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Appearance of a two-dimensional antiferromagnetic order in quasi-one-dimensional cobalt oxides
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By means of muon spin rotation and relaxation («*SR) techniques, we have investigated the magnetism of
quasi-one-dimensional (1D) cobalt oxides A,,,,C0,,,.103,.+3 (A=Ca, Sr, and Ba; n=1, 2, 3, 5, and «), in which
the 1D CoO; chain is surrounded by six equally spaced chains forming a triangular lattice in the ab plane,
using polycrystalline samples, from room temperature down to 1.8 K. For the compounds with n=1-5,
transverse field u*SR experiments showed the existence of a magnetic transition below ~100 K, although
there were no clear anomalies in the susceptibility-vs-T curve. The onset temperature of the transition (7;")
was found to decrease with n; from 100 K for n=1 to 60 K for n=5. A damped muon spin oscillation was
observed only in the sample with n=1 (Ca;Co0,04), whereas only a fast relaxation obtained even at 1.8 K in the
other three samples. Combining the fact that the paramagnetic Curie temperature ranges from —150 to —200 K
for the compound with n=2 and 3, the u*SR result indicates that a two-dimensional (2D) short-range antifer-
romagnetic (AF) order, which has been thought to be unlikely to exist at high 7 due to a relatively strong 1D
ferromagnetic (F) interaction, appears below T¢" for all compounds with n=1-5; but quasistatic long-range AF
order formed only in Ca3;Co0,0g, below 25 K. For BaCoO3; (n=x), as T decreased from 300 K, 1D F order

appeared below 53 K, and a sharp 2D AF transition occurred at 15 K.

DOI: 10.1103/PhysRevB.72.064418

I. INTRODUCTION

In the two-dimensional (2D) layered cobalt oxides,
Na,Co0,,[Ca;C003],6,[C00,], and [Ca;Coy3Cuy304062
[Co0,], a long-range magnetic order—which is clearly an
incommensurate spin density wave in single crystalline
samples—was previously found at low temperatures by posi-
tive muon spin rotation and relaxation (u*SR)
experiments.' = Several researchers reconfirmed later the ex-
istence of long-range magnetic order in Na,CoO, by not only
u*SR (Ref. 6) but also neutron diffraction experiments.’
These cobaltites share a common structural component as a
conduction path, i.e., the CoO, planes, in which a two-
dimensional-triangular lattice of Co ions is formed by a net-
work of edge-sharing CoOg octahedra.

This leads naturally to the question of the (cause and ef-
fect) interrelationship between magnetism and dimensional-
ity. That is, what is the most stable spin configuration as a
function of a spin density in low-dimensional systems? Re-
cently, a homologous series of A,,,B'B,05,,; (A=Ca, Sr,
Ba, B’ and B=Co) was discovered, in which charge carrier
transport is restricted mainly to a one-dimensional (1D)
[B'B,05,,3] chain.®® Each chain is surrounded by six
equally spaced chains forming a triangular lattice in the ab
plane, as seen in Figs. 1 and 2. The [B’BOg] chain in the n
=1 compound consists of alternating face-sharing B'Og
trigonal prisms and BOg octahedra. As n increases, only the
number of [ BOg] octahedra increases so as to build the chain
with n [BOg] octahedra and one B’Og trigonal prism (see
Fig. 2).

The n=1 compound, Ca;Co0,0q4, in particular, has at-
tracted much attention for the past eight years,'*-1® because it
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is considered to be a typical quasi-1D system. It was found
that Ca3;Co,04 exhibits a transition from a paramagnetic to
an antiferromagnetic state below 24 K (=Ty),!! although the
magnetic structure is not fully understood even after neutron
scattering studies, probably due to the competition between
the intrachain ferromagnetic (F) and interchain antiferromag-
netic (AF) interactions.'"'2 The valence state of the Co ions
was assigned to be +3; also, the spin configuration of Co>*
ions in the CoOg4 octahedron is the low-spin (LS) state with
S=0 and in the CoOg4 prism the high-spin (HS) state
with §=2.11718 At Jower temperatures, magnetization and
3Co-NMR measurements suggested the existence of a ferri-
magnetic transition around 10 K,'>!319 which, however, was
not seen in the specific heat (Cp).2° Furthermore, the C;, mea-
surement revealed an indication of either a short-range mag-

FIG. 1. Structures of the quasi-one-dimensional cobalt oxides
A,.2B'B,03,.3 (A=Ca, Sr, Ba, B’ and B=Co). (a) n=1, (b) n=3,
and (c) n=cc.
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FIG. 2. C-plane view of A,,,,B'B,03,.3 (A=Ca, Sr, Ba, B’ and
B=Co). (a) n=1, 2, and 3, (b) n=4 and 5, and (c) n=0».

netic order or a gradual change in the spin state of Co ions at
higher temperatures (100-200 K).2°

The other end member, BaCoOj; (n=0), crystallizes in the
hexagonal perovskite structure, in which the face-sharing
CoOyg octahedra form a 1D CoOj; chain. The chains locate on
a corner of the two-dimensional-triangular lattice separated
by Ba ions.”! Although a weak ferromagnetic, ferrimagnetic,
or spin-glass-like behavior was observed below ~100 K in
the susceptibility,>>?* so far there are no reported studies
using neutron scattering, NMR or u*SR on BaCoOj;. Addi-
tionally, a recent electronic structural calculation (LDA+U)
predicted a ferromagnetic ground state as the most stable
configuration.?* The structure of BaCoOj is the same to that
of CsCoCls and/or BaVS;,>2 which are known as typical
1D systems with S=1/2. The electronic configuration (t2 ) of
Co** ions in BaCoO; suggests that the nature of BaCoO3 is
more like that of BaVS; (with t2 for V#) than that of
CsCoCl; (tzgeg for Co?*, but a fictitious spin §'=1/2 due to
crystal field splitting).?’ In other words, the interaction be-
tween f,, orbitals presumably plays the dominant role for
magnetism in both BaCoO; and BaVS;. Also, BaVS; exhib-
its a structural phase transition at 240 K, a metal-insulator
transition at 69 K, and an AF transition at ~30 K.?%2° How-
ever, a zero field (ZF) u"SR experiment on BaVS; did not
detect muon spin oscillations, even at 2.2 K, but only a fluc-
tuating random field well described by a dynamic Kubo-
Toyabe relaxation function.’”

