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Abstract

With a view to investigate the effect of small size of A-site cations on the magnetic properties of the rare earth cobaltates,
Ln,_A,CoO3 (Ln = rare earth, 4 = alkaline earth), we have investigated Pry;Cay3Co0O; and Ndy-,Cag3Co0O;3 in detail. For this
purpose, we have carried out low-field DC magnetization and ac susceptibility measurements including a study of magnetic relaxation
and memory effects. Both Prj;Cag3C0o0O5; and Nd, ;Cag3C0o0O3 show frequency-dependent transitions at 70 and 55 K respectively in the
ac susceptibility data, due to the onset of spin-glass like behavior. Their relaxation behavior exhibits aging effects. In addition, memory
effects are found in the magnetization behavior. These characteristics establish spin-glass behavior in both these cobaltates, a behavior
that is distinctly different from that of Lag,Cag3C003 and Lag sSrgsCoO; which show well-defined ferromagnetic transitions, albeit

without long-range ordering.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Rare earth cobaltates of the type Ln;_,A4,CoO3 (where
Ln =rare earth, A4 = alkaline earth) show interesting
magnetic and electron transport properties which are
sensitive to the average radius of the A-site cations, {r,»
[1-8]. Some of the compositions show characteristics of
ferromagnets, but the ferromagnetism in these materials is
generally not associated with long-range order. Magnetic
properties of these cobaltates are instead considered to be
akin to those of cluster or spin-glasses [4—6]. In this context,
the recent study of cobaltates of the type Lag;_.Ln,Cag3
Co0O;, suggesting the coexistence of large ferromagnetic
(FM) clusters along with smaller non-FM clusters is
noteworthy [5]. While Laj;,Cag3Co0O5 shows a behavior
somewhat like a FM material with a marked increase
in magnetization around 170K, Pry;Caz3Co0O5; and
Ndg 7Cay3C003 with smaller <{r,) values, do not show
such distinct FM transitions [5,7,8]. The last two cobaltates
exhibit low magnetization values down to low tempera-
tures and an inhomogeneous magnetic behavior [8]. In
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order to understand the nature of magnetism in these
cobaltates, we have carried out a detailed study on single
crystals at low fields along different directions, in addition
to ac susceptibility and relaxation measurements. The
study establishes that both Prj;Cag3Co0O5; and Ndg 7Cag 3
Co0Oj; behave dynamically as spin-glasses at low tempera-
tures.

2. Experimental procedure

Single crystals of Pry-Cap3;Co0O; and Ndg-Cag3Co0;3
were grown by the floating-zone furnace fitted with two
ellipsoid halogen lamps, having prepared the polycrystal-
line rods (feed and seed) by conventional the solid-state
reaction method, starting with stoichiometric mixtures
of the rare earth oxides, with CaCOj; and Co03;04. The
monophasic polycrystalline powders were hydrostatically
pressed and sintered at 1473 K for 24 h in air to obtain feed
and seed rods with a diameter of 3-4mm and a length of
90-100mm. Single crystals were grown under an oxygen
flow of 2—41/min at a growth rate of 3—7mm/h. Small parts
of the crystals were cut off and ground to fine powder to
record the X-ray diffraction pattern, using a Seifert 3000
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TT diffractometer employing CuKuo radiation. The diffrac-
tion patterns show the cobaltates to have an orthorhombic
structure (Pnma space group) with the unit cell parameters
in agreement with the literature values [§8]. Composition
analysis carried out by using energy dispersive X-ray
(EDX) analysis in LEICA S4401 scanning electron micro-
scope fitted with a Si—Li detector, gave the expected metal
ratios. The oxygen stoichiometry was established to be
close to three by iodometric titrations, within an error of
+0.02.

A Quantum Design MPMSXL SQUID magnetometer
and a non-commercial low field SQUID magnetometer
system [9] were used to investigate the magnetic properties
of the single crystal. The temperature dependence of the
zero-field-cooled (ZFC), field-cooled (FC) and thermore-
manent magnetization (TRM) were measured in different
applied magnetic fields. Hysteresis measurements were
carried out at different temperatures. The dynamics of the
magnetic response was studied by ac-susceptibility mea-
surements at different frequencies and measurements of the
relaxation of the low field ZFC magnetization.

