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A positive muon spin rotation and relaxation (u*SR) experiment on a single crystal of Ba,CoO, indicates
the existence of an antiferromagnetic (AF) transition occurring at Ty=~24 K. Weak transverse field measure-
ments show that the paramagnetic volume fraction of the sample decreases rapidly at the magnetic transition,
indicating a bulk effect which cannot be due to the presence of impurities. Zero-field measurements reveal the
presence of a magnetically ordered state below T with at least three crystallographically inequivalent muon
sites. The results are compared to recent magnetic susceptibility and neutron measurements. Of the two AF
spin structures proposed to explain recent neutron experiments, the u*SR results clearly exclude the one
involving AF order along the ¢ axis while supporting that with AF order in the ab plane.
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I. INTRODUCTION

The cobalt ion in the cobalt oxides, with its multitude of
possible valence states, plays an essential role in inducing
the impressive range of phenomena found in these materials,
including spin-state transitions in the perovskite LaCoOs,'?
good thermoelectric performance in Na,CoO, with x~0.7,
superconductivity in  Nay;5C00,#yH,0,* and two-
dimensional (2D) antiferromagnetic (AF) order below 100 K
in the quasi-one-dimensional (Q1D) cobalt oxide Ca;C0,04.
In these crystals the cobalt ions are located in CoOg octahe-
dra and, as a consequence, experience a crystalline electric
field (CEF) splitting between the 1,, and e, levels of a few
hundred Kelvin. As a result, the spin states of the Co’* and
Co** ions are very sensitive to T, with the low-spin configu-
ration (LS) being the ground state at low T.

This sensitivity of the spin state to temperature directly
leads to the spin-state transitions in LaCoOj5 and related per-
ovskites and increases the degeneracy of the spin and orbital
degrees of freedom of Co ions, which enhances thermopower
in Na,CoO, at high T.° Furthermore, the low-spin Co** ions
with S=1/2 stabilize a spin-spin coupling state, inducing su-
perconductivity on the two-dimensional triangular lattice in
the CoO, plane, even though the exact mechanism is still
unknown. In the Q1D Ca;Co,0, since the low-spin Co**
ions with §=0 weaken the ferromagnetic (FM) 1D interac-
tion along the CoOj; chain, the interchain AF interaction is
almost comparable to the 1D-FM interaction. Therefore
2D-AF order appears even at 100 K in Ca;Co,0¢ and related
Q1Ds.>7 Investigating the magnetic coupling in the limit
where the magnetic ions are not clearly coupled at all (0D
interaction) is thus an interesting avenue of research to pur-
sue.

Although the rich physics of CoOg octahedra has been
studied extensively, Co ions in CoO, tetrahedra have at-
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tracted less attention, because of a relatively small CEF split-
ting between the e, and 1,, levels in a tetrahedral field. We
recently found incommensurate magnetic order in a Co3;0,
spinel below Ty=35 K, in which only Co?* ions in the tet-
rahedral sites are responsible for the AF order at low T, by
means of positive muon-spin rotation/relaxation (u*SR)
spectroscopy.® Although the origin of the incommensurate
magnetic order in spinels is not fully understood, this could
suggest charge and/or spin disproportionation of Co ions at
the tetrahedral sites.” This would also suggest the signifi-
cance of the relationship between the spin state and the
electronic/magnetic structure in materials composed of Co
ions in CoQ, tetrahedra. For the Co;0, spinel, nevertheless,
Co** jons in a low-spin state (i.e., S=0) coexist at the octa-
hedral sites, making the interpretation of the underlying
mechanism more ambiguous. We thus need to investigate the
magnetic nature of materials where Co ions reside only in
Co0, tetrahedra.

Recently, Jin et al. have grown (by a floating-zone tech-
nique) and characterized single-crystal Ba,CoO, (see Fig.
1),'% in which the all Co** ions are in CoO, tetrahedra. They
reported on various structural, electrical, magnetic, and ther-
mal properties of single-crystal Ba,CoQO,. In particular, al-
though previous measurements on polycrystalline Ba,CoO,
found no evidence of magnetic order,!! Jin et al. reported
Curie-Weiss-like behavior at high temperatures and detected
a decrease in y below T=25 K. At such low T, there is
magnetic anisotropy—i.e., x(H|ld@) # x(H L d). Fitting their
susceptibility data to a system with an AF transition, they
obtained a Curie-Weiss temperature of ®,~-110 K with
the Co ion sitting in the Co**(d°) state with a high-spin value
of §=5/2.1 Here it should be noted that, since the CoO,
tetrahedra are isolated from each other—i.e., without connec-
tions between nearest neighboring CoO, tetrahedra,
Ba,Co0, is thought to be a 0D system.