For the compounds with 2=<n <o, there are very limited
data on physical properties, except for the structural data.®®
Very recently, Takami et al. reported transport and magnetic
properties for the compounds with n=2-5.3! According to
their susceptibility (y) measurements, there are no drastic
changes in the x(7) curve below 300 K for all these com-
pounds, while the slope of y~!' changes at ~180 K for the
compounds with n=2 and 3.

As n increases from 1, the Co valence increases from +3
and approaches +4 with increasing n up to %, i.e., BaCoOj.
Also the ratio between prism and octahedron in the 1D CoO;
chain reduces from 1/1 for n=1 to 0 for n=%. Further
systematic research on A,,,B’ B, 05,5 is therefore needed to
provide more significant information concerning the dilution
effect of HS Co’* in the 1D chain on magnetism. In particu-
lar, muon spin spectroscopy, as it is very sensitive to the
local magnetic environment, is expected to yield crucial data
in frustrated low-dimensional systems, as was the case for
the 2D layered cobaltites.!~ This is because u* only feels the
magnetic fields due to its nearest neighbors and it is espe-
cially sensitive to short-range magnetic order, such as ap-
peared in low-dimensional systems, whereas both neutron
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TABLE 1. Composition and lattice parameters for quasi-one-
dimensional cobalt oxides, A,,,,B’B,03,,3 (A=Ca, Sr, Ba, B’ and
B=Co). Here, b=a, a=£=90°, and y=120°.

n Composition a (A) Lattice Parameters ¢ (A) Space group
1 Ca;C0,04 9.07 10.38 Ric

2 S1,C0504 9.35 10.57 P321

3 SrsC0401 9.4 20.2 P3cl

5 (Srgs5Bags)7Cos015 9.7 30.2 P3cl

% BaCoO5 5.65 475 P63/ mme

scattering and y measurements mainly detect long-range
magnetic order; for, if the correlation length is very short
neutron diffraction peaks would broaden and eventually dis-
appear.

Here we report on a series of measurements at both weak
(relative to the spontaneous internal fields in the ordered
state) transverse field (wWTF-)u*SR and (ZF-)u*SR for poly-
crystalline n=1, 2, 3, 5, and % compounds at temperatures
between 1.8 and 300 K. The former method is sensitive to
local magnetic order via the shift of the wu* spin precession
frequency in the applied field and the enhanced w* spin re-
laxation, while ZF-u*SR is uniquely sensitive to weak local
magnetic (dis)order in samples exhibiting quasistatic para-
magnetic moments.

II. EXPERIMENT

Polycrystalline samples of quasi-1D cobalt oxides were
synthesized at Nagoya University by a conventional solid-
state  reaction  technique, wusing reagent  grade
C030,4,CaC0s5,SrCO;, and BaCO; powders as starting ma-
terials. For BaCoOs, a sintered pellet was annealed at 650°C
for 150 h in oxygen under pressure of 1 MPa. Powder x-ray
diffraction (XRD) studies indicated that the samples were
single-phase hexagonal structures. The composition and lat-
tice parameters of the five samples are summarized in Table
I. The preparation and characterization of the samples with
n=1-5 were reported in detail elsewhere.?!

Magnetic susceptibility (y) was measured using a super-
conducting quantum interference device (SQUID) magneto-
meter (MPMS, Quantum Design) at temperatures between 2
and 600 K with magnetic field H=<155 kOe. Heat capacity
(Cp) was measured using a relaxation technique (PPMS,
Quantum Design) in the temperature range between 300 and
1.9 K. The u*SR experiments were performed on the M20
surface muon beam line at TRIUMF. The experimental setup
and techniques were described elsewhere.??

III. RESULTS
A. n=1 compound, Ca3;C0,04

The wTF-u*SR spectra in a magnetic field of H~90 Oe
in the Ca3Co0,04 (n=1) sample, exhibit a clear reduction of
the u* precession amplitude below ~100 K. The
wTF-u*SR spectrum below ~100 K was well fitted in the
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FIG. 3. Temperature dependences of (a) A, and (b) \,, and oz,
and (c) inverse susceptibility y~! in CayCo,04 (n=1). The data
were obtained by fitting the wTF-u*SR spectra using Eq. (1). y was

measured with the magnetic field H=10 kOe in the zero-field cool-
ing mode (Ref. 31).

time domain with a combination of four signals; a slowly
relaxing precessing signal from muons in the paramagnetic
fraction of the sample, a fast Gaussian relaxing precessing
signal from muons experiencing quasistatic internal fields
below the transition temperature, plus two minor background
signals: a slow and a fast nonoscillatory background signal
attributed to regions with high- and/or fast-fluctuating fields,
namely,

AyP(1) = Appexp(= Nppt)cos(w,, tpt + Prr)
+ Appexp(— oar"12)cos(w,, ARt + Par)
+ Afastexp(_ )\fastt) + Aslowexp(_ )\slowt) > (1)

where A, is the initial (¢=0) asymmetry, P(r) is the muon
spin polarization function, w,r and w, sr are the muon
Larmor frequencies corresponding to the applied weak trans-
verse field and the internal antiferromagnetic field, ¢rr and
¢ar are the initial phases of the two precessing signals, A,
and \,, (n=TF, fast, and slow) are the asymmetries and ex-
ponential relaxation rates of the three signals, and A,r and
or are the asymmetry and Gaussian relaxation rate of the
AF signal. The fast Gaussian relaxing precessing signal has a
finite amplitude below ~30 K and the two nonoscillatory
signals (n=fast and slow) below ~80 K.

