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Nuclear magnetic field in Na, ;CoO, detected with £~SR
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The internal magnetic field in a sodium battery compound, i.e., the paramagnet Na,;Co00,, was investigated
with negative muon spin rotation and relaxation (x~SR), and the result was compared with the results previously
obtained with u*SR. The majority of implanted w~ is captured on an oxygen nucleus, while ™ locates an
interstitial site. Therefore, a u*SR work provides information on the internal magnetic field, which is formed
by nuclear magnetic moments of 2*Na and *°Co, from the two different viewpoints. Besides a slight decrease in
the field distribution width (A) around 300 K, the nuclear magnetic field detected with ;#~SR was found to be
almost static and temperature independent up to 400 K, even though Na ions are known to start to diffuse above
290 K based on u*SR, Na-NMR, neutron scattering, and electrochemical measurements. Such a discrepancy is
caused by the fact that the Na contribution to A is only about 3% at the O site whereas it is about 13% at the

interstitial site, where the u* is presumably located.

DOLI: 10.1103/PhysRevB.102.144431

I. INTRODUCTION

For energy materials research, it is often very imperative
to know the dynamics of proton and/or alkali ions, such as
Lit, Na™, and K*, in materials and surfaces. For such pur-
poses, nuclear magnetic resonance (NMR) is a common and
a well-established technique [1], which detects fluctuation of
a nuclear magnetic field induced by ion diffusion. However,
NMR faces difficulty to estimate the diffusion coefficient for
materials containing paramagnetic ions [2], due to the effect of
paramagnetic spins on the spin-lattice relaxation rate (1/77).
Instead, muon spin rotation and relaxation («SR) was recently
found to provide information on ion dynamics even in param-
agnetic materials [3], because ©SR distinguishes the internal
magnetic field caused by nuclear magnetic moments (H},) to
that by electron magnetic moments (HE ) [4].

Since H), ranges below about 1/100 of HE, the time
domain for the former field observed with wSR is about
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100 times slower than that for the latter field [5,6]. The
muon spin precession frequency (f,) is connected with
H;, at the muon site as f,, = (y,,/27)Hy, where vy, /2m =
13.554 kHz/Oe is the muon gyromagnetic factor. If one wants
to measure H), the SR spectrum should be recorded up to
at least 10 us with adequately high statistics. For the uSR
using positive muons, i.e., TSR, it is easily achieved to
record a ™SR time spectrum up to 10 us with, for instance,
10 Mevents statistics, because the counting rate in the cur-
rent facilities ranges from 30 to 100 Mevents/h. Note that
since the lifetime of a free u* is 2.196 us, the number of
the muons surviving until 10 us decreases down to about
1%[~ exp(— %)] of the total number of implanted muons.
On the other hand, the ©SR using negative muons, i.e.,
©~ SR, faces difficulty in obtaining data with the same accu-
racy as that of u™SR [7-11]. This is because the implanted
spin-polarized ©~ is captured by a nucleus, resulting in the
formation of a muonic atom. Additionally, the initial «~ spin
polarization is reduced down to about 1/6 during the cascade
of the u~ from the outermost shell orbit to the inner orbits of
the muonic atom [12], whereas the u™ stops almost 100% spin
polarized at the interstitial site in the lattice. Therefore, the
asymmetry of ;= SR is naturally decreased down to about 1/6
of that of «™SR, meaning that x~ SR measurements require
36 times higher statistics than that for utSR. As a result,
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1~ SR measurements need much longer collection times and
cannot be completed within a typical beam time, i.e., below a
week. However, the recent progress in pulsed muon facilities
[13], such as the increase in the number of the incoming u™
and the development of multidetector counting systems [14],
drastically increases the counting rate of = SR, which now
enables us to study A, with 2~ SR as well.

Concerning the muon site in the lattice, the implanted ™ is
located at an interstitial site where the electrostatic potential is
minimal, while the implanted p~ is captured by a nucleus. As
aresult, the obtained information with 1~ SR is different from
that obtained with w™SR. Such a difference is in principle
very important for deeply understanding the physics in target
materials.