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.104421

RUSSO et al.

FIG. 1. (Color online) The structure of single-crystal Ba,CoO,,
with Ba shown as large spheres (greenish yellow online), O shown
as small spheres (red online), and Co shown as medium-sized
spheres (blue online). The CoO, tetrahedra are clearly seen. One of
the faces of each tetrahedron is in the ac plane. The space group of
this monoclinic structure is P2;/n; its lattice parameters are
a=5.9176(13) A, b=7.6192(16) A, and ¢=10.3970(22) A. The
structure is very close to being orthorhombic with B,=91.734°.
Further structural information can be found in Jin et al. (Ref. 10).

In order to elucidate the microscopic magnetic nature of
Ba,CoO,4, we have performed u*SR on a single-crystal
sample of Ba,CoO,. Because the u* feels the short-range
magnetic fields due to its nearest neighbors, u*SR spectros-
copy is very sensitive to the local magnetic environment, and
especially to short-range and/or incommensurate magnetic
order, whereas both neutron scattering and susceptibility
measurements detect mainly commensurate, long-range, bulk
magnetic order; thus "SR is ideally suited to investigate the
magnetic properties of Ba,CoOj,.

II. EXPERIMENTAL TECHNIQUE

The w"SR measurements were carried out on the M20
beamline at TRIUMF, the Canadian National Laboratory lo-
cated in Vancouver, Canada. M20 provides an intense,
highly polarized beam of positive muons. The sample, a
4 mmXxX4 mmX11 mm rod of single-crystal Ba,CoOy,
(from Oak Ridge) was mounted such that the ¢ axis of the
crystal faced perpendicular to the muon beam momentum
(the initial muon polarization, before spin rotation, being an-
tiparallel to the muon momentum).

Care was taken not to expose the sample to air for any
significant length of time, as the sample slowly decomposes
by reacting to CO, and/or moisture. Further sample details
can be found in Jin et al.'’ For a majority of the measure-
ments, the polarization direction of the in-flight muon was
spin rotated via crossed electric and magnetic fields (i.e., a
Wien filter), until the initial muon polarization was perpen-
dicular to the beam direction and hence in the same direction
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FIG. 2. (Color online) (a) Spin-rotated (SR) experimental setup
with crystallographic and muon momentum/polarization directions
shown. (b) Non-spin-rotated (NSR) experimental setup.

as the ¢-axis direction of the sample. Weak transverse field
u*SR (WTF-u*SR) and zero-field u*SR (ZF-u*SR) were
performed on the sample in the usual way in the spin-rotated
(SR) mode unless otherwise noted. The geometry of the ex-
periment can be seen in Fig. 2.

The muon beam has an energy of 4.1 MeV which allows
implanted muons to stop several hundred wm into the
sample. They constitute a direct local probe of magnetism in
the bulk of the material. Hence, w*SR provides information
supplementary to that from other macroscopic probes such as
susceptibility (AC susceptibility) and reciprocal space probes
(neutron scattering). Further information on u*SR tech-
niques can be found in the literature.'>"1

II1. RESULTS
A. wTF-u*SR results

In a multiphase sample, the amplitude of the characteristic
#*SR signal from a given phase is proportional to the vol-
ume fraction of that phase. Thus, the muons are not sensitive
to small-fraction impurity phases. This can be useful, since
magnetic impurities can mask or distort the intrinsic mag-
netic behavior of a sample in bulk measurements such as
susceptibility. With these considerations in mind, wTF-u*SR
spectra were obtained in a spin-rotated mode between tem-
peratures 20-35 K in an applied field of H~6 mT with
H_1é. The ut precession amplitude shows a clear reduction
below ~25 K as seen in Fig. 3(a). The wTF-u*SR spectra
were fitted in the time domain with a combination of a
slowly relaxing signal precessing at the frequency corre-
sponding to the applied field (due to muons in a paramag-
netic environment) and a fast relaxing, nonoscillatory signal
due to muons in much larger static local-fields

AGP(1) = Aparae 0! cos(w, 1+ B) + Apqe ™, (1)

where A, is the initial asymmetry, P(r) is the muon spin-
polarization function, w, is the muon Larmor frequency
(w,=v,H with y,=27X135.54 MHz/T), ¢ is the initial
phase of the precession and A, and \, (n=para, fast) are the
asymmetries and exponential relaxation rates of the two sig-
nals. The latter signal (n=fast) has a small amplitude above
Ty and grows at the expense of the former (A,,,) below Ty
as AF order sets in.