Figures 3(a)-3(c) show the temperature dependences of
A, (n=TF, AF, fast, and slow), A\tp, Oap> Mgt Nglow» and
inverse susceptibility ™! measured in field cooling mode
with H=10 kOe in the Ca3;C0,04 sample (n=1 compound).
As T decreases from 200 K, the magnitude of At is nearly
independent of temperature down to 100 K; then Arp de-
creases rapidly as 7T is lowered further.’® Finally Ap levels
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FIG. 4. ZF-u*SR spectra for Ca3;Co,0q¢ at 1.8, 9.9, 23.2, 26.7,
and 36.7 K. The spectra are each shifted upward by 0.08 for clarity
of the display.

off to zero at temperatures below ~30 K. This indicates the
existence of a magnetic transition below ~100 K. Since Arr
is proportional to the volume of a paramagnetic phase, the
volume fraction Vi of the magnetic phase below 30 K is
estimated to be ~ 100%. On the other hand, the A, (T)
curve exhibits a maximum at ~30 K, probably due to the
onset of even stronger local fields (resulting in unobservably
fast muon spin depolarization) below 30 K. The magnitude
of A, reaches the full asymmetry of ~0.22 at the maxi-
mum. The two other signals, A,r and Ay, appear below
~20 K, whereas Ay, seems to disappear below 20 K.

Both the Np(7) and the A\;o(7) curves exhibit a broad
maximum ~60 K and 30 K, respectively. That is, Arp
increases with decreasing 7 from 200 K to 60 K,
then decreases below 60 K. Meanwhile, Ap increases
with decreasing T from ~80 K (where it is first detected)
down to 30 K, after which it decreases down to the lowest
temperature measured. It is noteworthy that the highest value
of Np(~60X10%s7!) is 20 times larger than that of
Mp(~3 X100 s71).

In order to elucidate magnetism below 30 K in greater
detail, Fig. 4 shows ZF-u*"SR time spectra for Ca;Co,04
below 36.7 K. The spectrum at 36.7 K consists mainly of a
fast relaxed nonoscillatory signal, while below 23.2 K a first
minimum and maximum are clearly seen, indicative of a fast
relaxing oscillation. Indeed, this spectrum is reasonably well
fitted with a combination of a Gaussian relaxing cosine 0s-
cillation (for a quasistatic internal field) and fast and slow
exponential relaxation functions (for fluctuating moments),
given by the last three terms in Eq. (1). Moreover, it was
very difficult to fit using Kubo-Toyabe functions, which de-
scribe a random field distribution. We therefore conclude that
Ca;Co,0¢ undergoes a magnetic transition to a long-range

064418-3



SUGIYAMA et al.

0.3

ASYMMETRY

15

(zHW) "y

Gpr and Ay, (MH2)

Ve (MHz)

=) _

S

2 .

S 101 .o .

T 5 ./ @ 7
O I 1 L 1 I 1 I 1 I 1
o] 50 100

TEMPERATURE (K)

FIG. 5. Temperature dependences of (a) A,,, (b) oap, and \,,, (¢)
muon precession frequency vaAp27=w, p, and (d) x~! measured in
a zero-field cooling mode with H=10 Oe (Ref. 31) in Ca3C0,04.
The data were obtained by fitting the ZF-u"SR spectra using the
latter three terms in Eq. (1). The solid line in Fig. 5(c) represents the
fitting curve using Eq. (2). The inset of Fig. 5(c) shows the log-log
plot of v,p as a function of reduced temperature.

ordered state below ~30 K. Only the first minimum and
maximum can be observed in the spectra even at 1.8 K,
indicating that the formation of the long-range order is
strongly suppressed probably due to geometrical frustration
in the triangular lattice. Actually, a partially disordered anti-
ferromagnetic (PDA) state, in which two-thirds of the chains
exhibit AF order, but the remaining one-third remains inco-
herent, is proposed for Ca;Co,0O4 below Ty. A spin freezing
behavior was also observed below 10 K.'> Such a PDA
and/or spin freezing state is consistent with oscillatory sig-
nals strongly damped by field inhomogeneity.

Figures 5(a)-5(d) show the temperature dependences of
A, (n=AF, fast, and slow), oap, N Ngow» and muon pre-
cession frequency vap(=w, Ap/27) in CazCo,0¢. The oscil-
lating signal has a finite intensity below 27 K, while the slow
exponential relaxed signal disappears below ~30 K. This
means that the magnetic moment fluctuating at high tempera-
tures slows down with decreasing 7" and then orders below
27 K, and becomes quasistatic (within the experimental time
scale). The T dependence of vp, which is an order parameter
of the transition, is in good agreement with the 7" dependence
of the intensity of the AF magnetic diffraction peak deter-
mined by a neutron experiment.!' Actually, the vor(7) curve
is well fitted by the following expression:
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FIG. 6. Temperature dependences of (a) normalized Arg, (b)
Mp and (c) inverse susceptibility y ! in Ca;C0,04 (n=1),
Sr4C0309 (}’l=2), SI'5CO40|2 (n=3), and (Bao'5Sr0'5)7Co6O]8 (n
=5). xy was measured with magnetic field H=10 kOe in field cool-
ing mode (Ref. 31).