Following upon the initial attempts to study HY with
n~ SR for MgH, [15] and LiMnPO, [16], we have selected
Na 7C00; as the next target material. Within condensed mat-
ter physics, this material has several interests: It was originally
studied as a cathode material for Na-ion batteries [17-19],
and then attracted attention due to its good thermoelectric
performance [20,21], and was used as a parent material for the
hydrated superconductor Naj35Co0; x 1.3H,0 [22]. Since
the Co ions form a two-dimensional triangular lattice in
the Na,CoO,; structure, the microscopic magnetic nature of
Na,CoO, was heavily investigated with ™SR [23-30], NMR
[31-36], and neutron scattering [37-39] to understand the
effect of geometrical frustration on the above properties and
the diffusive nature of Na. However, £~ SR investigations on
this interesting compound still need to be performed.

The magnetic nature of Na,CoO,, prepared by a solid state
reaction technique, is reported to depend on the Na content
(x) [24,25,40]. The x = 0.7 sample exhibits a paramagnetic
metallic behavior down to 1.8 K, while samples with x =
0.74-0.78 pose an antiferromagnetic (AF) transition around
Tn = 22 K. A recent SR work on the x = 0.7 sample [41],
which was prepared by an electrochemical reaction between
the paramagnetic Nag7CoO, prepared by a solid state reaction
technique and Na metal, reported the appearance of an AF
phase below 22 K. This implies the importance of the Na
distribution and vacancy order in the lattice, although the
details are still unknown. In this «~ SR work, we have used the
paramagnetic Nay7CoO, sample prepared by a solid state re-
action technique, since the Na,CoO, sample with Ty = 22 K
is not stable in air.

II. EXPERIMENT

A powder sample of Najy;CoO, was prepared at the Na-
tional Institute for Materials Science (NIMS) using the solid
state reaction technique reported in Ref. [42]. Here, a stoi-
chiometric mixture of Na,CO3 (99.99%) and Co304 (99.9%),
which were dried at 300 °C before use, was pressed into a
pellet. The pellet was then placed in a dense alumina crucible
and heated three times at 800, 850, and 950°C for 6 h in
an oxygen gas flow with intermediate grindings. The sam-
ple was characterized by a powder x-ray diffraction (XRD)
analysis and magnetization measurements with a supercon-
ducting quantum interference device (SQUID) magnetometer
[magnetic property measurement system (MPMS), Quantum
Design], as seen in Fig. 1.
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FIG. 1. The temperature dependencies of (a) magnetic suscepti-
bility (x = M/H) and inverse susceptibility (1/x = H/M) recorded
under a magnetic field H = 10 kOe and (b) x recorded under H =
100 Oe for Nag;Co0,. Magnetization (M) was measured in both
a field-cooling (FC) mode and zero-field-cooling (ZFC) mode. In
(a), green solid lines represent the best fit using a Curie-Weiss
law, x = xo + C(T — ®), in the temperature range between 50
and 250 K. Such a fit provides that C = 0.186(2) emu K/mol Co
and ©® = —128.5(1.6) K, leading to per = 1.218(8)up/Co. These
values are comparable to the values in Ref. [42], that is, C =
0.16 emu K/mol Co, ® ~ —120K, and p.s ~ 1.1ug/Co. In (b),
there is no clear anomaly in the xF¢(T') and x?F¢(T") curves below
50 K, indicating the absence of an AF phase.

The 1~ SR time spectra were measured on the decay muon
beam line D1 at MUSE of MLF J-PARC in Japan. An approx-
imately 28-g powder sample was placed in a copper case with
15 cm? volume (3.6 cm ¢ x 1.5 cm), made of a 0.5-mm-thick
Cu plate. The copper case was then set onto the bottom of
the sample holder of a He-flow cryostat. The momentum of
the ©~ beam was adjusted to 40 MeV/c to maximize the
number of = stopped in the sample. In order to increase
the counting rate, a double-pulse muon beam was used for
the measurements, where each pulse width is 100 ns and the
second pulse follows the first pulse with a delay of 600 ns.
The repetition rate of one set of the double pulses is 25 Hz,
i.e., pulse on for 100 ns, off for 500 ns, on for 100 ns, and
then off for 40 ms to the next double pulse [43]. The = SR
time spectrum was measured at temperatures between 100
and 450 K with up to 60 Mevents for transverse-field (TF)
1~ SR and 150 Mevents for zero-field (ZF) and longitudinal-
field (LF) .~ SR with a counting rate of about 30 Mevents/h.
Here, TF (LF) means the field perpendicular (parallel) to the
initial ;= spin polarization. The experimental techniques are
described in more detail elsewhere [5,6]. The obtained uSR
data were analyzed with the MUSRFIT software package [44].

