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Superparamagnetic-like ac susceptibility behavior in the partially disordered antiferromagnetic
compound Ca3CoRhO6

E. V. Sampathkumaran* and Asad Niazi
Tata Institute of Fundamaental Research, Homi Bhabha Road, Mumbai - 400 005, India

~Received 11 January 2002; revised manuscript received 25 February 2002; published 22 April 2002!

We report the results of dc and ac magnetization measurements as a function of temperature~1.8 - 300 K!
for the spin-chain compound, Ca3CoRhO6, which has been recently reported to exhibit a partially disordered
antiferromagnetic~PDAF! structure in the range 30–90 K and spin-glass freezing below 30 K. We observe an
unexpectedly large frequency dependence of ac susceptibility in theT range 30–90 K, typical of superpara-
magnets. In addition, we find that there is no difference in the isothermal remanent magnetization behavior for
the two regimes below 90 K. These findings call for more investigations to understand the magnetism of this
compound.

DOI: 10.1103/PhysRevB.65.180401 PACS number~s!: 75.50.Lk, 75.30.Kz, 75.30.Cr
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Recently, the spin-chain compound, Ca3CoRhO6 ~Ref. 1!,
has started getting attention due to the fact this compo
exhibits an unusual type2,3 of magnetic phase transition. Th
compound crystallizes in a K4CdCl6 type rhombohedra
structure~space group R3c̄). With this structure, in this com
pound, there are one-dimensional chains of alternating fa
sharing CoO6 trigonal prisms and RhO6 octahedra. Ca cat
ions separate these chains, and the magnetic ions for
triangular lattice with an interchain spacing of 5.313 Å. T
dc magnetic susceptibility (x) as well as neutron diffraction
data reveal1,2 that there are two magnetic transitions, one
90 K (T1) and the other at 30 K (T2). In the magnetically
ordered state, the magnetic ions along the chain couple
romagnetically, whereas the interchain nearest neighbor
teraction is antiferromagnetic. This type of interaction m
cause magnetic frustration, as this compound is intrinsic
a triangular lattice. As a consequence of this geometr
frustration, betweenT1 and T2, 2/3 of the ferromagnetic
chains ~present at the corners of the hexagon! have been
reported to couple antiferromagnetically with each other a
the other 1/3~at the center of the hexagon! are proposed to
be left incoherent with the other chains@see Fig. 1~a! of Ref.
3#. There are only few compounds known with this kind
triangular lattice of antiferromagnetic spin chains, e.
CsCoCl3 and CsCoBr3.4,5 However, the magnetism of thi
compound is proposed3 to be unusual in the sense that, belo
T2, the incoherent chains appear to freeze in a disorde
state, whereas in the Cs compounds, a ferrimagnetic sta
attained below the lower transition temperature. Howev
the ferrimagnetic phase can be obtained even in the pre
material by an application of a magnetic field~H! of the
order of 20 to 30 kOe. In other words, this compound
characterized by an interesting magnetic phase diagram2

While we believe that this magnetic compound will attra
future attention for various investigations, it is of interest
look for further characteristics of such a complex magne
material, in particular, to compare the anomalies due to
disordered nature of the magnetism in the two tempera
ranges below 90 K. With this motivation, we have carried o
magnetic measurements on this material, the results of w
are reported in this article. The results apparently raise in
esting questions.
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d

e-

a

t

r-
n-
y
ly
al

d

,

ed
is

r,
ent

t

c
e
re
t
ch
r-

The compound Ca3CoRhO6 in the polycrystalline form
was prepared by solid state route. Stoichiometric amount
high purity (.99.9%) CaCO3, CoO and Rh powder were
thoroughly mixed. Then the mixture was calcined at 900
for one day. Subsequently, the preacted powder was fin
ground, pelletized and heated at 1200 C for about 10 d
with few intermediate grindings. The x-ray diffraction pa
tern confirmed that the sample is a single phasea
59.202 Å and c510.730 Å). The dcx measurements
were performed in the range 1.8–300 K at different fields~1,
30, and 50 kOe! both for zero-field-cooled~ZFC! as well as
field-cooled~FC! state of the specimens employing a com
mercial ~Quantum Design! superconducting quantum inte
ference device~SQUID!. The same magnetometer was em
ployed to take acx data~1.8–300 K! at various frequencies