_ B
var(T) = vAp(0 K) X (TI\} T) . (2)
N

This provides v,p(0K)=14.6+0.8 MHz, 8=0.18+0.12, and
Tn=29+5 K [see Fig. 5(c)]. In spite of the low accuracy of
the fitting (and over a wide range of T), the exponent ()
obtained lies between the predictions (of the critical expo-
nent values) for the 2D and 3D Ising models (8=0.125 and
0.3125),% although we need more accurate data in the vicin-
ity of Ty to determine 8 more precisely and relate it more
conclusively to the dimensionality of the transition. The
value of Ty is also in good agreement with the results of y
and neutron diffraction measurements (7x=24 K).!! These
results confirm that muons experience the internal magnetic
field due to the long-range 2D AF order. It should be noted
that there are no marked anomalies in the ZF-u*"SR results
around 10 K corresponding to the ferrimagnetic transition
temperature.'? This is very reasonable because the ferrimag-
netism is induced by the external field.

Longitudinal-field (LF-)u*SR measurements, which we
do not report here in detail, are most useful in cases where
the ZF-spectrum is explained by Kubo-Toyabe functions, be-
cause the applied LF competes with the internal random field
distribution and aligns the muon spins in its original direc-
tion. As a result, we can distinguish whether the field distri-
bution is static or dynamic.’’> On the other hand, the
ZF-spectrum for Ca;Co,0¢ is well fitted by the damped co-
sine oscillation due to the static magnetic field with
vop(0 K) ~ 14.6 MHz. The magnitude of A, is ~0.2 at 1.8
K, indicating the static magnetic ordered phase is predomi-
nant in Ca3Co,0g. Since the result is consistent with those of
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=5). The spectra are each shifted upward by 0.08 for clarity of the
display.

the y and neutron diffraction measurements, which detect the
static long-range magnetic order, we conclude that the inter-
nal magnetic field is static. Indeed, our preliminary
LF-u*SR measurement at 1.8 K also supported this conclu-
sion.

There are two probable explanations for the decrease in
Aqp below 100 K. One is a conventional scenario, in which a
short-range 1D F order appears below 100 K as proposed by
Aasland et al.'! and probably completes below ~40 K, be-
cause both Aqg (Fig. 3) and A,,, (Fig. 5) seem to level off to
their minimum value (~0) below ~40 K. The long-range
2D AF order then appears below 27 K. The other scenario is
more ambitious; that is, a short-range 2D AF order appears
below 100 K and completes below 27 K. This means that the
1D F order should exist above 100 K, which is not supported
by the present u*SR experiments. Based only on the result in
Ca3Co0,0g, it is difficult to determine which scenario is more
probable. We will therefore discuss this problem later.

B. n=2, 3 and 5 compounds

Figures 6(a)-6(c) show the temperature dependences of
(a) normalized Arg(N,), (b) Mg, and (c) X! in Ca;Co,04
(n=1), Sr,Co30y (n=2), SrsCo0,, (n=3), and
(Bay 58r(5)7Co60 5 (n=5).

The data were obtained by fitting the wTF-u*SR spectra
using Eq. (1) without the oscillatory signal due to a static
internal antiferromagnetic magnetic field (the A, signal). In
order to compare the value of Ay for these samples, N, Arp is
defined as

_ A7)

ATF,max

; 3)

ATp

in which Arg max is the maximum value of Arg. Since Atg max
corresponds to App for the paramagnetic state, N, Ay is
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relaxation rate A of a fast exponential relaxation signal for
Sr,C0309 (n=2) and SrsCo40,, (n=3). The data were obtained by
fitting the ZF-u*SR spectrum using Eq. (4).

roughly equivalent to the volume fraction of the paramag-
netic phase in the sample.

All four samples show the magnetic transition below 100
K; the onset temperatures of the transition (77") are esti-
mated as 100+25 K for n=1, 90+10 K for n=2, 85+10 K
for n=3, and 50+ 10 K for n=5, respectively. The magnitude
of TP" is thus found to decrease with n. It should be noted
that there are no marked anomalies in the X‘l(T) curve mea-
sured with H=10 kOe at T" for the four compounds. Al-
though Ny for the n=1 compound levels off to its mini-
mum value (~0) below 30 K, the N, ATF(T) curve for the other
three compounds never reaches their minimum even at 1.8
K, indicating that the internal magnetic field is still fluctuat-
ing. Indeed, A for the samples with n=2, 3, and 5 increases
monotonically with decreasing T, whereas the \p(7T) curve
for Ca;Co,04 (n=1) exhibits a sharp maximum around
55 K.

In spite of the large decrease in Atg below 100 K for the
samples with n=2, 3, and 5, the ZF-u*"SR spectra exhibit no
oscillations even at 1.8 K as seen in Fig. 7. This indicates
that the magnetic moment appears below 7", but is still
fluctuating at 1.8 K. The ZF-u*SR spectra are well fitted by
a combination of fast and slow exponential relaxation func-
tions (for fluctuating moments) and a dynamical Kubo-
Toyabe function GPCKT (for a fluctuating random moment
component)

AOP(t) = Agast exp(— )\fastt) + Aglow CXp(— )\slowt)
+ AKT CXp(— )\KTt)GDGKT. (4)

In Fig. 8, the fast exponentially relaxed signal, which cor-
responds to the initial decay of the ZF-spectrum in Fig. 7,
appears below ~80 K for the samples with n=2 and 3. The
Ap(T) and g (T) curves increase monotonically with de-
creasing T, as expected from the wTF-x "SR measurement.
The magnitude of Ay, increases up to ~0.14 at 1.8 K,
whereas A, ~0.07 and At~ 0.04. The fast exponentially
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fitting the WTF-u*SR spectra with Arpexp(-Nppt) cos(w,, st
+ ¢rp). x was measured with magnetic field H=10 kOe and 100 Oe
in both zero-field cooling (ZFC) and field cooling (FC) mode.