144431-2



NUCLEAR MAGNETIC FIELD IN Na(;Co0O, ...

PHYSICAL REVIEW B 102, 144431 (2020)

10°
5 Nao_7COOZ (a)_
=10 TF-w'SR
£ H=30 Oe
(0]
S
o
=10
e
10
.E%...I..:\.I.... L
10075710 15 20
TIME (us)

Nao]COOg (b)_
TF-w'SR
H=30 Oe

“Na

AT YD
100 5 10 15 20

TIME (us)

FIG. 2. The time histogram of the TF-u SR spectrum in
Nay7Co0, for the (a) forward (F) counter and (b) backward (B)
counter. Red open circles represent the experimental data, green solid
lines represent the fit result using Eq. (1), and the dominant O process
is shown as a blue line whereas the minor ones, including the fourth
unknown process, are in black dotted lines.

III. RESULTS

Figure 2 shows the time histograms of the forward
and backward counters [NF(#) and NB(¢)] recorded in TF
with H = 30 Oe. Here, forward (backward) means upstream
(downstream) from the sample with respect to the = beam.
Since the decay asymmetry is very small and the lifetime of
the ;™ depends on the nucleus it is captured on, the histogram
of £~ SR was fitted by a combination of four different decay
processes,

n=4
N(t) =Y Ne™[1 + Ae ™" cos(wit +¢)]. (1)
i=1

where N; is a normalization constant at ¢ = O for the ith decay
process, T; is the corresponding muon lifetime for that process,
A, is the average muon decay asymmetry for that process, w; is

the angular frequency of the ;™ spin precession caused by the
applied TF, and ¢; is the initial phase. As a first approximation,
A; is nonzero only for the predominant process and zero for
the other minor processes.

The time histogram is well fitted with the nuclear capture
processes of each element present in Nay;CoO, together with
one more long life component (see Fig. 2 and Table I), as
in the previous ©~ SR experiments [15]. The first decay pro-
cess with 7o = 1.7954 us is predominant in the time domain
between 0.5 and 10 us, where 7o means 7 for u~ captured
on '°0 [45]. The second and third decay processes repre-
sent muons captured on >*Na with 7x, = 1.204 us and *Co
with ¢, = 0.1858 s [45]. Since 74 [= 18.6(5) us] is longer
than 7 for a free u* (2.196 ws), the fourth decay process is
caused by particles, such as e~ and/or neutrons or some other
unknown effects. Fortunately, the contribution of the fourth
decay process is negligibly small at r < 10 us.

For the second and third processes, since the natural abun-
dances of both *Na with I =3/2 and *Co with I =7/2
are 100%, the p~ spins captured on Na and Co are rapidly
depolarized due to a strong hyperfine interaction with the
nuclear spin. In fact, the past £~ SR work on Na metal [46,47]
reported that An, = 0.0090(15) and Ay, = 13.7(2.2) us™! at
room temperature. Ac, was also predicted to 1300 us~! [12].
Therefore, we could safely approximate the normalized asym-
metry as the asymmetry solely from p~ captured on O,

NEB() — aoNF (1)

AP0 MR+ aoNF )

@)
where Ag is the initial (r = 0) asymmetry, P(¢) is the muon
spin polarization function, and ag = Ng /Ng. Here, since the
initial £~ (u™) spin is parallel (antiparallel) to its momentum,
the numerator of the asymmetry is NB(¢) — aNF(¢) for u~SR
[NF(t) — INB(t) for uTSR].

