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Magnetic behavior of nanocrystals of the spin-chain system Ca;Co0,04: Absence of multiple steps
in the low-temperature isothermal magnetization
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We report that the major features in the temperature dependence of dc and ac magnetizations of a well-
known spin-chain compound Ca3Co0,0g, which has been known to exhibit two complex magnetic transitions
due to geometrical frustration (one near 24 K and the other near 10 K), are found to be qualitatively unaffected
in its nanomaterials synthesized by high-energy ball milling. However, the multiple steps in isothermal
magnetization—a topic of current interest in low-dimensional systems—known for the bulk form well below
10 K is absent in the nanoparticles. We believe that this finding will be useful to the understanding of the “step”

magnetization behavior of such spin-chain systems.
DOI: 10.1103/PhysRevB.79.140409

The existence of the plateaus in the isothermal magneti-
zation (M) of spin-chain systems has been attracting consid-
erable attention of condensed-matter theorists as well as
experimentalists.! In this respect, the spin-chain compound
Ca3Co,0q, crystallizing in the K,CdClg-type rhombohedral
structure, is of great interest in the current literature, as there
is one step in M in an intermediate temperature (7) range
(~10-24 K) at one third of saturation magnetization (M),
but there are multiple steps at much lower temperatures at an
equal spacing of 12 kOe.>* It is now well known that the
ferromagnetic spin chains are arranged in a triangular fashion
in the basal plane with an interchain antiferromagnetic inter-
action leading to geometrical frustration in this compound;
as a result, two out of three chains order antiferromagneti-
cally and the third one remains incoherent (in the range
10-24 K) or undergoes a complex ordering (below 10 K).
With this scenario, the plateau at M/3 for the range 10-24 K
is understandable in terms of a field-induced ferrimagnetic
alignment,” but it is difficult to explain the step behavior at
lower temperatures. Various explanations have been
proposed*'? in the literature for the origin of multistep be-
havior below 10 K, for example, (i) magnetic field
(H)-induced transitions between different spin states,*” and
(ii) quantum tunneling effects similar to that known for mo-
lecular magnets and a complex relaxation process.>®

Apart from the above magnetization behavior, this com-
pound provides a unique opportunity to understand geometri-
cally frustrated magnetism of spin chains. The magnetic state
in the range 10-24 K is called “partially disordered antifer-
romagnetism (PDA).” Interesting anomalies have been found
in many spectroscopic and bulk studies, including magneto-
dielectric coupling and thermopower from the applications
point of view.!'2! While all these studies have been carried
out on bulk single crystals or polycrystals, there is not much
work on the nanocrystalline form. There were two reports??
on the isothermal M behavior at 10 K on the films grown on
different substrates by pulsed laser ablation method and the
results appear to differ. In addition, it is not clear how these
“steps” in M(H) behave at further low temperatures in these
films. In order to advance the understanding of the properties
of this compound in general, it is important to clarify
whether the magnetic properties are preserved down to nano-
scale, particularly, noting that the magnetic correlation length
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scale along c axis has been experimentally determined to be
on the order of 550 nm along ¢ axis, whereas it is on the
order of 18 nm along basal plane.'*'> We have therefore
synthesized the fine particles in nanometer range by high-
energy ball-milling method?® and studied its magnetization
behavior; the results of which are reported here.

The polycrystalline samples in the bulk form (called “B”)
have been prepared by a conventional solid-state reaction
route!' and characterized by x-ray diffraction (XRD)
(Cu K ,) to be single phase (within the detection limit of 2%).
The compound, after characterizing by magnetic studies as
well, were milled for 8 h in a planetary ball mill (Fritsch
pulverisette-7 premium line) operating at a speed of 500 rpm
in a medium of toluene to attain nanosized (called “N”) par-
ticles. Tungsten carbide vials and balls of 5 mm diameter
were used with a balls-to-material mass ratio of 10:1. To
characterize the specimens, apart from x-ray diffraction,
scanning electron microscope (SEM) and transmission elec-
tron microscope [(TEM) Tecnai 200 kV] were employed.
The dc M(T) measurements (in the range 1.8-300 K) were
performed employing a commercial superconducting quan-
tum interference device [(SQUID) Quantum Design] and the
same magnetometer was employed to take ac susceptibility
(x4.) data. M(H) (up to 120 kOe) measurements at selected
temperatures were carried out employing a commercial vi-
brating sample magnetometer [(VSM) Oxford Instruments].