In Fig. 3(b), the magnetic susceptibility is shown parallel
and perpendicular to the @ direction. While the susceptibility
perpendicular to @ is relatively constant in this temperature

A

region, the susceptibility parallel to @ shows a change at
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FIG. 3. (Color online) (a) The wTF asymmetry A, plotted as a
function of temperature. (b) Temperature dependence of the mag-
netic susceptibility perpendicular and parallel to the d@ direction,
from Jin et al. (Ref. 10). A clear transition is seen at 7=24 K as
shown by the dotted line passing through both (a) and (b).

T=25 K. This seems to indicate the presence of a magnetic
transition with the spins pointing parallel/antiparallel to the @
direction. As seen in Fig. 3(a), the full wTF-u*SR asymme-
try Apar, decreases drastically over a small temperature inter-
val as the sample is cooled below T=~25 K. The loss of wTF
asymmetry is nearly complete at low 7, indicating that a
magnetic transition is occurring in the entire volume of the
sample. This rules out the possibility that the magnetic signal
seen in the DC magnetization is due to impurities or defects.
The sharpness of the transition seems to indicate the pres-
ence of only one magnetic transition occurring throughout
the full volume of the sample at about 24 K. This can be
contrasted with Fig. 3(b) where the susceptibility changes
gradually below 25 K. The transition detected by u*SR is
very sharp, indicating a second-order phase transition
throughout the volume of the sample. The lack of a gradual
transition would seem to rule out low-dimensional magnetic
interactions as the source of the magnetic order. As the ©*SR
measurement was taken in the spin-rotated mode with the
initial spin-polarization P(0)lIé, only field inhomogeneity
perpendicular to ¢ will dephase the muon-spin polarization.
We can take this as confirmation that the internal fields at the
muon sites are mostly L¢, consistent with spin alignment
along d as reported by Jin et al.'®

B. ZF-u*SR results

Unlike NMR, where a large external magnetic field is
usually necessary to sufficiently polarize the nuclear mag-
netic moments, u*SR can be performed in zero applied field
since the muon beam is already 100% polarized due to the
parity-violating weak decay of the " mesons which gener-
ate the muon beam. Thus ZF-u*SR is an unique way to
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FIG. 4. (Color online) ZF-u*SR spectra for Ba,CoO,. Oscilla-
tions are clearly seen for 7=1.9 K, indicating the presence of spe-
cific local magnetic fields at the muon sites. At 7=25 K no oscil-
lations are observed, as expected for a sample in the paramagnetic
regime.

probe the unperturbed magnetic structure of a sample. We
performed ZF-u*SR on the Ba,CoO, sample at temperatures
between 1.9 and 30 K. Representative time spectra can be
seen in Fig. 4. Here, since the monoclinic structure of
Ba,CoO, is very close to being orthorhombic with
B.=91.734°, the effect of the monoclinic distortion on the
local-field distribution and directions, which are the main
subject in this paper, should be negligibly small.

The asymmetry shows clear multifrequency oscillations
below 23 K. This is a strong indication of magnetic order.
The low-temperature results were fitted in the time domain
assuming that the signal consists of three slowly relaxing
precessing signals plus a fast relaxing, nonoscillatory signal
and a nonoscillatory signal that describes the slower relax-
ation of the residual polarization at long times

3
AOPZF(t) = E Ane_)‘"t COS((Ont + ¢) + Afaste_)‘faslt + A[aile_)‘lailt’

n=1
(2)

where A, is the initial asymmetry, Pyp(¢) is the muon-spin
polarization function, w, (n=1, 2, and 3) are the frequencies
of the various cosine signals, ¢ is the initial phase of the
precession (which is the same for all three frequencies) and
A, and \,, (n=1,2,3, fast, and tail) are the asymmetries and
the exponential relaxation rates of the signals. The last signal
(n=tail) is usually expected to be due to nuclear dipolar re-
laxation. However, this last term has an orientation depen-
dence (see Fig. 6) that is inconsistent with nuclear dipolar
relaxation, which is usually more isotropic. We will return to
this point later. That the 25 and 1.9 K spectra have basically
the same initial asymmetry is evidence that we are not miss-
ing any additional magnetic behavior in the sample.