Figures 3(a) and 3(b) show the TF-, ZF-, and LF-u~SR
asymmetry spectra recorded at 100 and 390 K, respectively.
At both temperatures, the ZF- and LF-u~SR spectra exhibit
almost a static Kubo-Toyabe behavior, indicating that H;,, is
formed by random but roughly static nuclear magnetic mo-
ments. Thus, the ZF- and LF-u~SR spectra were fitted by a
dynamic Gaussian Kubo-Toyabe signal (GP9KT),

Ao P(t) = AgrG ¥ (¢, A=, v™, Hip), A3)

where Ak is the asymmetries associated with the signals from
the ™~ captured on O, A~ is the static width of the nuclear
field distribution at the p~ sites, and v~ is the fluctuation rate
of the nuclear fields. A~ roughly corresponds to the spin-spin

TABLE I. Parameters of the TF-x~SR histograms for the Naj;Co0O, sample obtained by fitting with Eq. (1), where 1o, Tna, and t¢, were
fixed at the values reported in Ref. [45]. Since it is extremely difficult to determine short T components using data at early times due to the
effect of beam e* hitting the counters directly, the histograms were fitted only in the time domain between 0.4 and 16 us.

n Component T (us) NF/N§ NB/NE o; = NP /NF o /oo
1 O 70 = 1.7954% 1 1 ap = 0.983(3) 1

2 Na ™na = 1.204° 0.377(2) 0.467(8) ana = 1.216(19) 1.23(2)
3 Co Teo = 0.1858* 1.47(10) 1.42(4) aco = 0.94(4) 0.96(4)
4 ? 74 = 18.6(5) 0.0042(2) 0.00465(10) as = 1.09(3) 1.11(3)

2From Ref. [45].

144431-3



JUN SUGIYAMA et al.

PHYSICAL REVIEW B 102, 144431 (2020)

006 T T T T
- (a) 100K } } y
0.04r 1 LF20 Oe
= o LF10 Oe
Io 0.02 LT LFO5 Oe

< i

L1 LF20 Oe
m' iLF10 Oe
ILFO5 Oe

ZF

1 TF30 Oe

TIME (us)

FIG. 3. The TF-, ZF-, and LF-x~SR asymmetry spectra for
Nay7Co0, recorded at (a) T = 100 K and (b) T = 390 K. Solid
lines represent the best fit in the time domain between 1.2 and 10 us
using Eq. (3). The TF-1~ SR spectrum was fitted by an exponentially
relaxing cosine function, AyP(t) = Atk exp(—Arrt)cos(2m frt +
¢r1r). Since we used a double-pulse beam, the asymmetry of the
transverse field (TF) spectrum is smaller than those of the ZF and
LF spectra due to an overlap of the two cosine signals with different
initial phases. The data points between 0 and 1 pus are deleted due
to the distortion of the spectrum caused by the double-pulse beam
and the effect of the short lifetime components, i.e., TN, and 7¢,
components.

relaxation rate (1/73) and v~ the spin-lattice relaxation rate
(1/Ty) [5,6]. For v~ = Hig = 0 (i.e., static and ZF), GPSKT
is equivalent to a static Gaussian Kubo-Toyabe function [48],
which is expressed as

G, A7) = 1+ 21— (A )P Texp [ LA 2] 4

Although a nonlinear background signal was observed in
the 1~ SR asymmetry spectrum for MgH, [15] and LiMnPOy4
[16], such a background signal is absent in the present spec-
trum (see Fig. 3). This is because a4 (= Nf/Nf) for the 74
component, which is responsible for the nonlinear background
signal, is close to ao(= N§/N§) for the 7o component (see
Table I). As a result, the normal asymmetry based on the O
component reduces the nonlinear effect of the t4 component to
the background signal. Since the 74 component was observed
in the £~ SR time histogram regardless of the sample, sample
case, and facility [15,16], such a component is most likely
included in the pw~ beam. That is, the ™~ captured on a

beam-line component (metals or alloys) produces unstable
muonic atoms, which decay into long lifetime particles.
Therefore, it is important to tune the beam to minimize the
T4 component, but to maximize the other components.

In principle, oo is equivalent to an, and ac,, because
the decay electron of each component comes from the ©~
captured in the Naj;CoO, sample. Since we used a double-
pulse beam in this experiment, it is difficult to determine the
correct #y (the timing that ¢ = 0), which N; seriously depends
on, particularly for a short lifetime component. As a result,
both an, and oc, are slightly different from «g. However,
considering the lifetime and strong hyperfine interaction of
the Na and Co components, they do not affect the asymmetry
spectrum in the time domain at ¢ > 1 us.

