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Magnetic properties of CazCo20s with ferromagnetic Ising chains have been studied using
oriented sample along the chain direction. From the extremely anisotropic behavior in its mag-
netization at low temperatures and in the temperature dependence of magnetic susceptibility,
it is suggested that an octahedral Co®* is nonmagnetic, whereas a trigonal prismatic Co®" has
a fictitious spin S’ = 1 with large single-ion anisotropy (D ~ —25K, gy ~ 4). At low tem-
peratures below 5K, multisteps are observed in the magnetization, suggesting the existence of
various magnetic structures. The pulsed magnetization measurements reveal that the response
of ferromagnetic chains to the field is slow and varies as a function of temperature and AH/At.
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§1. Introduction

Low-dimensional magnetic systems often exhibit a
transition to a three-dimensional ordered state at rel-
atively low temperatures. In the case of nearly-one-
dimensional (1-D) systems such a transition is induced
by the weak coupling between chains of strongly coupled
spins. Quasi 1-D ABXj type compounds, for example,
CsCoCls and RbFeCls, were investigated extensively.!)
There exist various magnetic ordered states according
to a type of a spin of B2t ion. Moreover the triangu-
lar lattice formation of the chains often induces a geo-
metrical frustration such as a partially disordered anti-
ferromagnetic (PDA) state which was first observed for
CsCoCls.?)

Ca3Coy06% with the K,CdClg type structure?) (R3c)
contains 1-D chains along the hexagonal c-axis, which
form a triangular lattice in the c-plane. The infinite
chains consist of alternating face sharing CoOg octahe-
dra (anti-trigonal prisms, with Col) and CoOg trigonal
prisms (with Co2). Magnetic properties of CazCozQOg
were investigated by Fjellvig et al®) and the present
authors®) independently. The intrachain interaction
was found to be ferromagnetic. Moreover, CazCozQ0¢
exhibits a ferrimagnetic ordering of the ferromagnetic
chains at low temperatures due to the antiferromag-
netic interaction between the chains on the triangular
net. As is mentioned in ref. 6, the ferrimagnetic state
strongly suggests that the Co ion moment has an Ising
spin character. Furthermore, we have succeeded in ob-
serving well-resolved Mossbauer hyperfine structures cor-
responding to the quantum levels of a 5"Fe3* (69) ion
doped in CazCos0g, indicating the very slow magnetic
relaxation.”) This observation is attributable to the large
difference in the spin character between the host (Ising)
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and the impurity (Heisenberg) spins.

Although the magnetic properties of CazgCoy0g have
been clarified to some extent, the fact that there are
two different Co sites (Col and Co2) makes it difficult
to understand the exact electronic state of each Co ion.
An attempt to estimate the Co valencies based on the
bond strength concept® was not satisfactory, only giv-
ing the intermediate Co valence of 3.35 for Col and
2.25 for C02.>) The moment of 3.6 ug® (or 3.9 up®)
per CazCoy04 derived from the magnetization curves
is larger than 3.1upg (0.08+0.04 ug and 3.00+0.05 up
for Col and Co2, respectively) derived from neutron
diffraction.®) Furthermore, the temperature dependence
of magnetic susceptibility using powdered sample can
not be explained without assuming large g-factor.®) Such
situation is seen when magnetic character is highly
anisotropic. Especially, in the case of d® (Co®*, Fe?*;
L=2,8=2)andd" (Co**; L =23, S =2/3) states, an
orbital angular momentum is often unquenched partially,
giving a g-factor far from 2.1:91) The present study
was carried out to elucidate the magnetic anisotropy of
CazCoy04 using an aligned sample along the c-axis.

