gyromagnetic
ratio of muonium in the triplet state (y, /27) is 1.40 MHz/Oe.
As a result, the internal filed at the muonium site would be
21 Oe, which is too small for the AF ordered state and too
large for the nuclear magnetic field (see Table I). Therefore we

TABLE 1. Possible muon sites (/4,,,), which locate 1 A away from O,,, the internal AF field (Har) at [i,,,,, electrostatic potential (E) at fi,,,,
and nuclear dipole field distribution width (A) for LiFePO, determined by electrostatic potential calculations and dipole field calculations.
AFPO4 is A without Li nuclear magnetic moments. The calculations were performed by a computer program DIPELEC (Ref. 38), which uses a

point-charge model.

Nearest O site dyre Har AR E A AFePO4
Site (x,y,2) (x,y,2) (A) (Oe/up)  (MHz/up) (V) (x10%s7h)  (x10°s7h)
nll 01 (0.0971,0.2500,0.7428) (0.1225,0.3772,0.8679) 1.885 1991 26.99 -9.214 0.372 0.076
w12 01 (0.0971,0.2500,0.7428)  (0.0416,0.2500,0.9172)  2.501 1238 16.78 —-9.119 0.490 0.076
u21 02 (0.4573,0.2500,0.2067)  (0.3901,0.2500,0.3599)  2.129 1803 24.44 —11.176 0.265 0.061
u3l 03 (0.8340,0.9536,0.7149)  (0.8146,0.0404,0.8914) 2.154 1800 24.39 —10.788 0.202 0.065
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FIG. 7. (Color online) Possible muon sites (111, 12, n21, and
131) predicted by electrostatic potential calculations.

propose the following two scenarios for the origin of the Agyg
signal:

(1) Rapidly fluctuating Fe moments. Since Mf;riR < ,ugrlgD,
Fe moments are still fluctuating even at 2 K from the viewpoint
of uSR. Depending on the principal axis of the fluctuating
Fe moments, the muons at a certain muon site would feel a
dynamic field even below Tx.

(2) Muon diffusion. As seen in Fig. 7, the distance between
the nearest-neighboring 111 sites is 1.106 A. Since the two
w11 sites are symmetrical with respect to the O1 atom, muons
at the 11 site would jump between the neighboring sites,
resulting in the fluctuating behavior.

Since Mgy decreases with T below Ty [see Fig. 4(d)], the
first scenario is more acceptable for the origin of the Ag,
signal. In this case, the muons responsible for the A, signal
are most likely to locate at the p11 site due to the shortest
distance to the nearest-neighboring Fe’* (d,,_p.) among the
three muon sites. The ©™SR signal is thus expected to be
strongly affected by fluctuating Fe moments, leading to the
exponentially relaxing signal.

B. Li diffusive behavior

The origin of the Ar signal is also thought to be fluctuating
Fe moments in the paramagnetic phase, as for the origin
of the Agy signal in the AF phase. Due to the insulating
nature of LiFePO, even above Ty, Ap is expected to obey
a Curie-Weiss law, as well as x. However, since the change
in x above 100 K is not so drastic (Fig. 1), we could fit the
w* SR spectra using a common Ag[=4.03(5) x 10° s~!] until
500 K. In addition, the fact that the Ap signal only affects the
relaxation in an early time domain below 0.5 us (Fig. 5) makes
it easy to fit the ™SR spectra using a common Ag. According
to our preliminary u*SR work on the other phospho-olivines,
LiMPO4 (M = Mn, Co, Ni),* the Af signal is most likely to
depend on p. of M. That is, the ZF spectrum for LiMnPO,4
with wegr = 6.3up exhibits an exponentially relaxing behavior
even at 300 K, while that for LiNiPO4 with per = 3.3up
exhibits a KT behavior.

In order to explain the effect of the Fe moments on Ap,
it is reasonable to assign that the muons at the w11 site are
responsible for the Ag signal due to the shortest d,,_g.. Indeed,
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FIG. 8. (Color online) Electrostatic potential distribution in the
(x,y,0) plane for LiFePO,. There are two potential minima around
the regular Li sites, (0, 0, 0) and (0, 0.5, 0). That is, (0.18, 0.98,
0) and (0.09, 0.75, 0). The lattice constants are = 10.3377 A and
b=6.0112 A.

the normalized asymmetry for the Ag signal (~0.3 at 100 K)
roughly agrees to that for the Ag,g signal (0.41 below Ty) in
ZF measurements. Furthermore, the Ayp,g signal in wTF mea-
surements is naturally induced by the same origin to that for
the Ap signal. In fact, the values of the normalized Arpg,s and
ATEfast are comparable to those of the normalized Ag and Ag.

The rest of the implanted muons, which locate at the @12,
u21, and/or 31 sites, however, feel the fluctuating field due
to Li diffusion through a dynamic KT behavior, as in the case
for Li, CoO, and LiNiO,.!%!2 Such diffusion increases v with
increasing 7" until 260 K. At this 7', since v ~ 5A, Eq. (3) be-
comes eventually equivalent to a simple exponential relaxation
[exp(—At1)]. Thus the maximum in the v(7T") curve at 260 K in-
dicates that the Li* diffusion is too fast for ™ SR. In fact, A de-
creases slightly with 7" above 200 K and levels off about a half
of A (100 K) above ~350 K, suggesting a motional narrowing
of A due to Li diffusion. The dipole field calculations also sup-
ports this speculation, because A without the Li contribution
(AFePO4) ranges between 1/3A and 1/4A at the w11, 421, and
u31 sites (see Table I). Here, we wish to emphasize that the
fastest limit of v determined from a KT signal is not restricted
by the magnitude of v but by the ratio between v and A.