IV. DISCUSSION

A simultaneous fit for the ZF- and LF-~SR spectra us-
ing common A~ and v~ in the time domain between 1.2
and 10 us provided that A~ = 0.310(4) us~!, which corre-
sponds to 3.65(4) Oe, and v~ = 0.018(12) ws~! at 100 K.
Since dipole field calculations with DIPELEC [49] predict that
A= = 0.483 us~!(= 5.67 Oe) at the O site in Nay7CoO,,
so that A=/A™¢ ~ 2/3 Such a discrepancy is probably
caused by the increase in the bond length between Co and
muonic O, due to a weak attractive force between the Co
cation and the muonic O. In order to explain such a dis-
crepancy, the required increase in the bond length is roughly
estimated as 14%-17%, together with the local elongation of
the lattice. The observed A~ is also affected by the uncertainty
of #p and the accuracy of LF. However, the estimation error
due to such factors is below 10%. Note that, since the field
fluctuation rate (v™) is very small, the effect of the localized
Co-3d moments on the dynamics of H), at the u™ site is
almost zero at 100 K.

Figure 4(a) shows the temperature dependencies of A~ and
v~ for Nay7Co0; determined with ©~ SR measurements. As
expected from the ZF- and LF-~ SR spectra, A~ is roughly
temperature independent up to about 400 K, although a small
steplike decrease is observed between 300 and 340 K. As
temperature increases from 100 K, v~ slightly increases up
to 300 K, then v~ decreases with further increasing temper-
ature. Since magnetization exhibits a Curie-Weiss behavior
(see Fig. 1), the increase in v~ above 100 K is naturally
assigned as a dynamic behavior of HY, as discussed below.
However, the change in A~ and v~ due to Na diffusion is
rather small compared with those obtained with SR [26].
As seen in Table II, dipole field calculations with DIPELEC
[49] predict that A~ for Nay;7Co0O; is 5.71 Oe, while A~
for NagCoO, is 5.54 Oe. Thus, the contribution of Na nuclei
to A~ is found to be about 3%, because of the longer bond
length of Na-O (2.391 A) compared to Co-O (1.912 A). In
addition, for the .~ captured on O, the number of the nearest-
neighboring Na ions is 2.1, whereas the number of the Co
ions is 3. Therefore, the slight change in A~ observed above
300 K reasonably corresponds to the expected decrease in A~
due to a motional narrowing by Na diffusion. Furthermore,
97% of HX are formed by Co nuclei, leading to a static nature
even above 300 K. As a result, Na diffusion in Nay;Co0O; is
eventually invisible with £~ SR.
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FIG. 4. The temperature dependencies of A* and v* for
Nag,CoO, determined with (a) £~ SR and (b) TSR [26]. The £~ SR
data were obtained by fitting the ZF- and LF-u~SR spectra with
Eq. (3), while the "SR data were obtained by fitting the ZF- and
LF-u* SR spectra with AgP(t) = AgrGPSXT (¢, A+, v, Hip) + Agg,
where the Apg signal comes from the sample cell made of titanium
(see Ref. [26]). In (a), the horizontal red dotted and dashed lines
show the predicted A~ for Nay;CoO, and NayCoO, with dipole
field calculations with DIPELEC [49]. AT for NaCoO, and NayCoO,
are predicted as 0.494 and 0.428 us~' (5.806 and 5.028 Oe), respec-
tively. The discrepancy of A™ between the prediction and experiment
is caused by difficulty in calculating the p™ site in the nonstoichio-
metric Nay;CoO, lattice (see text).

Such a slight change in A~ could be explained by the
structural change in Naj7Co00;. In fact, the previous neutron
diffraction study [39] clarified that Nag 7CoO, undergoes suc-
cessive structural phase transitions from a low-temperature
monoclinic phase to a medium-temperature orthorhombic

TABLE II. The field distribution width at the O site (A7) in
Na,CoO, with x =0.7 and O in the three phases, i.e., a low-
temperature monoclinic phase at 50 K, a medium-temperature
orthorhombic phase at 320 K, and a high-temperature hexagonal
phase at 450 K. A~ was predicted by dipole field calculations with
DIPELEC using the structural data in Ref. [39]. The lattice parameters
of NayCoO, were assumed to be the same as those of Nagy;Co0O,.