Figure 1(a) shows the XRD pattern for the milled speci-
men. All reflections expected are present in the milled speci-
men and there is no change in the shape of the background
with respect to that of the bulk. There is negligible change in
the lattice constants [for B: a=9.076(2) A, ¢=10.379(2) A;
for N, a=9.069(2) A, ¢=10.393(2) A)] obtained by Ri-
etveld fitting. The pattern for the milled sample is more
broadened attributable to a decrease in particle size, as
shown in the inset of Fig. 1(a). An idea of the average par-
ticle size (about 50 nm) could be inferred from the width of
the most intense line (after subtracting instrumental line
broadening) employing Debye-Scherrer formula. Attempts to
eliminate corrections for strain effects employing
Williamson-Hall plots were not successful, as such plots are
not found to be linear, possibly due to a large spread in the
particle sizes. In order to get a better idea about the particle
size, we have employed SEM and TEM. According to the
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FIG. 1. (Color online) (a) X-ray diffraction pattern (Cu K,), (b)
SEM images, (c) TEM images of nanorods, (d) high-resolution
TEM showing (300) lattice planes, and (e) selected area diffraction
pattern obtained by TEM with indexing of four innermost diffrac-
tion rings, for the ball-milled specimens of Ca;Co0,0¢. In (a), the
x-ray diffraction pattern for two lines are compared for the bulk and
nanoparticles to show line broadening (after normalizing to respec-
tive peak heights).

SEM images shown in Fig. 1(b), the particles attained nano-
meter dimensions (typically below 100 nm) with significant
agglomeration. We have isolated some of the particles by
ultrasonification in alcohol and obtained the bright-field
TEM images. These images shown in Fig. 1(c) reveal that
these particles are rod shaped with a typical length of a few
hundred nanometers and a width of less than 50 nm. It is
interesting to note that the ball-milling conditions employed
yields nanorods, which otherwise could be obtained by laser
ablation only on Si(100) substrate. High-resolution TEM im-
ages [see Fig. 1(d), for instance, for (300) plane] reveal well-
defined lattice planes, thereby confirming that the nanospeci-
mens are crystalline and not amorphous. We have also
obtained the selected area electron-diffraction pattern [see
Fig. 1(e)] and all the diffraction rings are indexable to the
compound under investigation, thereby confirming that the
nanospecimens corresponds to the parent compound and
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FIG. 2. (Color online) Magnetization (M) divided by magnetic
field (H), measured in the presence of several fields below 60 K for
the nanoparticles (V) of Ca;C0,04. The ZFC curve obtained in 5
kOe for the bulk specimen (B) is also shown for comparison. In
inset (a), inverse susceptibility obtained in a field of 50 kOe is
plotted for both the specimens and the straight lines in these cases
are obtained by Curie-Weiss fitting of the data above 100 K. In inset
(b), the magnetic-susceptibility curves obtained in a field of 100 Oe
for the zero-field-cooled and field-cooled conditions of the nano-
specimen are shown in an expanded form to highlight apparent
bifurcation around 45 K. The lines through the data points serve as
guides for the eyes.

these are polycrystalline; the appearance of some bright
spots along the diffraction rings reveals that the particles are
highly textured. Polycrystalline nature of the rods was also
confirmed by dark field images (not shown here).

The results of dc and ac magnetization as a function of
temperature measured in the presence of various magnetic
fields (H=100 Oe, 5 kOe, 10 kOe, and 50 kOe) are shown in
Figs. 2 and 3. For comparison, a curve obtained in a field of
5 kOQe for the zero-field-cooled (ZFC) condition (ZFC, from
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FIG. 3. (Color online) Real (x’) and imaginary (x”) parts of ac
susceptibility measured at various frequencies (with a ac field of
1 Oe) for bulk and nanoparticles of Ca;C0,04. The lines through
the data points serve as guides for the eyes.
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FIG. 4. (Color online) Isothermal M at 1.8 and 15 K for the bulk
and nanoparticles of Ca;Co,0¢ for a sweep rate of H of 4 kOe/min.
In the inset, the derivative of M below 40 kOe is plotted for both
specimens.

