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Thanks to the unique power of muon-spin spectroscopy, we found that the quasi-one-dimensional Co-Rh
oxides A,,,,CoRh, 03,3 (A=Ca,Sr; n=1, 2, and 3) exhibit a two-dimensional antiferromagnetic transition that
ranges from T3'=185 K for n=1 to 125 K for n=3 with a transition width (A7) of about 80 K. The variation
of T3 with n is explained by the increase in the distance between the neighboring CoRh, 03,5 chains. Static
magnetic order is observed below the end point of Ty (=Ty'—AT) for each of the three samples. The existence
of the two-frequency components in the zero field spectrum indicates the appearance of ferrimagnetic order for

CazCoRhOg below 20 K.
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Dimensionality of real compounds is not determined
straightforwardly from their crystal structure. Indeed, in spite
of the one-dimensional (1D) structural nature of the
quasi-1D (Q1D) cobalt oxides A,,,Co,,103,,3 (A=Ca, Sr,
and Ba with n=1-5, and =), a two-dimensional (2D) anti-
ferromagnetic (AF) transition has been clearly detected be-
low 100 K exclusively by a positive muon-spin rotation and
relaxation (u*SR) technique.! The 2D magnetic nature has
also been confirmed by high-pressure w*SR experiments.?
Noting that the connections between the CoO5 chains form a
2D triangular lattice in the ¢ plane of the Q1D lattice, the
Co0j5 chain in the n=1 compound consists of alternating
face-sharing CoOg trigonal prisms and CoOg octahedra.>* As
n increases, only the number of CoOg4 octahedra increases so
as to build the chain with n CoOg octahedra and one CoOgq
trigonal prism.>® The magnetic interaction is ferromagnetic
(FM) along the CoO; chain (1D-FM) and AF in the 2D tri-
angular lattices (2D-AF). The Q1D cobalt oxides are there-
fore thought to be 2D antiferromagnets with FM Ising-spin
chains.

Combining the result of recent susceptibility
measurements’ with past work,"? a sequence of successive
magnetic transitions of Ca;Co0,04 (n=1) was clarified as fol-
lows: as T decreases from ambient temperature, 1D-FM or-
der, probably short range, appears below ~150 K (TZR), then
short-range 2D-AF order appears below 100 K (73}) [the
2D-AF order completes below ~25 K (Ty)], and finally,
Ca3Co,0¢ enters into a ferrimagnetic state below 15 K
(Ttersi)- Here, a coherent precession in the zero field (ZF)
M*SR spectrum means that all the muons feel the same in-
ternal field, indicating the formation of long-range order. On
the contrary, a fast relaxing signal without precession sug-
gests wide field distribution at the muon sites, implying the
appearance of short-range order. For the Q1D cobalt oxides
with n=2-35, although the long-range order never completes
even down to 1.8 K, i.e., Ty and T,; are never reached, the
rest of the sequence is essentially the same as that of
Ca3Co,0¢. It is also found that the onset temperature
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(T'=T3}) decreases with increasing n due to the increase in
the interchain distance. On the other hand, the other end
member BaCoO5 (n=2) exhibits two magnetic transitions;"8
one is a short-range FM transition with TzR=53 K and the
other an AF transition, an amplitude modulated AF phase,
with T=15 K.