Phase Na content (x) A~ (Oe) A (us™h)
Monoclinic 0.7 5.708 0.4861
(at 50 K) 0 5.540 0.4718
Orthorhombic 0.7 5.708 0.4861
(at 320 K) 0 5.542 0.4720
Hexagonal 0.7 5.673 0.4831
(at 450 K) 0 5.507 0.4690

phase at 7, ~ 290 K and to a high-temperature hexagonal
phase at 7., ~ 400 K. Table II summarizes A~ for each phase
predicted by dipole field calculations. This shows that A~ in
the monoclinic phase (A, ) is almost equivalent to A~ in
the orthorhombic phase (A_,; ). Considering a small thermal
variation of the lattice parameters of the monoclinic phase
[39], Ao (50 K) is very close to A (290 K). Therefore,
it is highly unlikely that the structural phase transition at T,
induces the slight change in A~ around 300 K.

The previous ™SR measurements on Nag;CoO, [26]
provided more remarkable temperature dependencies of A™
and v" [see Fig. 4(b)]. As temperature increases from 25 K,
AT decreases slowly up to around 300 K, and decreases
more rapidly with further increasing temperature. Further-
more, v increases slowly with temperature up to 300 K, and
rapidly increases with further increasing temperature. These
behaviors unambiguously demonstrate the Na diffusion above
300 K in Nay;Co0O,, because such a diffusive nature has
been confirmed with Na-NMR [33], neutron diffraction [39],
and electrochemical measurements [50]. In fact, the v (T)
is very consistent with the spin-lattice relaxation (1/77)-vs-T
curve obtained from Na-NMR [33]. This clearly excludes the
scenario that u' is diffusing above 300 K, but supports the
scenario that immobile " senses Na diffusion. Since the im-
planted p locate the interstitial site in the Nag7CoOj lattice,
which is naturally more proximate to the Na ions than the O
site, © TSR is more sensitive to Na diffusion than p~SR in
Nay 7C00;. If we assume the u™ site as (2/3, 1/3,0.1010) in
the NaCoO, lattice based on density functional theory (DFT)
calculations with a VASP code package [51], the contribution
of Na nuclei to A" is about 13%, being consistent with
the present results. Note that it is impossible to predict the
wu* site in the nonstoichiometric Nag;CoO, lattice by the
present DFT calculations. Instead, the u™ site was predicted
to be (2/3,1/3,0.1010) for NaCoO, and (1/3, 2/3, 1/4) for
NayCo0,, i.e., a vacant Na site. The u™ site is thus expected
to shift gradually from (2/3, 1/3, 0.1010) to (1/3,2/3,1/4)
with decreasing Na content. Therefore, as the Na content
decreases, A1 decreases but the contribution of Na nuclei to
AT increases from the above estimation for NaCoO, (~13%)
due to the simultaneous elongation of the Co-u™ distances
and contraction of the Na-u™ distances.

Back to the v*(T') curve below 300 K, the 1~ SR result is
similar to the u™SR result (a slow increase seen in Fig. 4),
implying the essential change in the local magnetic environ-
ments of both Co and Na with temperature. In fact, the past
Co-NMR [31,32] and Na-NMR [33-35] work also revealed an
increase in the spin-lattice relaxation rate (1/7;) with temper-
ature below 300 K. The change in the Co environment is most
likely caused by charge ordering and/or charge instability of
the Co ions in the CoO, layer [32,36], for details that are still
not clarified. Recent neutron work on Nay 7CoO; [39] showed
that Na™ ions start to change the position slowly above 200 K,
leading to a structural phase transition at 290 K. This implies
that the Co valence state and/or distribution would be affected
by such Na motion.

V. SUMMARY

In summary, we have observed a nuclear magnetic field
(Hilr\ft) in Nay7Co0, with 1~SR as a function of temperature
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up to 400 K. Since SR mainly detected HY, formed by Co,
the obtained result showed an almost static behavior in the
whole temperature range measured. However, a small change
in the field fluctuation rate at temperatures between 100 and
300 K indicated the change in the Co state associated with
the Na movement. Due to the difference of the sites between
w~ and ut in the Nag7CoO, lattice, = SR mainly provided
microscopic magnetic information related to the Co environ-
ment, while ©*SR results provided information on both Co
and Na. The current study is an example of how ©~SR and
1SR can compliment each other by probing the internal field
from different lattice sites.
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