FIG. 1. Dc magnetic susceptibility (x) as a function of tempera
ture for Ca3CoRhO6 measured at different fields. The transitio
temperatures,T1 and T2, are marked. Insets show~a! inversex
(H550 kOe) as a function ofT to highlight paramagnetic behavio
with the lines through the data points serving as a guide to the e
and ~b! isothermal magnetization at 5 and 62 K. ForT55 K, the
lower curve corresponds to increasingH and the upper one to de
creasing H.
©2002 The American Physical Society01-1
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in zero field as well as in the presence of two dc fields~5 and
30 kOe!. Isothermal magnetization~M! and remanent mag
netization (MIRM) behavior were also tracked at 5 and 62
employing a commercial magnetometers both by vibrat
sample magnetometer~VSM, Oxford Instruments! and
SQUID and the results obtained from both the instrume
agree quite well.

The T-dependence of dcx measurements are shown
Fig. 1. There is a sharp drop ofx above about 35 K for
ZFC-curves for allH as though there is a magnetic transiti
at this temperature. ZFCx-T plots tend to merge below
about 20 K for all the values ofH. However, FC-curves a
low temperatures show a different behavior in the sense
the values are found to beH-dependent, though the plot
tend to a constant value below 20 K in all cases. Above ab
35 K, x values are field-dependent for both the ZFC and
measurements and the features are suggestive of an
transition in the range 90–100 K. As noted earlier,1 the plot
of inversex versusT ~Fig. 1, inset! is highly nonlinear in the
paramagnetic state~above 90 K!. The Curie-Weiss tempera
ture inferred from the near-linear range of 225–300 K
found to be about 175 K, the positive sign indicating stro
ferromagnetic interaction; this value however is margina
higher than that reported~150 K! in Ref. 1. The findings are
otherwise in good agreement with those reported in Ref
There is a distinct difference1 between the plots of isotherma
M at 5 and 62 K~Fig. 1, inset! in the sense that there is
plateau in theH range 20–40 kOe at 62 K due to ferroma
netic alignment of the spins. There is a significant hystere
in the plot for 5 K resulting in a remanence ofM ~vide infra!
after reducingH to zero, which is in agreement with th
proposed spin-glass behavior. We have observed sim
magnitudes of remanence even at 62 K, which is not obvi
from Fig. 1 inset, due to the compression of the scale on
y-axis. The ZFC-FCx curves obtained in the presence of
kOe field tend to bifurcate at a temperature close to 70
however, applications of higher fields lower the temperat
at which this bifurcation occurs, implying thereby that
much smaller fields~in few gausses! this feature may occu
at temperatures higher than 70 K. There is a tendency f
broad peak in temperature range 100 to 150 K inx versusT
plots forH51 and 30 kOe, but it is cut off around 100 K du
to the onset of magnetic ordering. It is to be noted that t
peak is clearly visible in the data forH550 kOe. This maxi-
mum inx resembles that of Bonner and Fischer’s predict
for one-dimensional magnetism.6 Alternatively, short-range
correlations also may be responsible for this feature.

We now present the results of acx measurements~see
Fig. 2!. It is clearly seen that, in the zero-field data, there i
well-defined peak at 50 K in the real part (x8) of acx typical
of spin-glasses. However, what is remarkable is that
anomalies associated with magnetic ordering start buildin
temperatures as high as 90 K. Therefore, it is very difficul
associate the acx anomalies~see further below! to the tran-
sition at T2. This observation may be correlated to t
ZFC-FC divergence at a temperature close to 90 K at
fields ~say, at 1 kOe! as discussed above. The fact that thex8
peak arises from some kind of spin-glass freezing appea
be endorsed by the observation of an upturn in the imagin
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part (x9) of the acx as well~prominent below about 75 K!.
One does not expect such a feature at the magnetic trans
temperature due to long range magnetic ordering.7 It is also
remarkable that the width of thex8-feature is so large that i
spans entire temperature range betweenT1 andT2. What is
puzzling is the large frequency dependence of the temp
ture at which the peak appears, for instance, from 50 K a
Hz to 70 K at 1 kHz in thex8 data, in sharp contrast to tha
known in canonical spin glasses. Quantitatively speaking,
magnitude of the factor,7 DTf /TfD(logv), turns out to be as
large as about 0.1, which is typically seen in superparam
netic materials.7 The peak temperature in thex8 vs T plot
typically represents the spin-freezing temperature (Tf). The
value of this factor in canonical spin glasses is known to
below 0.01. It is to be noted that the values ofx are also
practically frequency-independent below 30 K. We have a
taken the data in the presence of aH of 5 and 30 kOe. While
the ac chi features for 5 kOe resemble those of zero-fi
data, forH530 kOe data, thex8 cusp vanishes and the pea
gets broadened by the field with a significantly reduced
tensity; also thex9-anomaly is completely depressed. Th
finding is consistent with the proposed phase diagram2 in the
sense that the disordered magnetic state is destroyed at a
of 30 kOe.