Finally, we attempt to evaluate a diffusion coefficient of Li*
ions (Dy;) using the present 1SR result. Here, the regular Li
site is fully occupied by Li; we naturally consider only the jump
to interstitial sites. The electrostatic potential calculations
suggest two possible interstitial sites for Li diffusion, as seen
in Fig. 8. Assuming that v corresponds to the jump rate of the
Li* ions between the neighboring sites, Dy; is given by*’

n 1 5
DL1 - Z N Zv,zsi v, (4)

i=1 Vi

where N; is the number of Li sites in the ith path, Z,; is the
vacancy fraction, and s; is the jump distance. Therefore n = 2,
Ny =2,5=186Aand Z, =1 and N, =2, s, = 1.77 A,
and Z, = 1. Moreover, we assume that v below 150 K is caused
by the fluctuation of Fe moments. As a result, we have obtained
the T dependence of Dy; for LiFePO4 (Fig. 9). A linear
relationship between In (Dr;) and 7! indicates a thermal
activation process of Li diffusion, as expected. The magnitude
of Dy is calculated as 2.3 x 107!9 cm?/s at 263 K, and is
estimated as 3.6 x 1071° cm?/s at 300 K by extrapolation of
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FIG. 9. The relationship between Dy; and 1/T. The straight line
shows the thermally activated behavior discussed in the text.

the linear fit with the activation energy (E,) 99 meV. This
value is about 1/5 of E, along the b direction (540 £ 50 meV)
estimated from ac impedance measurements for single-crystal
LiFePO,.*! This is because 1*SR is specially sensitive to a
short-range jump of Li™ ions, while ac impedance senses the
long-range Li diffusion. A very similar discrepancy between
E, obtained by NMR and ac impedance is also reported for
several materials.*?

Since reliable Dp; for LiFePO, estimated by other tech-
niques are currently unavailable,?>?® we compare the present
result with the prediction by first-principles calculations.?’
That is, Dy; is reported as 1078 cm?/s for Li deficient
Li; gFePOy4 at room temperature. The same calculations also
provided that E, =270 meV. Note that these values are
calculated for Li diffusion between a regular occupied site
and regular vacant site. In other words, there is no prediction
for stoichiometric LiFePO4. According to first-principles
calculations for Li,CoQ;, as x increases from 7/8 to 1, Dy;
is reported to decrease by ~95%. Therefore the discrepancy
between the measured values for LiFePO, and predicted values
for Li7;3FePO4 would be acceptable. Also, it should be noted
that Dy; for LiFePOy is larger than those for Li,CoO, and
LiNiO,, despite the one-dimensional pathway for Li diffusion
in LiFePOy. On the contrary, such high Dy; makes LiFePO4
useful as a cathode material for Li-ion batteries.

V. SUMMARY

We have investigated the low-7 magnetism and high-T
diffusive behavior of LiFePO4 by means of utSR. The low-T
magnetic nature was well explained by a collinear AF model
proposed by neutron scattering. Above Ty, utSR detected
Li" diffusion above 150 K. Combining with the electrostatic
potential calculations, a diffusion coefficient of Li ions were
estimated as 3.6 x 107'° cm?/s at 300 K.

ACKNOWLEDGMENTS

We thank the staff of J-PARC, ISIS, and TRIUMF for
help with the u*SR experiments. We also thank the staff of
SPring-8 for help with the XRD experiment, which was ap-
proved by the Japan Synchrotron Radiation Research Institute
(Proposal No. 2010B1806). Moreover, we thank K. Nishiyama
of KEK for discussion. J.H.B. was supported at UBC by
NSERC of Canada, and (through TRIUMF) by NRC of
Canada, K.H.C. by NSERC of Canada and (through TRIUMF)

PHYSICAL REVIEW B 84, 054430 (2011)

by NRC of Canada. All images involving crystal structure were
made with VESTA.*

APPENDIX: STRUCTURAL ANALYSIS

In order to study the T dependences of the lattice parameters
of LiFePQy, particularly at around 250 K, we have measured
powder XRD patterns as a function of 7 at BL19B2 in
SPring-8. The approximately 4-mg powder sample was filled
into a glass capillary tube with 0.3 mm diameter. Then,
the capillary tube was mounted on the goniometer, and the
temperature of the sample/goniometer was controlled by a cold
N; gas flow. The XRD data were recorded on an imaging plate
(IP) in the T range between 100 and 450 K. The wavelength
of the incident synchrotron x ray was 0.6 A. The obtained
data were analyzed by a Rietvelt method** using the computer
program RIETAN-FP.*

Figure 10 demonstrates the absence of a lattice anomaly
in the whole T range measured. This is very consistent with
the result of neutron-scattering measurements.”® Therefore the
maximum at 263 K in the v(T') curve [Fig. 6(a)] is found to be
not caused by a structural change in the lattice.
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FIG. 10. (Color online) (a) The FeOg octahedron and four bond
lengths between Fe and O, d,, d,, d3, and d,, in LiFePOy, (b) T
dependences of the four bond lengths, and (c) T dependence of the
angle between Fe-O-Fe.
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