The large asymmetry of the signal in Fig. 5 (top) can be
compared to the smaller asymmetry in Fig. 5 (bottom) which
is taken in the non-spin-rotated mode (NSR) where P(0) Lé.
This larger asymmetry of the SR signal can also be seen at
longer times, as shown in Fig. 6. Since ZF depolarization is
caused only by internal fields perpendicular to the initial

spin-polarization P(0), this further demonstrates that the in-
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FIG. 5. (Color online) First 300 ns of ZF-u*SR spectra at
T=1.9 K for data in spin-rotated mode (top) and non-spin-rotated
mode (bottom). The larger asymmetry in the SR mode shows that
the fields at the muon sites are mainly directed in the ab plane of
the sample.

ternal fields are predominantly perpendicular to ¢. Looking
again at Fig. 6, there is a clear orientation dependence of
both the initial amplitude A,; and the relaxation rate A\,
which is nearly a factor of 3 faster for P(0) L ¢ than for
15(0) €. In general A represents the component of the ini-
tial muon spin polarization parallel to the local-field direc-
tion, which can only relax if there are subsequent fluctua-
tions of the local-field direction. Evidently this is much more
likely for P(0)IIé, in keeping with the proposition that the
local fields are mainly perpendicular to the *£¢ direction. If
N were due primarily to fluctuating nuclear dipole mo-
ments, it would be expected to be much more isotropic (and
slower).

Figure 7 shows a plot of the real amplitude of the Fourier
transforms of ZF-u*SR time spectra at temperatures between
1.9 and 25 K. This helps confirm that there are three distinct
frequencies that remain distinguishable from one another as
the temperature approaches 25 K. Figure 7 also confirms the
previous ZF analysis, as we can easily see that the frequency

T T T T T

AO PZF(t)

Time (us)

FIG. 6. (Color online) Same spectra as shown in Fig. 5 but
shown to longer time scales (5 us). One can see that the larger
asymmetry in the spin-rotated mode also relaxes more slowly than
the NSR asymmetry.

PHYSICAL REVIEW B 80, 104421 (2009)

X
— t VWV 25
V.l VA
//V\Y/\\\/\m
HA NS 20
/] \

/ 15
7o\ VAN
AN 10

Real Amplitude
(M) e4njousdws)

JACAVAN ;
T INAAN

0
0O 1 20 30 40 50 60

Frequency (MHz)

FIG. 7. (Color online) Phase-corrected real amplitudes of the
Fourier transforms of the ZF-u*SR time spectra plotted as functions
of frequency and temperature. All spectra are taken in SR mode.
The three frequencies seen in Fig. 8 are clearly distinguishable at
low T. As T is increased, each of the three frequencies shifts and
broadens until all three disappear at 25 K.

peaks all shift to smaller frequencies together. Thus we
eliminate the possibility of missing some more complex be-
havior of the 7 dependence of the three signals.

Figure 8 shows the frequencies (v;= w,;/2) of the three
signals as a function of temperature. All three v; have a rela-
tively flat 7 dependence at low 7, whereas as T increases
toward 25 K, they start to decrease in magnitude with in-
creasing slope (dv/dT) and finally drop to zero at Ty. The
overall behavior looks similar to that of an order parameter
for an AF transition. The details of the v(T) curves will be
discussed in the next section.

IV. DISCUSSION

A. Dimensionality of the AF transition

The studies of the magnetic structure by Jin et al.'? raise
questions regarding the existence or absence of magnetic
frustration and/or low-dimensional magnetic interactions,
since the Curie-Weiss temperature (0,~-110 K) is much
larger than Ty~ 25 K. Also, Jin et al. note that x(Hlla) # 0
when T—0 K. This leads to the question of spin canting
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FIG. 8. (Color online) Temperature dependence of the frequen-
cies of the three signals shown in Fig. 7, obtained by fitting the
ZF-u*SR time spectra to Eq. (2).
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FIG. 9. (Color online) Temperature dependence of the frequen-
cies normalized by their respective 7T— 0 frequencies. The solid line
represents the result of the fit to Eq. (3).

and/or the existence of defects. As stated above, our wTF
results suggest a single second-order phase transition occur-
ring throughout the entire volume of the sample.