The complex magnetic behavior of the Q1D cobalt oxides
is caused by competition between the 1D-FM and 2D-AF
interactions. This leads to the question of how the magnetic
structure changes if the balance between the two interactions
is changed by elemental substitutions. Fortunately, the Co
ions in the CoOg4 octahedron can be fully substituted by other
elements in Ca3;Co,0g; that is, Ca3CoMOg with M =Sc, Rh,
Ru, and Ir were successfully prepared.'®!! For the M=Rh
case, since the Weiss temperature (®,) of Ca;CoRhOg is
about 150 K but that of Ca;Co0,04 is 30 K, the Rh substitu-
tion clearly enhances the 1D-FM interaction. Nevertheless, a
recent neutron diffraction (ND) study'? has revealed the ex-
istence of two types of 2D-AF order. That is, a partially
disordered antiferromagentic (PDA) state,'? in which two-
thirds of the chains are coupled antiferromagnetically, but the
remaining third stays incoherent, appears below 90 K, and
then the PDA state apparently freezes below 30 K, i.e., a
frozen PDA (FPDA) state.'? There is, however, no informa-
tion on short-range 2D-AF order in Ca;CoRhO4 by ND mea-
surements, as in the case of the pure Q1D cobalt oxides. Very
recently, not only Ca;CoRhOg4 (n=1) but also SryCoRh,0,
(n=2) and SrsCoRh;0,, (n=3) were prepared,'* although
the magnetic behavior of the latter two compounds has been
investigated even less. In what follows, we call these com-
pounds Rh-Q1D.

In this Brief Report, we report a study of the microscopic
magnetic nature of the Rh-Q1D compounds with n=1-3 by
means of u*SR, which is very sensitive to the local magnetic
and structural environments, because the implanted u*’s ex-
perience the magnetic field generated mainly by their nearest
neighbors. We clearly demonstrate the appearance of short-
range 2D-AF order for the Rh-QIDs, similar to the Q1D
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cobalt oxides."> We propose that the short-range 2D-AF or-
der is common to the Q1D systems with FM Ising-spin
chains, although the predominant element in the 1D chains
changes from Co to Rh. Furthermore, ZF-u"SR measure-
ments down to 20 mK suggest that the magnetic order of
Ca;CoRhO¢ below 20 K is not an FPDA but ferrimagnetic,
in contrast to the ND results.!?

Polycrystalline ~ samples of Ca;CoRhOg (n=1),
SrsCoRh,0y (n=2), and SrsCoRh;0,, (n=3) were synthe-
sized at Nagoya University by a conventional solid state re-
action technique, using reagent grade Cos;0,, CaCOs,
SrCO;, and Rh powders as starting materials. Powder x-ray
diffraction experiments were performed to check the purity
and the crystal structure. Magnetic susceptibility (y) was
measured using a superconducting quantum interference de-
vice magnetometer (MPMS, Quantum Design) with T rang-
ing between 2 and 300 K and a magnetic field H=10 kOe.
The preparation and characterization of the Rh-Q1D samples
with n=1-3 were reported in detail elsewhere.'* The u*SR
experiments were performed on the wE1-Dolly and the
7M3-LTF surface muon beam lines at PSI, using an experi-
mental setup and techniques described elsewhere.'?

Figure 1 confirms the existence of a magnetic transition
with T3 of ~185 K for the n=1, ~130 K for the n=2, and
~125 K for the n=3 sample, because the weak transverse
field (WTF) asymmetry (Apg) is roughly proportional to the
volume fraction of paramagnetic phases in the sample. The
accompanying increase in the relaxation rate (Arp) shows the
appearance of internal magnetic fields (H,,), which are
larger than the applied wTF (50 Oe in this case). Although
the transition width (AT) ranges from 60 to 80 K due to the
2D nature and geometrical frustration of the triangular lat-
tice, the WTF asymmetry reaches almost O below 77\}“1
(=T3'—AT) for all cases, meaning that the whole sample is in
the magnetic state below Tﬁ}‘d. Note that x and ND experi-
ments provided no information on Ty, but they gave clear
anomalies for the n=1 compound only below 90 K (=75'),'?
at which the transition completes from the viewpoint of
wTF-u*SR.

The decrease in Ty with n is explained by the increase in
the interchain distance (d;.), as for the pure Q1D cobalt ox-
ides [see Fig. 1(d)]. Since the interchain interaction is natu-
rally enhanced with decreasing d;., this is most likely to sup-
port the 2D nature of the transition detected by wTF-u*SR.
Making a comparison with the 7%'(d;.) curve for the Q1D’s,
the curve for the Rh-Q1D’s is shifted by ~80 K towards
higher 7. This is consistent with the fact that the 4d orbitals
of Rh are more widely spread out than the 3d orbitals of Co.