While measuring the temperature dependence of the
ZFC magnetization, the sample was cooled from 320 to SK
in zero-field, the field applied at 5K and the magnetization
recorded on re-heating the sample. In the FC and TRM
measurements, the sample was cooled in the applied field to
5K and the magnetization recorded on re-heating the
sample, keeping the field (FC procedure) or after cutting
off the field (TRM procedure). In the relaxation experi-
ments, the sample was cooled in zero-field from a reference
temperature of 90K (for Pr) and 70K (for Nd) to a
measuring temperature, 7,, and kept there during a wait
time, t,. After the wait time, a small probing field was
applied and the magnetization was recorded as a function
of time elapsed after the field application.

3. Results and discussion

Fig. 1 shows the temperature dependence of the ZFC
and FC magnetization of Lng-,Cay3Co0O; (Ln = La, Pr
and Nd) crystals measured parallel and perpendicular to
the c-axis in an applied field of 20 Oe. The magnitudes of
both Myrc(T) and Mzrc(T) are higher in the perpendicular
direction, the behavior remaining similar down to low
temperatures. Lag;Cag3Co05; shows a distinct FM type
transition in the FC data around 170K (7¢) as expected,
while the ZFC data show a cluster-glass transition around
95K [10] PI'0‘7C210.3COO3 and Nd0_7C30.3COO3 do not,
however, show such a ferromagnet type behavior down to
low temperatures. On the other hand, they only show a
slight increase in magnetization with decreasing tempera-
ture around 70K, but the magnetization reaches values
much lower than the theoretical saturation values even at
5K. The irreversible temperature, Ti,, between the ZFC
and FC data in Pry-,Cag3Co0O3; and Ndj,Cay3CoO;3
persists up to 200 K unlike in the La derivative where they
merge around Tc. The T, however, decreases with the
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Fig. 1. Temperature dependence of the ZFC (open symbols) and FC
(solid symbols) magnetization, M, of Lny,Cay3Co0O; where (a) Ln = La
(b) Ln =Pr and (c) Ln = Nd, at H = 20 Oe measured parallel (triangle
symbol) and perpendicular (square symbol) to the c-axis.

increasing magnetic field. The TRM changes with tem-
perature in a manner similar to the difference between the
FC and ZFC magnetization.

Inverse magnetic susceptibility data of the cobaltates
provide supporting information. The data could be fitted to
Curie—Weiss behavior with the extrapolated Weiss tem-
peratures, 0, of 150, —180 and —340K for the La, Pr and
Nd-derivatives, respectively. The negative 0, values in the
latter two cobaltates imply the presence of antiferromag-
netic interactions in the high temperature region, while for
La-derivative the interaction is FM.

Fig. 2 shows M-H data of Pry;Cap3Co0; and
Ndj 7Caj 3Co05 at different temperatures, measured par-
allel to the c-axis of the samples. These cobaltates show
hysteresis loops at low temperatures (<10K) and a non-
saturating behavior up to 5 Tesla (T). The values of the
remanence magnetization and coercive field for the Pr
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Fig. 2. The hysteresis curves for (a) Pry,Cay3Co0O;3 and (b) Nd;Cag 3
CoOs at different temperatures measured parallel to the c-axis.

compound at 10K are 0.03 pg/f.u. and 0.15T, respectively,
while those for the Nd derivative are 0.01 pg/f.u. and
0.12 T. The remanence magnetization and coercive field for
Lag;Cap3Co003 at 10K are 0.1 pg/f.u. and 0.6 T, respec-
tively [10]. In spite of the c-axis dependence of the low-field
behavior, the high-field parts of the M—H curves are nearly
independent of the field direction. The coercive field and
remanent magnetization are almost the same in both the
orientations. With increasing temperature, the width of the
hysteresis loop decreases rapidly and finally the M-H
behavior becomes linear at higher temperatures (see the
100K curves in Fig. 2).