The NSR ZF-u*SR spectra (Figs. 5 and 6) show preces-
sion and hence are interpreted as confirming the existence of
a local-field component in the ¢ direction. However, the

angle between l?im and the ¢ axis is estimated to be ~70°,
which is not inconsistent with the FB counter asymmetry
being an artifact of the experimental setup: although the
crystal has a definite alignment with the counter geometry,
the spin rotation is never exactly 90° in SR mode and is
typically ~10—15° in NSR mode (because the Wien filter is
also used to remove positron contamination from the muon
beam). According to neutron results from Sha et al.,'® spin
waves were only observed in the ab plane, diminishing the
possibility of some component of the magnetic moment be-
ing along the ¢ direction. Of course, the local field at a muon
site is a microscopic dipolar field, not a bulk magnetization,
and so need not be in the same direction as the magnetic
moments that produce it.

Figure 9 shows the normalized frequency of each of the
three frequencies in the ZF spectra. The two higher frequen-
cies have a similar 7 dependence fitted by the phenomeno-
logical form

v= (1 = T/Ty)", (3)

where f3 is the critical exponent. The fit shown as a solid line
in Fig. 9 is for a value of 8=0.105(6) with a transition tem-
perature of 22.9(1) K. Therefore, although we need more
accurate data in the vicinity of Ty to determine S and Ty
more precisely and relate the former more conclusively to
the dimensionality of the transition, the transition is found to
be neither mean-field-like (8=0.5) nor a sort of three-
dimensional Heisenberg (8=0.33). Rather, it is closer to the
2D Ising critical exponent (8=0.125) which suggests that
reduced-dimensional magnetic interactions are important in
the Ba,CoO, system. While not discussed in Ref. 10, the
logarithmic behavior they observed in the specific heat is
also consistent with the 2D Ising model. More definitely, we
can say that all the local muon environments change in
roughly the same way. This supports the general conclusion
of a second-order transition occurring throughout the entire
sample.

PHYSICAL REVIEW B 80, 104421 (2009)

For the lowest frequency signal (the black squares in Fig.
9), there is a noticeable bump in the v,(7) dependence at
~15 K, while the other two signals have a very smooth 7
dependence.

Neutron powder diffraction from Boulahya et al.'” shows
a marked difference from our results. Even though the tran-
sition temperature is roughly the same, the Boulahya results
decrease rapidly in the 10-20 K range. Boulahya’s NDP ex-
periment was done on a polycrystalline sample; this might be
a factor. More recent neutron-scattering results by Jin et al.'®
on a single-crystal sample show a temperature dependence
more like that of our data, as shown in Fig. 9.

B. Internal magnetic field(s) in the AF phase

In all the low T fits of the three v;, the phase ¢ is consis-
tently close to zero. This strongly suggests that the AF order
is commensurate with the crystal lattice, consistent with the
clear observation of magnetic Bragg peaks in Ba,CoO, be-
low Ty by a neutron-scattering experiment.'® Using the rela-
tionship w,=,,B, the internal fields (B;,) at the three muon
sites are estimated to be 166.95*+ 1.4 mT, 247.38 1.4 mT,
and 307.53*=1.7 mT, respectively, at the lowest 7' mea-
sured.

Recently, two opposing magnetic structures of Ba,CoO,
have been proposed. Work by Boulahya et al.'” suggests that
the spins are mostly aligned antiferromagnetically along the
¢ axis with canting out of the ac plane. Their work was
primarily based on an elastic neutron-scattering experiment
with a powder sample. Sha et al.'® have proposed a similar
magnetic structure but with the spins mostly aligned along
the a axis (see Fig. 10). Since u*SR is highly sensitive to the
local magnetic environment, it should be helpful in distin-
guishing which AF structure is correct vis-a-vis our w"SR
results.

For this purpose, we first need to determine the muon
sites and then perform a dipolar field calculation at those
sites. Here a simple electrostatic calculation shows that the
muon, when it comes to rest, is located close to the oxygens
(which have a charge of —2), much as in the high-T, cuprate
superconductors.'* Four representative muon sites are shown
in Fig. 11, but for the dipolar field calculation below, sixteen
muon sites are considered, corresponding to muons located
~1 A away from each oxygen on each tetrahedron.