In order to investigate the magnetic nature below <M we
measured the ZF spectrum down to 20 mK. For all three
samples, the ZF spectrum shows a fast relaxation and a first
minimum below ~0.05 us at 20 mK (see Fig. 2). Only for
the n=1 sample does the ZF spectrum exhibit two minima,
indicating formation of static (at least for muon’s lifetime,
2.2 us) order. More precisely, there are two different fre-
quency components. Although the top two spectra seem to be
typical for Kubo-Toyabe-type relaxation due to dense ran-
domly oriented moments,' a strongly damped cosine oscil-
lation due to static order with wide field distribution is more
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FIG. 1. (Color online) T dependences of (a) normalized wTF
asymmentry, (b) relaxation rate, (c) y for A,,,CoRh,05,,3,'* and
(d) the relationship between Tf\';d and the interchain distance (d;.)
for the Rh-Q1D’s and pure Q1D cobalt oxides.” The u*SR data was
obtained by fitting the wTF spectrum using an exponential relaxed
cosine oscillation function, At exp(=Ngt)cos(w,t+ ¢). x was mea-
sured in the magnetic field of H=10 kOe in zero field cooling
mode. Relatively large error bars in (b) especially for the n=1
sample are caused by the abrupt decrease in Ag [see (a)].

suitable for fitting the spectrum, especially for explaining the
fast relaxing behavior in the early time domain (below
0.02—0.04 us). We therefore fitted the ZF-u*SR spectra with
the following function:

AgPze(1) = Appie ™ cos(w, 1 + @) + A gpe ™ cos(w ot + )
+ Afaste_}‘raslt + Ataile_}\mﬂt’ (1)

where the second term is used instead of the third term only
for the n=1 sample below 20 K. The Ay, term, which gives
only minor contributions (below 7%), is caused by fluctuat-
ing moments at the disordered sites, while the A, corre-
sponds to the “1/3 tail” caused by the AF field component
parallel to the initial muon-spin polarization.

Figure 3 shows the T dependences of the muon precession
frequencies (f;=w,;/2m) and their normalized asymmetries
(A ;) for the three samples. Both f and A zp have finite val-
ues below 95 K for the n=1, 55 K for the n=2, and 43 K for
the n=3 sample, respectively. The magnitude of f(T—0 K)
for the three samples is roughly the same (~10 MHz), sug-
gesting that the internal field along the Ising-type chain is
independent of n. This is because the p*’s naturally locate at
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FIG. 2. (Color) ZF-u*SR spectrum of A,,,CoRh,Os,.; at
20 mK. Each spectrum is offset by 0.1 for clarity of display. Solid
lines represent the fitting result using Eq. (1); the bottom three lines
represent three components for the n=1 sample.