100 K) for the bulk form3*!! is also shown. From the main-
frame of Fig. 2, it is obvious that there is a sudden upturn in
magnetization measured in low fields (<50 kOe) near
(T,=) 24 K, with a peak in the ZFC curve at a lower tem-
perature (T,~8-10 K). Application of high fields (say, 50
kOe) broadens the features at these transitions. These fea-
tures, similar to those observed for the bulk form, imply that
T, and T, are essentially unaffected by reducing the particle
size. As a characteristic feature of PDA ordering between T,
and T, the dc x curves are strongly field dependent similar
to that known for B. In order to address whether there is any
change in the magnetic moment on Co, we have performed
dc x measurements up to 300 K in the presence of a field of
50 kOe. As shown in the inset of Fig. 2, the plot of inverse y
versus T is linear over a wide T range (100-300 K), and the
effective moment obtained from the linear region is about
5.6 =0.05up per formula unit, which is essentially the same
as that of bulk. This implies that the electronic configuration
of Co remains unaffected as one goes from bulk to nano-
form. However, the sign of paramagnetic Curie temperature
(~=20 K) for N is negative, whereas it is positive for
B (~35 K), as though the net dominating correlation is an-
tiferromagnetic for N, precise reason of which is not clear to
us at the moment. Otherwise, the above results reveal that
the gross magnetic features of B are retained in N.

The x,. curves for N also look similar (Fig. 3) to that of B
in the sense that there is a peak in both real (x') and imagi-
nary (x”) parts, exhibiting a huge frequency (v) dependence,
with the y'-peak temperature moving from 10 K for 1 Hz to
16 K for 1.339 kHz, implying that the spin dynamics are
undisturbed when the particle size is reduced in this tempera-
ture range. We had earlier reported®® that Arrhenius relation
is obeyed; we estimate the activation energy from this rela-
tionship to be about 145 K, which is in good agreement with
Hardy et al.® An upward curvature in the real part of y,.
reported by Hardy et al.® in single crystals at very low tem-
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FIG. 5. (Color online) (a) " as a function of frequency (v)
(H,.=3 Oe) for the nanocrystals of Ca;C0,04. The inset shows the
relaxation-time behavior. The lines through the data points serve as
guides for the eyes. (b) Normalized isothermal remnant magnetiza-
tion curves as a function of time.

peratures (<5 K) and attributed to an intriguing change in
spin dynamics could be observed in the specimen N as well.

We now look at the M(H) behavior (see Fig. 4), which
were taken for the ZFC condition of the specimens. We have
chosen one temperature well below T, and another between
T, and T, viz., 1.8 and 15 K, to drive the messages. We note
that for NV, the magnetic moment does not get saturated even
at fields as high as 120 kOe and the value of the magnetic
moment at 120 kOe is significantly lower (nearly half) than
that of the specimen B. Also, the M(H) curve (at 1.8 K) is
hysteretic. These features may support the inference from the
paramagnetic Curie temperature that antiferromagnetic cor-
relation tend to dominate when the particle dimension is re-
duced. With respect to steps in M(H)—as mentioned
earlier—for the specimen B, for T=15 K, there is a plateau
at nearly M,/3 and this feature appears manifesting itself as
a distinct upturn in M near 35 kOe for N, pointing to the fact
that PDA order is maintained at this temperature in the nano-
form as well. For T=1.8 K, the multiple steps clearly ap-
pearing in single crystals* are usually weakened in polycrys-
talline bulk samples and appear as a change in the slope of
M(H) plot. The derivative of M with respect H reveals
minima at these steps in M(H), as shown in the inset of Fig.
4. These steps are irreversible at this temperature. It is clear
from Fig. 4 that the features are absent for the specimen N
and dM/dH undergoes negligible variation (until the field of
interest of 60 kOe) without exhibiting any minimum. This is
interesting, particularly, noting that the behavior above T, for
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N is essentially unaffected with respect to that for B.