We have also probed the magnetic relaxation behavio
the two temperature ranges, by measuring at 5 and 62 K~Fig.
3!. For this purpose, we have zero-field-cooled the specim
to respective temperatures, switched on the field of 5 k
waited for 5 min and then the decay ofMIRM was tracked as
a function of time~t! for about an hour after the field wa

FIG. 2. Real (x8) and imaginery (x9) parts of ac susceptibility
for Ca3CoRhO6, measured at different frequencies with an ac dr
ing field of 1 Oe. The acx behavior in the presence of a magne
field of 5 kOe at two frequencies are also shown. The data for
presence of 30 kOe at various frequencies nearly overlap and h
shown only for one frequency~with the data forx9 being feature-
less not shown in the plot!. The curves shown are obtained b
drawing lines through the experimental data points.
1-2
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switched off. We observed thatMIRM dropped to a value
below the detection level of the instrument in the param
netic state~say, at 120 K! as expected. However, the value
at 5 and 62 K are significant~in agreement with theM versus
H behavior discussed above! and found to undergo slow de
cay with t. A quantitative analysis of the data to an expone
tial form popularly noted for canonical spin glasses is fou
to hold good for a narrow range of the plot~below about
1000 sec!, but deviations occur forMIRM curve at highert
values. It appears that, barring low-t region,MIRM seems to
vary logarithmically as shown in Fig. 3 with comparab
values of the coefficient of the logarithmic term. It thus a
pears that a superimposition of exponential~for low t values!
and logarithmic~at highert values! terms describe the relax
ation process. As the actual form of relaxation is a matte

FIG. 3. Isothermal remanent magnetization behavior at 5 and
K for Ca3CoRhO6, obtained as described in the text. The contin
ous lines represent least squares fit to a logarithmic function m
tioned in the figure.
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great discussion even in conventional spin glasses,7 a further
discussion on this aspect for the present complex materi
not desirable. What is important to note is that, while
slow relaxation ofMIRM at 5 K is consistent with the spin
glass freezing proposed in Ref. 3, similar behavior at 62 K
unexpected on the basis of the analysis of the neutron
fraction data. If the interpretation of previous results3 are
correct, one can argue that coexisting antiferromagn
chains and paramagnetic chains can also give rise to
behavior which by itself will be an interesting conclusio
Alternatively, on the basis of the similarities of the relaxat
behavior at 5 and 62 K quantitatively evidenced by a co
parable values of the coefficients of the logarithmic term~see
Fig. 3!, one is also tempted to propose that the dynamic
the entire temperature range below 90 K observed here i
one due to superparamagnetic clusters formed betweeT1
andT2, the dynamics of which apparently gets frozen bel
T2.

To conclude, we have observed a large frequency de
dence of ac susceptibility in Ca3CoRhO6 in a temperature
range in which a partially disordered antiferromagnetic ph
has been previously proposed. If the interpretation of
neutron diffraction data2 for the range 30-90 K is correct, th
present results raise a very interesting question how the
existence of antiferromagnetic and incoherent magn
chains result in superparamagnetic-like behavior. It is a
surprising that the magnetic relaxation behavior in the
temperature regimes in the magnetically ordered stat
found to be similar, which prompts us to propose that
dynamics of the superparamagnetic clusters formed in
range 30-90 K freeze below about 30 K. We hope that
work motivates further microscopic investigations for a b
ter understanding of the magnetism of this compound.

The help of Kartik K. Iyer during measurements is a
knowledged.
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