relaxed signal is therefore predominant in the ZF-u*SR
spectra for both compounds. The fitted values of A, at the
lowest T(=1.8 K) were 55X 10°s™! for Sr,Coy0y (n=2),
40x10%s7! for SrsCo,0;, (n=3), and 18X 10°s~! for
(Bag 5S1(5)7C0ogO 5 (n=5). Since these are comparable to the
value of o,p(1.8 K)(=55%10° s7!) for Ca3Co0,04, the fast
exponentially relaxed signal in the samples with n>1 is
most likely caused by an interchain 2D AF interaction. It
should be noted that o,p(1.8 K) or Apg(1.8 K) decreases
with n, suggesting that the magnitude of the 2D AF interac-
tion is weakened with increasing n.

The number of oxygen sites in the lattice (zo) depends on
n; that is, zo=1, 9, 12, 9, and 1 for n=1, 2, 3, 5, and o,
respectively, indicating multiple u* sites in the compounds
with n=2-5. This is because, based on the huge number of
1SR works on cuprates, u* sits about 1 A away from an
oxygen ion,> and there is no room for u* in or very
near the CoO; chains. The third term in Eq. (4),
Axrexp(-Acrt)GPEKT is hence most likely to correspond to
the signal from the u*s sitting on the multiple sites.

PHYSICAL REVIEW B 72, 064418 (2005)

Doo2k @ BaCoOj3

= ZF-uSRat1.7K

>

(2]

<<

a

w

'—

O

w

N

I n n . n

g 0 01 02 03 04 05

TIME (us)

=3

< 2f ®

o

w

5

Q 1

o

o > n\»\ ‘ / ‘ \7‘

§ %% 0 15 20
FREQUENCY (MHz)

FIG. 10. (a) ZF-u*SR spectrum for BaCoOs (n=) at 1.7 K and
(b) Fourier transform of (a). The solid line in Fig. 8 represents the
result of fitting using Eq. (5). The Fourier spectrum consists of five
major components (with 14.4, 13.5, 6.4, 5.1, and 3.5 MHz) and
probably three minor components (with 18, 11.5, and 1 MHz).

C. n=o compound, BaCoOj;

Figures 9(a)-9(c) show the temperature dependences of
(@) Aqp, (b) Npp, (¢) x7', (d) specific heat C,, and (e) its
temperature derivative dC,,/dT for BaCoOs (n=). Both A1
and A\ were obtained by fitting the wTF-u*SR spectra, the
same way as the compounds with n=2-5. The x"!(T) curve
indicates the existence of an AF transition at 14 K(=Ty) with
H=10 kOe, but a weak F or ferrimagnetic behavior below 53
K with H=100 Oe. Also, the C,(T) curve shows a sharp
maximum at 15 K, indicating the existence of a magnetic
transition. However, at around 53 K, there are no clear
anomalies in the C,(7) curve, although the slope (dC,/dT)
increases slightly around 50 K with decreasing 7. The lack of
a clear anomaly around 50 K in the C|,(T) curve suggests that
the transition at 53 K is induced by the 1D F order, as is the
case for the 1D F order in Ca3Co0,0.

The wTF-u*SR experiment with 90 Oe shows that, as T
decreases from 100 K, Aqp drops suddenly down to ~0 at
T\, indicating that the whole sample enters into an AF state.
Such abrupt change in Aqg is very different from those for
the other quasi-1D cobalt oxides with n=1-5, which typi-
cally show a large transition width of 50 to 80 K. On the
other hand, the Ap(7) curve exhibits a small increase below
~50 K with decreasing 7, probably associated with the com-
plicated magnetism observed in y with low magnetic fields.
As T decreases further from 50 K, Ap increases rapidly be-
low 17 K, showing typical critical behavior toward Ty.

The ZF-u*SR spectrum at 1.7 K exhibits a clear but com-
plex muon spin oscillation, displayed in Fig. 10(a). The Fou-
rier transform of the ZF-u*SR time spectrum [Fig. 10(b)]
indicates that the ZF-u*"SR spectrum has at least five fre-
quency components (v,=14.4, 13.5, 6.4, 5.1, and 3.5 MHz),
even though the sample is structurally a single phase at room
temperature and there is no indication of any structural phase
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FIG. 11. Temperature dependences of (a) v,; and (b) C, for
BaCoO; (n=). The data of v, ; were obtained by fitting the ZF-
spectrum with Eq. (5). The inset of (b) shows the dependence of
C,/T on 77 Since C,/T decreases roughly in proportion to 77 be-
low Tﬁ, the magnetic contribution should not be ignored even at the
lowest T measured. This means that it is extremely difficult to de-
termine the Debye temperature and/or subtract the lattice contribu-

tion from the experimental data.

transition down to 77 K in resistivity (p) and thermopower
(TEP) measurements;??> nor are there any anomalies in the
x(T) curve down to 4 K, except around Ty. This implies that
there is presumably only one u* site in the BaCoOj lattice,
because every oxygen is equivalent for the simple hexagonal
lattice (zo=1). The ZF-spectra were well fitted by the fol-
lowing equation:

5
AgP(1)= 2 App€Xp(= Npp it)cos(w,, it + &)
i=1
2
+ 2 Aexp(= \if), (5)

i=1

where A is the empirical maximum experimental muon de-
cay asymmetry, Ag; and Npg; (i=1-5) are the asymmetries
and exponential relaxation rates associated with the five os-
cillating signals, and A; and \; (i=1 and 2) are the asymme-
tries and exponential relaxation rates of the two nonoscillat-
ing signals as in Egs. (1) and (4) (for the muon sites
experiencing fluctuating magnetic fields).