§2. Experimentals

The sample of CagCo;O¢ was prepared by a solid state
reaction method from CaCOj3 and CoO with 99.99% pu-
rities. Powders were ground and calcined in air at 1173 K
for one day. Then, the sample was reheated at 1273 K
in air for a week with intermediate grindings. The pow-
dered sample was separated into two parts, one of which
was soaked into the epoxy and then the magnetic field of
H = 8T was quickly applied to align the sample along
the c-axis. The other was kept in the absence of mag-
netic field after soaked into the epoxy to form a non-
oriented sample. The successful orientation along the
c-axis for the former sample was confirmed by the X-ray
diffraction, i.e., by the rocking curve around the index
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(006) in the hexagonal expression. We performed the
magnetization measurements for both samples by means
of the extraction method using a magnetometer (Quan-
tum Design PPMS) up to 9T at various temperatures.
The temperature dependence of magnetic susceptibility
X (=M/H) was measured in a static magnetic field of
H = 0.1T between 4K and 300K by using a super-
conducting quantum interference device magnetometer
(Quantum Design MPMS). To investigate the response of
the ferromagnetic chain (or Co spins) to the field sweep,
the pulsed field magnetization measurements were per-
formed as a function of T and AH/At by an induction
method with well balanced pick-up coils. The duration
time of the pulsed magnetic field was 12 ms.

§83. Results and Discussion

In the inset of Fig. 1, we show the temperature de-
pendence of magnetic susceptibilities of CagCosOg¢ along
the c-axis, x/, perpendicular to the same axis, x, and
non-oriented (random), x;. It is obvious that x, is
much larger than yx,, indicating the extremely large
anisotropy along the c-axis. The parallel susceptibili-
ties x, obey the Curie-Weiss law at high temperatures
above 150K (region 2). Below 150K (region 1) the de-
viation from the Curie-Weiss law becomes appreciable.
The representative magnetization curves in static fields
up to 9T are shown in Fig. 2, which also implies the
uniaxial anisotropy. A clear plateau of 1/3 of the sat-
uration moment of 2.2x10* emu/mol (corresponding to
4 pup/CagCo20g) is observed in the M-H curve at 12K,
indicating the ferrimagnetic state where the ferromag-
netic chains order antiferromagnetically at the ratio of 2
to 1 on the triangular lattice. Though the M, -H curve
at 12K also have a plateau, it is probably not the intrin-
sic property of CagCoy0g but due to the imperfect align-
ment. It is noted that M, is somewhat smaller than the
magnetization measured in the case of powdered sam-
ple.®) This indicates that powder of CazCoy0g tends to
orient with increasing H. The divergence in magnetiza-
tion data between Aasland et al. and the present authors
should be attributed to the difference of the mobility of
the powder.% )

Now let us discuss the electronic states of two different
Co sites. The moment of 4 ug per CagCoy0g is evalu-
ated from the magnetization measured using the aligned
sample along the c-axis. On the other hand, the neutron
diffraction suggests 0.08 g and 3.00 g for Col and Co2,
respectively.?) It is reasonably conjectured from these
facts that Col is- nonmagnetic while Co2 is magnetic
having an Ising-like spin moment of about 4 ug. This
strongly gives an implication that both Col and Co2
ion are trivalent, i.e., d® state. The large energy level
split between the de and d~y orbitals should give the low
spin configuration at Col. It should be mentioned that
the larger crystalline field effect is expected for the oc-
tahedral Col than for the trigonal prismatic Co2, thus
leading to different spin configurations.'?

The extremely anisotropic magnetic behavior of
CagzCo20¢ can be interpreted using effective spin with
§" = 1 for Co®*t (Co2), following the treatment shown
by Lines?) and Oguch.!!) Figure 3 shows the schematic
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Fig. 1. Reciprocal molar susceptibility X_l of CagCo20¢ as a
function of temperature. The broken and solid curves indicate
the caluculated reciprocal susceptibilities using egs. (1) and (2)
for region 1 and region 2, respectively. Inset: molar susceptibil-
ities, Xy, x.L and xr as a function of temperature.
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Fig. 2. Magnetization curves of Ca3zCo20¢ in static magnetic
fields for 0T<H<9T at 12K (open) and 35K (solid). Squares
denote M, circles M, and triangles M;.