As mentioned earlier, different concepts have been pro-
posed for the multistep M(H) behavior and characteristic ac
and dc magnetization behavior and magnetic relaxation
curves have been established for the single crystals in the
past.*> In order to explore whether these characteristic fea-
tures are still retained for N, we took additional magnetic
data for N. We have obtained the M(H) curves with VSM for
different rates of change of H (100 Oe/min to 10 kOe/min)
and it was found that the behavior is independent of the rate
of change in field. In fact, the curves for varying sweep rates
of field are found to lie one over the other. This situation is
different from that reported for the bulk single crystals,’ in
which case, the steps get more prominent with an increasing
rate of change of H. In order to understand the behavior of
spin-relaxation time (7), we have measured with SQUID the
imaginary part (x”) of x,. as a function of » (0.03 Hz—1 kHz)
at several temperatures below 14 K after cooling the sample
in zero field to the desired temperature and obtained
7(=1/2mv,,) from the knowledge of v,, at which y” exhibits
a peak. It is straightforward to conclude from the comparison
of the curves in Fig. 5(a) with those reported for the single
crystals by Hardy et al. in Fig. 2b in Ref. 6 that the 7 values
fall to comparatively much higher values with decreasing
temperature for N; for instance, a distinct peak in x” could be
seen near 0.3 Hz for 7=2.25 K in single crystals; whereas
for N, no peak could be observed above 0.03 Hz even at 4 K.
Since we cannot measure x” in the v range below 0.03 Hz
with our magnetometer, we have inferred the trend in 7 for
T=6 K by isothermal remnant magnetization (Mgy;) be-
havior (measured with VSM). For this purpose, following the
procedure adopted for single crystals by Maignan et al..’
after the application of a magnetic field of a high field
(say, 70 kOe), Mgy in zero field was tracked as a function
of time (f). Mgy decays with ¢ [see Fig. 5(b)] and, by
fitting the curve to a stretched exponential of the form,
Mgm=a+b exp[—(t/7)*3] (where a and b are constants), we
have estimated the values of 7. Qualitatively speaking, a
combined look at the values of 7 determined from both meth-
ods [see inset of Fig. 5(a)] reveals that 7 exhibits thermally
activated behavior well above 6 K with values less than few
seconds and there is a crossover regime near T, at which 7
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increases to several minutes increasing monotonically with
T; for instance, from ~60 s at 6 K to ~1400 s at 2 K. It is
therefore concluded that the constancy of the value seen for
the single crystal below 6 K is absent for N. These findings
suggest that the concepts of quantum tunneling and multiple-
spin states proposed for bulk form need not be considered for
N. This observation raises a question whether the multiple-
step M(H) feature for the bulk form is characterized by a
length scale much larger than the dimensions of the nanopar-
ticle, particularly, noting that the magnetic correlations
lengths (see the earlier part of this Rapid Communication)
are of comparable magnitudes as those of N. Alternatively, a
possible difference in the magnetic structure (below 10 K)
between B and N could also be responsible for the modifi-
cation of the low-temperature magnetization behavior.

We have made another interesting finding in the dc y plot.
It is known#* that ZFC and FC curves tend to bifurcate near
T, in the bulk form. A careful look at the data for N mea-
sured with low fields, say for H=100 Oe, revealed (see inset
b of Fig. 2) that the bifurcation sets in at a much higher
temperature, well above T (near 45 K), similar to the behav-
ior noted for nanorods and thin films.?? This finding seems to
endorse our previous claim!”-?! with respect to additional in-
teresting physics in the higher-temperature range.

Summarizing, the central point of emphasis is that the
nanoparticles of the geometrically frustrated spin-chain com-
pound Ca;Co,0¢4 synthesized by high-energy ball milling do
not show multiple-step isothermal magnetization behavior
noted for the bulk form of this compound at low tempera-
tures. However, other qualitative features in the magnetic
susceptibility remain essentially unaltered compared to the
bulk. We believe that this work would motivate an extension
of such studies to the nanoparticles of other spin-chain sys-
tems to clarify pertinent issues. Another finding we made
from the low-field magnetic-susceptibility data is that there
exists another magnetic anomaly above 40 K. Finally, this
work provides a route to make large quantities of nanopar-
ticles of this spin-chain oxide and its derivatives in stable
form to enable further studies and potential applications.
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