Next, at each of the muon sites mentioned above, we per-
formed a dipolar field calculation of the magnetic field that
would result from the two differing magnetic structures. The
dipolar calculation was performed using the following
scheme:

1?()?,-)=az [3(ﬁj'fi/2 ij_ﬁj]’ (4)

j=1 Tij

where ¥, is the location of the i muon, « is an overall
constant, fi; is the magnetic moment on the j Co ion and rij
is the distance between the i muon and the j™ Co ion. The
sum is taken over 10 unit cells in each crystal direction with
the sum converging quite quickly once 5 units cells are con-
sidered in each direction. Since the dipolar field drops off as
73, this quick convergence is expected.
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FIG. 10. (Color online) (a) AF magnetic structure (AFI) as pro-
posed by Sha et al. (Ref. 16). (b) AF magnetic structure (AFII) as
proposed by Boulahya ef al. (Ref. 17). Though the magnetic cell is
twice the length of the unit cell in both the @ and ¢ directions, only
the lower half of the magnetic unit cell is shown, so that the spins
can be clearly seen. The CoO, tetrahedra are displayed (online)
with the Co atoms in blue and the O atoms in red. Each tetrahedron
is shaded to help show the crystal structure. The muon sites can be
seen (online) as green spheres.

The magnitudes of the fields calculated in this way are
shown in Table I for both AF structures. The structure pro-
posed by Boulahya (AFII) gives approximately the same

FIG. 11. (Color online) Unit cell, looking down at the bc plane
in order to clearly show the four representative muon sites as small
green (online) spheres. In the dipolar calculation using Eq. (4), each
tetrahedron has muon sites 1, 2, 3, and 4; however, for clarity we
only show 4 here.

PHYSICAL REVIEW B 80, 104421 (2009)

TABLE 1. The magnetic field magnitude Bj, (in mT) at three
muon sites (see Fig. 11), as observed for T—0 and as calculated
using Eq. (4) and the AF structures in Fig. 10(a) [AFI] and Fig.
10(b) [AFII].

Site B Ratio B, Ratio  BSY,  Ratio
1 1669 = 1580 = 2537 =

2/3 247.3 1.48  228.1 1.44 2683 1.06
4 307.4 1.84  290.0 1.84  277.0 1.09

field magnitude (*=~5%) at each of the four muon sites,
whereas for the structure proposed by Sha (AFI) all 16 muon
sites in one magnetic unit cell see only three different fields,
consistent with our ZF-u*SR results. Furthermore, while the
three fields for the AFI structure are all slightly smaller than
our experimental values, the ratios of the three fields are in
surprisingly good agreement with those we observed. Thus
AFI is much more consistent with our results than AF/I. We
wish to emphasize that ©*SR is ideally suited to distinguish
between the two magnetic structures locally and thus is a
very powerful way to gain information on the magnetic
structure at the microscopic level. In this sample, with four
distinct muon sites, one is able to see the magnetic environ-
ment from four unique perspectives. This turned out to be
extremely helpful in the above analysis, reinforcing the claim
that "SR is an indispensable tool in the study of magnetism.

Ba,CoO, thus seems to have a relatively straightforward
AF structure, but there remains the question of why magnetic
interactions are lacking along the ¢ axis. At this time there
does not seem to be a single satisfactory explanation of how
the magnetic moments are actually coupled.

V. SUMMARY

We have observed a sharp magnetic transition in a single
crystal of Ba,CoO, via wTF-u*SR measurements. From the
wTF asymmetry we find that the whole sample enters into a
magnetic phase below T~25 K. Subsequent ZF-u*SR mea-
surements clearly show the existence of static magnetic order
for T<<23 K. The ZF-u*SR spectra also confirm commen-
surate AF order below Ty. The T-dependence of the ZF sig-
nals is consistent with an AF transition of the 2D-Ising type,
although the CoO, tetrahedra are well isolated from each
other. The reduced frequencies all go to zero together with a
similar 7" dependence, which indicates that all muons see
magnetic environments governed by the same interactions.
Finally, thanks to the power of u*SR to probe the local mag-
netic environment, we can verify the AF magnetic structure
proposed by Sha et al. in Ref. 16 where the spins are mostly
directed along the @ direction rather than the ¢ direction. Our
results, while giving basic information on the magnetic struc-
ture, still leave unresolved how the Co ions are coupled to-
gether. Thus, this compound continues to represent interest-
ing opportunities for further investigation.
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