the vicinity of O?~ ions in the chain. Note that an additional
high-frequency component appears only for the n=1 sample
below 20 K, around which the yzpc(7T) curve exhibits a
maximum and neutron scattering suggests the presence of
frozen PDA order.'?> The normalized A »x(7) curves show that
the majority of each sample (~90%) enters into the AF
phase below TS™, at which the static internal field appears.
Since neutron measurements showed the existence of a
PDA state below ~90 K for Ca;CoRhOy, the first AF com-
ponent with f; ~ 10 MHz naturally corresponds to the inter-
nal field of the PDA state. Actually, assuming that there are
only two u* sites in the lattice [see Fig. 4(a)] because of the
absence of a structural phase transition down to 2 K, a dipole
field calculation gives that the overall distribution of the
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FIG. 3. (Color online) T dependences of (a) oscillation fre-
quency f=w, /2 and (b) normalized asymmetry of the oscillatory
component for A,,,CoRh,03,,3. In (a), solid lines represent the
fitting result using the equation f/fy=[(Ty—T)/Ty]?; since B
=0.212 for n=1,0.184 for n=2, and 0.135 for n=3, Rh-QI1D’s are
likely to approach the ideal 2D-Ising model (8=1/8) with increas-
ing n.
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FIG. 4. (Color) (a) Two muon sites (1l and u2) proposed by
electrostatic potential calculations in the Ca;CoRhOg lattice, dipolar
field distribution (Np) for (b) the PDA and FPDA and (c) ferrimag-
netic state, and (d) the muon-spin polarization function in ZF
[Pzr(2)] predicted for both states. Nj, was obtained by dipole sum
calculations for the two muon sites using the magnetic moment
3up of Co?* and 1uy of Rh*;!216 both calculations were per-
formed by the program DipElec.!” Since the ratio of up and down
spin is 0.5 for the ferrimagnetic state in (c), it is not a simple AF.
Pzp(r) was calculated by exp(—\f)ZNp;cos(2mfit), where
)\PDAz )\ferriylf=50 X 106 S_1 and )\ferri,hf=25 X 106 S_1 due to the dif-
ference of the full width at half maximum for the hf component
between the PDA and ferrimagnetic state; here, hf and 1f stand for
the high field (~1600 Oe) and low field (below 1200 Oe) compo-
nents, respectively.

PDA state is centered at 13 MHz with a standard deviation of
5 MHz [see the top spectrum in Fig. 4(d)], although there are
several f components as seen in Fig. 4(b). This is consistent
with the strongly damped cosine oscillation observed be-
tween 20 and 95 K.

In order to explain the appearance of the second AF com-
ponent, another magnetically ordered state should thus ap-
pear below 20 K. Considering the coexistence of the two AF
components, the following two states are reasonably accept-
able, that is, a ferrimagnetic state and a frozen PDA (FPDA)
state. Figure 4(c) shows the field distribution for the ferri-
magnetic state derived from the PDA state; that is, incoher-
ent chains align ferromagnetically along the ¢ axis. Since the
two sites are clearly distinguishable below 20 K, a possible
magnetic order below 20 K is the ferrimagnetic state [see the
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FIG. 5. (Color online) T dependences of (a) the two oscillation
frequencies (f; and f5), (b) the ratio of the frequencies (f/f}), and
(c) the ratio of the asymmetries (Appy/Aap;) for CazCoRhOg. The
broken lines in (b) and (c) represent the prediction for the ferrimag-
netic state (see Fig. 4). The data above 1 K is also plotted in Fig. 3
in a liner T scale.

bottom spectrum in Fig. 4(d)], because the field distribution
of the FPDA state is essentially the same as that of the PDA
state, for which only one frequency is seen. A simple dipole
field calculation yields a ratio of 1.95 for the two frequen-
cies, and 1/6 for the number density of the two frequencies.
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Both ratios are in reasonable agreement with the current
#"SR result particularly below 0.5 K (see Fig. 5).

In summary, it is clarified that Ca;CoRhOg undergoes
successive transitions from a high-T paramagnetic state to a
short-range AF state at 185 K (=T5X=T%"), to a PDA state at
~90 K (:TLRsz\,“d), and then to a ferrimagnetic structure
below 20 K (=Tf.y;). For the other two Rh-QID’s, T3"
=130 K and T5*=55 K for n=2 (125 K and 43 K for n=3),
but they never enter into the ferrimagnetic state even down
to 20 mK. Finally, we wish to remark on the significance of
the Ising-type FM nature of the QID system. Since Ty
ranges from 185 to 125 K, the 1D-FM transition temperature
is naturally expected to be equal or above T%. In particular,
both orders could occur simultaneously for the Rh-Q1D’s,
because ©,(=150 K) is comparable to T}y In order to detect
1D-FM order, it is necessary to perform inelastic neutron
experiments using a single crystal sample.
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