The internal magnetic fields of the five signals, i.e., v, ;
with i=1-5, exhibit a similar temperature dependence, as
seen in Fig. 11(a). That is, as T decreases from 20 K, each
v,; suddenly appears below 15 K, at which the C,,(7) curve
shows a typical behavior for the AF transition [Fig. 11(b)],
and increases with a decreasing slope dv,, ;/dT, then levels
off to a constant value below 5 K. Here, it is worth noting
that the v, -vs-T curve indicates the change in an order pa-
rameter of the transition. Thus, the rapid temperature depen-
dence of v, ; just below Ty suggests that the transition is
likely to be continuous. Actually, the C,(7) curve also sup-
ports that the transition at 15 K is continuous. The five fre-
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FIG. 12. (a) Average Co valence, (b) effective magnetic moment
of Co ions (M), and (c) paramagnetic Curie temperature (0,) as a
function of n in the 1D system, A,,,,C0,,,103,,,3.

quencies are therefore unlikely to be caused by composi-
tional inhomogeneities, but most likely reflect the intrinsic
behavior of BaCoOs.

Although we ignored the contribution from the three mi-
nor oscillating signals, the relative fraction of the five signals
is estimated as ~66% at 1.8 K which is typical for isotropic
polycrystalline samples. This is because one-third of the
fields oriented parallel to the initial muon spin direction (S,
due to randomly bound grains and/or domain structures do
not result in precession, while the other two-thirds of the
fields oriented perpendicular to S, cause precession. In other
words, the minor signals correspond to less than ~1% of the
volume of the sample.

IV. DISCUSSION
A. T?" for the compounds with n=1-5

In order to understand the common features of the mac-
roscopic magnetism of the quasi-1D compounds taken col-
lectively, Fig. 12 shows the average valence of Co (Vi)
ions, the effective magnetic moment of Co ions (M) and
the paramagnetic Curie temperature (®,) as a function of n.
The V,(n) curve is calculated from the nominal composition
of the 1D system; that is, we ignored a possible oxygen
deficiency in the samples. The values of M.y and ©, were
obtained by fitting the x(7) curve between 300 and 600 K
using the Curie-Weiss law. The solid line in Fig. 12(b) rep-
resents the M (n) curve for the charge and spin distribution
on the CoOj; chain in Table II; that is, one Co** in the CoOg
prism (Cog;'i) with the HS state (S=2) and one Co** and
(n—1)Co* in the CoOg octahedra (Co.7, and Co_7,) with the
LS state (S=0 and 1/2). The relationship between M g and n
is given by®
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TABLE II. Composition and nominal charge and spin distribution in the CoOj chain for quasi-one-
dimensional cobalt oxides, A,,,C0,,103,,3 (A=Ca, Sr, Ba). Here, Co,,; and Coq denote the Co ion in a
CoOg prism and in a CoOg octahedron. For the compounds with n=2-5, mixed valence state would exist in
the neighboring CoOg4 octahedra to minimize electronic repulsion.

n Composition Charge distribution Spin distribution
1 Ca3C0,04 Copt.Coll 2,0
2 S14C030, Copt.Cogti,Cogh 2,0,1/2
3 Sr5C0401, Copt.Coot,Cogt . Colh 2,0,1/2,1/2
5 (Sr.5Bag 5)7C0s0 5 Copi.Cogti.Cott, Colt, Cott . Col 2,0,1/2,1/2,1/2,1/2
% BaCoO; Cot 1/2
1 n-1 1 S(S+1)
M? =(—M2 o+ —— M2y ) 6 Tn= 22z pd——, 7
eff n+1 eff,S=2 n+1 eff,S=1/2 ( ) N 2 | AFl 3kB ( )

where Mgrs-p and Mg g_1n are Mg for Co ions with S=2
and S=1/2 (Co>: and Coyy,). Since the variation of measured
M ¢ below n=5 is well explained by Eq. (6), the above spin
and charge configuration in the CoO; chain is the most prob-
able one. This also suggests that the oxygen deficiency in the
samples with n<35 is very small. For BaCoO; (n=%), M is
estimated as 2.2 ug, whereas it is M 4=1.73 ug for Coﬁzt
with S=1/2. This discrepancy was also reported by another
group (M ~2.3 up) and was explained using a large g fac-
tor (=2.2) for the Co ions,?? although g=2.0 for Fe-doped
Ca;Co,04 was found in an electron spin resonance study.¢

For Ca;Co,0¢ (n=1), 0,=36.1+0.8 K, and this is con-
sistent with past work.'>!3 As n increases from 1 to 3, 0,
changes its sign from positive to negative and rapidly de-
creases down to —180 K, then increases with further increas-
ing n and approaches 22 K at n=o. A large negative para-
magnetic Curie temperature for the samples with n=2 and 3
obviously indicates that the transition at 7" is caused by an
interchain 2D AF interaction. Considering the structural
similarity among the quasi-1D cobalt oxides, 7." for the
samples with n=1 and 5 are therefore most likely due to the
appearance of the short-range 2D AF order. The magnitude
of the 1D F interaction would be strongly affected by n,
because not only the structure of the chain but also the Co
valence are altered by n (see Table II). Compared with the
the intrachain 1D F interaction, the interchain 2D AF inter-
action is expected to be insensitive to n, as the geometrical
arrangement of the chains in the ab plane is essentially the
same for all the compounds with n=1-%. This indicates that
the interchain AF interaction plays a significant role for de-
termining the magnetism detected by the current x*SR mea-
surements. Here we wish to emphasize that 7¢" is not caused
by the change in the spin state of Co ions proposed by Hardy
et al.,” because the decrease in A confirms the appearance
of a magnetically ordered phase. On the contrary, it was
found that not Apg but App exhibit an anomaly at the spin
state transition in the layered cobaltites.?