Fig. 3. Schematic energy level diagram of a trigonal prismatic
Co3t in CazCo30s.
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illustration of the energy level structure with uniax-
ial anisotropy in the absence of exchange interaction
and external magnetic field. In the weak-field-coupling
scheme the free ion ground state of a Co3™ ion, i.e., 5D
(L = 2,8 = 2), is split by the cubic part of the crystalline
field into an upper orbital doublet (°E,) and a lower or-

bital triplet (°T5,). Considering only Th,, we can de- -

fine a fictitious orbital angular momentum L' = 1 from
the structural equivalence of the T5; and P symmetry
groups. Since A < 0 (where X is the spin-orbit coupling
parameter of a free Co®" ion), a fictitious spin S’ = 1
is a good quantum number if a single-ion anisotropic en-
ergy of the form DS? caused by the interaction with the
crystalline field is large compared with the exchange in-
teraction J. If D is negative, the single-ion anisotropy
leads locally to a splitting of the triplet state into a dou-
blet ground state with m/, = +1 and a singlet (m/, = 0)
excited state (where m/ is the z component of S’) as
shown in Fig. 3.

In the following analysis, we assume that the excited
levels with S’ = 2, 3 are neglected. The fictitious spin
S’ = 1 can be used for the lowest three levels in the tem-
perature region 1 in Fig. 1. An appreciable contribution
to the susceptibility from the singlet excited state may
be found in the temperature region 2. The parallel sus-
ceptibility was calculated for S’ = 1 following Achiwa.!)
When J;, < kT, the magnetic susceptibility along the
easy axis can be expressed as

_ 2Ngjug )
X' = %I {exp(D/kT) + 2} — 87’
and at high temperature limit this gives
_ 2Ngjup )
X = 3KT+D -8,

where only the nearest neighbor intrachain exchange in-
teraction J, is taken into consideration. The observed
X in the region 2 could be fitted best to the calculated
value using eq. (2) with (D —8Jy)/k = —145.8K and
gy = 4.53 accompanied with a constant susceptibility
Xo = —3.0 x 1073 emu/mol as shown in Fig. 1. The large
value of gy = 4.5 is due to the large single-ion anisotropy.
Similar value of gy = 4.0 can be evaluated from the sat-
uration moment of 4 ug by assuming S’ = 1. The fit of
X in the region 1 to eq. (1) was not satisfactory due
to the simplicity of the model. But together with the
above result, we can roughly estimate the parameters
as D/k = 25K, J;/k = 15K. The obtained negative
sign of D is in accordance with the assumption that the
ground state is a doublet with m/, = +1. The obtained
positive sign of J, indicates the ferromagnetic intrachain
interaction. The magnitudes of D and J are comparable
with D/k = 18.4K and J;/k = —11.5K for RbFeCls,")
which is widely known as an ideal triangular XY-like
antiferromagnet with S’ = 1 (in the case of D > 0, the
triplet S’ = 1 state split into the singlet ground state and
the doublet excited state). The perpendicular terms, g
and J, can not be determined because, as mentioned
above, intrinsic x is disturbed by the imperfect sample
orientation along the easy axis. The magnetic proper-

Hiroshi KAGEYAMA et al.

(Vol. 66,

o
o

M, (x10 4 emu/mol)
o - - N
tn o w o

o
(=)

10

H(T)

Fig. 4. My vs. H curves measured in static fields for 0T<H<9T
at 35K, 20K, 16K and 12K (a), 8K and 6K (b), and 4K and
2K (c). For comparison, the magnetization curve at 12 K is also
shown by the solid curve in (c).

ties of Sr3NilrOg isostructural with CazCosOg were also
investigated in terms of the high single-ion anisotropy,
and fairly large value of D = 90.2K was obtained for
Ni?* ions (S = 1) at trigonal prism site from the mag-
netic susceptibility.!3) It is noted that the sign of D is
opposite to the case of CagCoy06.