In order to further characterize the magnetic behavior of
PI'()A7C3()_3COO3 and Nd047Ca0_3COO3, we have carried out
ac susceptibility and magnetic relaxation measurements
which are useful to investigate the magnetic glassy behavior
[11,12]. Fig. 3 shows the temperature dependence of the in-
phase ZFC magnetization, y'(7) and the out-of-phase
y"(T) components of the ac-susceptibility for Pry,Cags
CoO; and Ndj,Cag3C00;3;. Both the systems show
frequency-dependence below 80K, down to low tempera-
tures. A frequency-dependent maximum is observed
around 70K for Pry,Ca3CoO; in the in-phase as well as
the out-of-phase components as can seen in Figs. 3(a) and
(b). With increasing frequency, the peak value shifts
toward higher temperatures. Nd, 7Cay 3Co0O5 shows a peak
around 55K as shown in Figs. 3(c) and (d). Thus, with
decrease in the average radius of the A-site cations, {r,),
the magnetic transition temperature as revealed by the ac
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Fig. 3. The temperature dependence of the in-phase and out-of-phase
ac-susceptibility for (a,b) Pry;,Cap3Co0O; and (c,d) Ndg;Cag3Co0O; at
different frequencies (c-axis Il /).
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Fig. 4. ZFC-relaxation measurements on Pry,Cay;Co0O; at T, = 50K
for different waiting times, #, = 100, 1000 and 10000s (c-axis parallel to
the field, H = 1 Oe).

susceptibility maximum shifts to lower temperatures. The
ac susceptibility of the cobaltates found here is quite
different from the non-linear behavior found in certain
canted systems [13].

From the time-dependent ZFC magnetization measure-
ments, we find that both Pry,Cay3Co03 and Nd,,Cags
Co0s exhibit logarithmical dynamics below the transition
temperature (70 and 55K). Figs. 4(a) and (b) present
the time-dependent relaxation of the ZFC magnetization
for Pry-,Cap;Co0O3, measured at 50K (7,,) and the



A.K. Kundu et al. | Journal of Solid State Chemistry 179 (2006) 923-927

926
g0 [T T T
- Nd,,Ca,,Co0, @
@ 50f T,=40K T
5 r H=1 Oe ]
-] L ]
~§4o_ -
= : ________________________ :
oF 7
T T BTN BT BT B
10+ —1W21OOS (b)_
- |- 1,=1000s 1
7 8r .

= ——1,=10000s
= | |
5 6L |
g | |
X .
D oL i
0-....I Lol Lol IR | Lol |
10° 10’ 102 10° 10*

t (Secs)

Fig. 5. ZFC-relaxation measurements on Ndj;Cag3Co0; at Ty, = 40K
for different waiting times, #, = 100, 1000 and 10000 s (c-axis parallel to
the field, H = 1 Oe).

corresponding relaxation rates S(t) = 1/H [dMzpc(T,tw,t)/
dlogio(?)]. In all the ZFC-relaxation measurements, the
applied field was 1Oe and the wait times were ¢, = 100,
1000 and 10000s. Results of similar measurements on
Ndy7Cap3C005 at 40K are presented in Figs. 5(a) and
(b). The relaxation rate attains a maximum at the elapsed
time, close to the wait time, indicating a pronounced age-
dependent effect. Such a behavior is generally observed in
spin-glasses [11]. Such an effect is explained within the
droplet (or domain growth) model, by associating the
maximum in the relaxation rate with a crossover between
quasi-equilibrium and non-equilibrium dynamics [14].