Since each chain is considered to act as a single spin, we
ignore the intrachain 1D F interaction. Within the mean field
theory, Ty is expressed by

where z is the number of the nearest-neighbor spins, Jar is
the 2D AF coupling constant, and kg is the Boltzmann con-
stant. Although 7\=29+5 K for Ca;Co,04 from the
ZF-u*SR measurement, we introduce a virtual T(7"y) to
explain the behavior of the Arp(T) curve, indicating the ap-
pearance of the short-range 2D AF order. Assuming that 7."
(or T?'d) =T'y and z=6, we can estimate J 5 for the current
samples using the spin distribution in Table II. Here, T‘C’rlld
denotes the temperature at which N, F=O.5.

Figures 13(a) and 13(b) show the variation of T, and J,p
as a function of the interchain distance di erchain 1N
A,,:2C0,,103,,3. Although T, decreases with d;perchain (and/or
n), the magnitude of Jp/kg is roughly the same (~20 K or
10 K) for all the samples. This suggests that 77" is induced
by the 2D AF interaction not only for the compounds with
n=2, but also for Ca;C0,0.

For BaCoOs, the lowest 77" and the sharp transition width
are characteristic features compared with those for the com-

n=1

_‘_Tcon
100F o7,
3
© H n=>5
=os0b . o
(a) \"'*--.\l n=o
A2C0,,1050,3 "o
0 1 1 L 1 1 1
30 T T T
< 20t ¢ + -
xm é 4
E 10 s 82 é 4
(b) 3 1
0 1 1 1
5 52 54 5.6 58

o]

dinter-chain (A)

FIG. 13. The relationship between the interchain distance
dinerchain and (@) 7. and (b) Jap in the quasi-1D system,
A,42C0,,,103,,,3. The solid and open circles in (a) represent 7¢" and
7™ and those in (b) corresponding Jap; T™9 is defined as the
temperature at which N, ATF=0.5.
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FIG. 14. Temperature dependence of the slope of x~!' (dx~'/dT)
for CazCo,0g. x are the data shown in Fig. 3(c).

pounds with n<5 (see Figs. 6 and 9). Also, a clear muon
oscillation is observed only in BaCoO5; below 15 K. These
suggest a smaller fluctuation and/or distribution of the inter-
nal magnetic field in BaCoOj; than in the compounds with
n<5. As seen in Table II, Co** ions with S=1/2 (Co%") are
stable in BaCoOj, while both Co** ions with §=2 and S=0
(Cop; and Colt) coexist in CazCo,04 and Cojf,Coly, and
Co?? in the compounds with n=2-5. A mixed valence state
is expected in the neighboring Co>', and Co, ions for mini-
mizing electronic repulsion, indicating the existence of a
fluctuating magnetic field. Also, the spin and charge distribu-
tion in the compounds with n<5 would induce a large dis-
tribution in the internal magnetic field. These are most likely
to be the reasons for the difference between BaCoO; and the

compounds with n<5.

B. Ferromagnetic order along the chain

As seen in Fig. 9, the y™!(T) curve for BaCoOs exhibits a
weak F or ferrimagnetic behavior below 53 K only under
low magnetic fields. Reflecting this change, Atg increases
slightly below ~50 K with decreasing 7, while there are no
anomalies in the Ap curve down to 15 K. It is therefore most
reasonable to conclude that, as T decreases, the 1D F order
completes below 53 K, then the 2D AF order becomes stable
below 15 K. In other words, the F order in the chain is easily
observed by y measurements but looks very complex in
p*SR. This situation is similar to the case for the typical 1D
antiferromagnet CsCoCls, in which the short-range 1D AF
order appears below 75 K.2” This corresponds to the maxi-
mum in the y(7) curve. Nevertheless, moving solitons along
the chain®’ induce a large fluctuation of the internal field at
the muon sites. As a result, u*SR was able to detect the 2D
AF order but unable to observe the short-range 1D AF
order.®

For the compounds with n=1-5, we propose that 7¢"
(or T‘cmd)zT’N is caused by the 2D AF interaction. Hence,
there should exist a transition into the short-range 1D F or-
dered state above Tg". For Ca;Co,04, this requirement is
very consistent with the indication of a short-range magnetic
order below ~200K detected by a specific heat
measurement.’ The y~'(T) curve for the current Ca;C0,04
also exhibits a deviation from the linear relationship below
~ 150 K (see Fig. 14),'3 presumably indicating the appear-
ance of the 1D F order.

Furthermore, recent y measurements for the compounds
with n=2-5 showed a field dependence even at 300 K.*

PHYSICAL REVIEW B 72, 064418 (2005)
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FIG. 15. Log-log plot of the average of normalized oscillation
frequencies as a function of reduced temperature for BaCoOs;.

This may be due to the appearance of short-range 1D F order
along the chain. The overall scenario for the quasi-1D sys-
tems is therefore that the 1D F ordered state exists even at
~200 K, while the 2D AF ordered state appears below
~100 K. The former is very difficult to detect by u*SR and
neutron diffraction measurements, but the latter can be rela-
tively easily observed by u*SR.