Next, we turn our attention to the low temperature
magnetic properties. Parallel magnetization curves at
various temperatures are shown in Fig. 4. There is
almost no hysteresis for the M-H curves above 10K
(Fig. 4(a)), whereas below 10K the hysteresis is appre-
ciable (Figs. 4(b) and 4(c)). As for the measurements
at 2K and 4 K, with increasing magnetic field, there ap-
pears three plateaus (except for the saturated one) corre-
sponding to about 3x10% emu/mol, 6x 103 emu/mol and
9x10° emu/mol, which was not found in the previous
study because the data were taken at every 0.5T.% It is
likely that many complicated magnetic structures exist
in temperature and magnetic field domains. At low tem-
peratures, the small exchange interaction such as 3rd
and 4th nearest neighbor J would become important,
thus giving the complicated magnetic structures. Takagi
and Mekatal?) proposed the candidates of the magnetic
structures of Ising spins on a triangular lattice. The low-
est plateau with about 1/5 of the full moment may cor-
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Fig. 5. My vs. H curves measured under pulsed magnetic fileds
with AH/At =2.0T/ms at 35K, 20K, 15K, 10K and 4K.

respond to a 5-sublattice structure,'®) where 3/5 of the
up ferromagnetic-chains and the rest 2/5 of the down
ferromagnetic-chains order antiferromagnetically. It is
noted that the plateaus at 2K is clearer than those at
4 K. This may be because the thermal fluctuation easily
disturbs the magnetic orderings. The ground state in the
absence of magnetic field is of great interest. At the mo-
ment, the authors suppose that the ground state should
be like the one where many stable magnetic structures
compete with each other.

From the Arrott plots for the magnetization data,
the PDA state was suggested for 10K(=T.2)<T<25
K(=Tcl),6) where 2/3 of the ferromagnetic chains order
antiferromagnetically with each other and the remaining
1/3 are left incoherent with the other chains. The Ar-
rott plots, however, are based upon a mean-field theory
(the Landau expansion of free energy). It is uncertain
whether or not the Arrott plots are applicable to the
present material having a uniaxial anisotropy.

Finally the parallel magnetizations measured using
pulsed fields with the rates of AH/At = 2.0T/ms are
shown in Fig. 5. The M-H curve at 35K (>T¢1) al-
most coincides with that measured in static magnetic
fields at the same temperature. The magnetizations us-
ing pulsed fields at lower temperatures are different from
the data measured with static fields. Especially there is
large hysteresis in the M-H curve for T' < 10K. These
results indicate that the ferromagnetic chains (or Ising
spins of Co2 ions) respond to an external magnetic fields
very slowly at the order of 1073s. In Figs. 6 and 7,
we show the magnetization curves measured with var-
ious field sweeping rates at 4K and 15K, respectively.
Clearly the response of the ferromagnetic chains to the
external field gets slower with increasing AH/At. The
relatively slow propagation of the domain walls along the
ferromagnetic chains is considered as a mechanism of the
chain reversal.

Magnetic Anisotropy of CagCo20¢ with Ferromagnetic Ising Chains
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Fig. 6. My vs. H curves at 4K with the field sweeping rates of
AH/At = 6.7, 2.0 and 0 T/ms.

24 T T T T
F |T=15K

2.0 [~ AH/ At=6.7 T/ms P

| AH/At=2.0 T/ms
AH/ At=1.3 T/ms

|- Static Fields

1.6

M, (x10 * emu/mol)

H(T)

Fig. 7. My vs. H curves at 15K with the field sweeping rates of
AH/At = 6.7, 2.0, 1.3 and 0 T/ms.

§4. Conclusions

In summary, we have investigated the magnetic prop-
erties of CazCoy0g using an aligned sample along the
c-axis. As expected from the ferrimagnetic structure in-
dicating the Co ions being Ising-like spins, an extremely
anisotropic behavior in the M-H and x-T data was ob-
served. The moment per CazgCosOg was determined to
be 4.0 up from the parallel magnetizations. It is sug-
gested that the Col ion is nonmagnetic, while the Co2
ion has a fictitious spin S’ = 1 with large single-ion
anisotropy (D ~ —25K,gy ~ 4). For T < 4K, the
multimetamagnetic transitions were observed. More de-
tailed neutron diffraction study is needed to clarify the
magnetic structures. The ferromagnetic chains shows a
slow response to the magnetic field.
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