We have investigated memory effects using the ZFC
magnetization vs. temperature experiments [15]. First, a
reference experiment was made according to the ZFC
protocol described earlier. Then, a memory curve was
recorded, with the additional feature that cooling was
halted at a stop temperature for some hours during which
the sample ages (c.f. aging experiments). This slows down
the dynamics at temperatures around the stop temperature,
which sustains when the temperature is decreased,
and appears as a dip in the Mzgc(T) curve at the stop
temperature on re-heating the sample. To clearly illustrate
memory, it is convenient to plot the difference between the
reference and the memory curve. It may be noted that a
specific characteristic of a spin glass phase (ordinary or re-
entrant) is the memory behavior, whereas a disordered and
frustrated FM phase shows little or no memory effect. In
the case of Pry-Ca3;Co00s;, the experiments were carried
(a) with a halt at 30K, (b) with a halt at 50K and (c) with
halts at both 30 and 50 K. The weak DC field applied in the
measurement does not affect the non-equilibrium process

intrinsic to the sample, but only works as a non-perturbing
probe of the system. A memory effect is clearly observed as
shown in Fig. 6(a) at 30K, (b) at S0K and (c) at both 30
and 50K after direct cooling from 100K. The memory
dip appears even more prominently on subtracting the
reference curve as shown in the inset of Fig. 6. The memory
experiments on Ndg ;Cag3Co0O5 at three different tempera-
tures show similar results (see Fig. 7). In Fig. 7(a), we show
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Fig. 6. The temperature dependence of ZFC magnetization, M, (reference
curve) and on imprinting memories of Prj;Cag3Co0j3 at two temperature
stops (30 and 50K) during cooling each for 3h. The inset shows the
difference (M— M) plot of the respective curves (c-axis parallel to the
field, H = 50e).
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Fig. 7. ZFC magnetization memory experiment on Nd,-;Cagy3Co0Os:
(a) the temperature dependence of ZFC magnetization, M, (reference
curve) and on imprinting memories of two temperature stops (at 35 and
45K) during cooling each for 1 h and (b) the difference (M— M) plot of
the respective curves (c-axis parallel to the field, H =10e). The inset
shows the memory curve corresponding to halting time 3h (7" = 40K).
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the reference curve along with two memory curves with
halts at 35 and 45K, the inset corresponding to a halt at
40 K. We observe memory dips at the stop temperatures.
The observed memory effects clearly establish that both
Pry.7,Cag3Co0; and Ndj,Cag3Co0O; behave like spin-
glasses at the low temperatures.

4. Conclusions

Although cobaltates of the type La,_,Sr,CoO3 (x>0.3)
were considered to be itinerant ferromagnets, recent studies
have revealed that these cobaltates show magnetic phase
separation wherein relatively large FM clusters or domains
associated with a distinct T, coexist with small magnetic
clusters showing glassy behavior [6]. La;_,Sr,CoO5; com-
positions also show an insulator—metal transition with
increasing x since the large FM clusters are metallic. A
recent study of Lag 7_.Ln,Cay3Co03 (Ln = Pr, Nd, Gd or
Dy) reinforces the phase separation scenario wherein large
carrier-rich FM clusters and carrier-poor smaller clusters
coexist [5,10]. Such magnetic phase separation would be
expected to be sensitive to the size of A4-site cations. As the
size of the A-site cations decreases as in Pry ,Cay 3CoO5 and
Ndg 7Ca3C003, we would expect a situation where a small
magnetic clusters to dominate, favoring glassy behavior.
The present measurements show that both Pry,Cay3C00;3
and Ndj-,Cap3C003, do not show any evidence of a
ferromagnet-like magnetic behavior with well defined 7¢
associated with large FM clusters or domains, but instead
behave like spin-glass at low temperatures. In other words,
because of the small A-site cations radius, {r4 ), these two
cobaltates no longer represent phase-separated systems but
are genuine spin-glasses. Accordingly, both these cobal-
tates are insulators. The behavior of the Pr and Nd
cobaltates found here is quite different from that of
LaCo;_,Ni, O3 which also exhibits FM interactions
[16,17]. The properties of Prg,Cag3Co0O; found here are
comparable to those reported by Tsubouchi et al. [18], but
the interpretation of the results provided here in the light of
the non-equilibrium properties is different.
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