C. Multifrequency components in BaCoOj

In order to evaluate the critical exponent (3) for the AF
transition, Fig. 15 shows the relationship between the nor-
malized oscillation frequency v, ;/v, ,(0K) and the reduced
temperature (Ty—7)/Ty. Here, v, ;(0K) and Ty are obtained
by fitting the v, ,(T) curve (Fig. 11) with Eq. (2). We obtain
B=0.191£0.009 and Ty=14.5+0.2. The evaluated B for
BaCoOj; also ranges between the predictions for the 2D and
3D Ising model (8=0.125 and 0.3125), and is roughly the
same as that for Ca;Co,04 (8=0.18+0.12). This indicates a
strong 2D character of the AF transition in BaCoOs, in con-
trast to 8=0.31 for the 1D antiferromagnet CsCoBr;.*’ Here
B of CsCoBr; was evaluated using the neutron diffraction
data in the vicinity of Ty [5X 107*<(Ty-T)/Ty<0.08],
whereas B of BaCoO; uses the uSR data at 0.03<(Ty
—T)/Tx<0.9. According to Ref. 40, however, B8 of CsCoBr;
looks almost the same value (0.31) even using the data at
0.03<(Ty-T)/Ty. The result that  B[BaCoOs]
< B[CsCoBr3] is therefore reliable. This discrepancy is prob-
ably due to the difference of the d orbitals contributing to the
magnetism; that is, t,, for Co** in BaCoOj; and f, and e, for
Co?* in CsCoBr;. The overlap of the former between the
neighboring chains is expected to be smaller than that of the
latter.*!

The simple hexagonal structure of BaCoOj; (and the lack
of structural phase transitions at low 7) and good quality of
our sample suggest the difficulty for explaining five frequen-
cies by multimuon sites and/or inhomogeneity of the sample.
In addition the fact that the five frequencies show a sharp
transition at the same temperature indicates that these are the
intrinsic behavior in BaCoO;. We consider the following two
hypotheses.

(i) Coexistence of the 2D AF and 1D F interaction: Ac-
cording to the xy measurement at high 7, the paramagnetic
Curie temperature ©, was found to be ~22 K (consistent
with the past work, ®,=17 K).?? This indicates that the mag-
nitude of the interchain 2D AF interaction is roughly equiva-
lent to that of the intrachain 1D F interaction, whereas the
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former is less than the latter. The highest frequency in Fig.
10 (14.4 MHz) is comparable to the AF oscillation frequency
in Ca3C0,04 (15 MHz at 1.8 K). The signals with ~5 MHz
would correspond to the magnetic fields of the intrachain 1D
F order.

(ii)) AF domain structure: One CoOj; chain [at (0,0)] is
surrounded by six nearest-neighbor CoOj; chains in the 2D-
triangular lattice [see Fig. 2(c)]. We ignore the effect of the
second nearest-neighbor chains. If the dipole field from the
nearest-neighbor chain is defined as & at (0,0), the total field
at (0,0) can be represented by H,Hy=2h,Hy+4h, and
Hyx6h, in which H, is the field from the chain at (0,0). This
could be consistent with a roughly symmetrical distribution
of v,,; at 1.8 K [see Fig. 10(b)]. In this case, y,/27 X H,
~10 MHz, where vy, /27=18.553 42 kHz/Oe. Furthermore,
the electronic structural calculation suggested almost a simi-
lar stability for the two type of AF configuration, although
the F configuration was predicted to be most stable.?*

In order to further understand the nature of the AF phase
in BaCoOs, more precise u*SR measurements on pure and
doped BaCoO; are necessary; in particular, the change in the
interchain distance by chemical and/or physical pressure is
crucial to distinguish the two hypotheses above through the
shift of the balance between the 1D F and 2D AF interac-
tions.

V. SUMMARY

Magnetism of quasi-one-dimensional (1D) cobalt oxides
A,+2C0,,103,,3 (A=Ca, Sr, and Ba, n=1, 2, 3, 5, and «) was
investigated by susceptibility (x) and muon spin rotation and
relaxation (u*SR) measurements using polycrystalline
samples at temperatures from 300 K down to 1.8 K. The y
measurement confirmed a systematic change in the charge
and spin distribution in the 1D CoOs chain with n. The weak
transverse field (WTF-)u*SR experiments showed the
existence of a magnetic transition in all five samples
investigated. The onset temperature of the transition
(T") was found to decrease with n; that is,
100£25 K,90+10 K,85+10 K,50+10 K, and 15+1 K for
n=1, 2, 3, 5, and o, respectively. In particular, for the
samples with n=2-5, T¢" was detected only by the present
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M#*SR measurements. A muon spin oscillation was clearly
observed in both Ca3;Co0,04 (n=1) and BaCoO; (n=»),
whereas only a fast relaxation is apparent even at 1.8 K in
the other three samples (n=2, 3, and 5).

A large negative paramagnetic Curie temperature for the
samples with n=2 and 3 indicated that the transition at 7¢" is
caused by an interchain two-dimensional (2D) antiferromag-
netic (AF) interaction. Considering the structural similarity
among the quasi-1D cobalt oxides, the transitions at 7g" for
the samples with n=1 and 5 were therefore most likely due
to the appearance of the short-range 2D AF order. This sug-
gested that the 1D ferromagnetic order in the CoO; chain
of Ca3Co0,04 (n=1) would occur at higher temperatures
(~200 K) than proposed previously (~80 K).

For BaCoO; (n=x), the y measurement confirmed that
T"=Tx(=15 K) and T=53 K, which corresponds to the fer-
romagnetic (F) transition caused by an intrachain 1D inter-
action. Nevertheless, the wTF-asymmetry (Ag) did not ex-
hibit a marked anomaly at T, while A is very sensitive to
the formation of magnetic order. This is likely to be caused
by a domain motion in the 1D chain, as in the case for
CsCoCl;. In spite of the fact that the sample is structurally
homogeneous, the ZF-u*SR spectrum showed a complex of
at least five frequency components below Ty, which require
further detailed studies.
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