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We investigated dc and ac susceptibilities of La; _ ,Ca,MnO; (x=0.2,0.3) single crystals. Obtained
results show that LajgCa,,MnO; is clearly magnetically more frustrated than Lay,Cay3MnOs,
indicating that charge/orbital fluctuation is enhanced in LajgCay,MnO;. A remarkable magnetic
anomaly in the imaginary component of the ac susceptibility appears around 100 K for
Lag gCag,MnO5 to be attributed to the magnetic frustration arising from the strong competition
between antiferromagnetic and ferromagnetic interactions that favor the existence of short-range
charge/orbital ordering in this sample. In connection with the resistivity data, we propose that the
order parameter of magnetic origin should be coupled to the other degrees of freedom in the case of

La, 3Ca;,MnO; rather than Laj,Cay;MnOs.
[DOLI: 10.1063/1.1558589]

Recently, there has been much interest in the close inter-
play between magnetism and transport properties in
La,_,Ca,MnO; compounds.'™ As reported recently in
La,_ Ca,MnO; (x=0.2,0.3) single crystals,>* we have
found that LajgCajy,MnO; becomes an insulator and has a
smooth rise in resistivity with decreasing temperature below
T . Unlike the transport behavior of Laj gCay,MnO5, below
the  metal-insulator  transition  temperature  (T'yy)
Lay;Cay;MnO; exhibits metallic character judging from
positive values in dp/dT. On the magnetic characteristics, it
is remarkable that there is a prominent deviation of the field-
cooled (FC) magnetization from the zero-field-cooled (ZFC)
magnetization below T in both compositions, which have
already been reported in Ref. 4 and are re-shown here in Fig.
1. Moreover, to our surprise, a magnetic anomaly occurred
around 100 K in the ZFC magnetization (M zgc) curve of
LaygCay,MnO; involving probably charge-ordered phase
transition was observed. The large deviation of the FC mag-
netization from the ZFC magnetization of both compositions
and the magnetic anomaly in M zgc curve of Laj gCa,,MnO4
could be attributed to magnetic frustration arising from the
competition between antiferromagnetic (AFM) and ferro-
magnetic (FM) interactions. However, this argument had
been left as an open question. Thus it is desirable to further
clarify the magnetic frustration effects in the La; _,Ca, MnO;
(x=0.2,0.3) single crystals.

In the present work, we tried to scrutinize the magnetic
frustration effects in the La; _ ,Ca,MnO; (x=0.2,0.3) single
crystals from dc and ac susceptibility measurements.
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La;_,Ca,MnO; (x=0.2,0.3) single crystals were pre-
pared by the floating zone method using an infrared radiation
convergence-type image furnace that consists of four mirrors
and halogen lamps; details of the growth conditions have
been described elsewhere.” The starting ceramic rods were
obtained from the solid-state reaction of La,O5, CaCOs, and
MnCO; with a stoichiometric ratio. X-ray diffraction data
and electron-probe microanalysis confirmed the quality of
the crystals. The magnetic measurements were performed us-
ing a Quantum Design MPMS-5 superconducting quantum
interference device magnetometer or a PPMS-7 magnetome-
ter. The measurements of real and imaginary parts of the ac
susceptibilities for the alloy were carried out from 70 to 300
K by using the ACS-7000 susceptometer. The resistivity
measurements were carried out with a standard four-probe
method in zero magnetic fields. Electrical contacts were
made with silver paint.

In order to clarify the magnetic frustration effects in
La;_,Ca,MnO; (x=0.2,0.3) single crystals, the dc and ac
susceptibility measurements for both samples have been car-
ried out. The real (x’) and imaginary (x”) components of
the ac susceptibility of Lay;Ca,;MnO5 sample are shown in
Fig. 2. As one can see from Fig. 2, Laj,Cay;MnO; obvi-
ously exhibits a sharp phase transition at 7'~. This transition
prefers a first-order insulator-paramagnetic to metal-
ferromagnetic transition, which is consistent with the mag-
netization data that have been reported earlier in Refs. 4 and
6. It is important to note that a slight decrease in x’ and x”
for La, ;Cay3MnOj; at temperatures below 7'~ means that this
sample belongs to a ferromagnetic metal.>*¢ Similar behav-
iors in the resistivity and x” are also found on the single

© 2003 American Institute of Physics
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FIG. 1. Top and bottom panels show temperature dependence of magneti-
zation of Laj,Cay3;MnO; and LaggCay,MnOj3, respectively.

crystal of Nd, ,Sro sMnOs .7 For Nd, ;Sro3MnO;, however, a
broad hump in x”, starting to develop at T, appeared and
even more remarkably the hump is still present down to the
lowest measured temperature. The difference in x” at tem-
peratures below 7. between the Lajy,Cays;MnO; and
Nd, 7Sro3MnOj single crystals can be attributed to different
changes in the Mn—O—Mn bond angle and the Mn—O bond
distance arising from the A-site average ion radius being big-
ger for La than for Nd. For comparison, we measured x'(7T)
and X"(T) «curves of LaygCay,MnO; as well as
Lay;Cag3MnO;5. As displayed in the top panel of Fig. 3, a
sharp peak in x'(T) of LaygCay,MnOz, measured at f
=80 Hz and H,.=5 A/m, appeared at 7~ 170 K. This tem-
perature is very close to the T and the Tyy.>* Despite the
time-dependent dynamics due to the blocking process of the
clusters, we should recall that the temperature dependence of
x'(T) including the maximum at 7~ 170 K might be quali-
tatively explained similarly as we have dealt with M zg-(T)

implying a resemblance of this maximum to the cusp ob-
served in the ZFC magnetization curves for
LayCag,MnO;.* We observed that this peak of x'(7) is
shifted with increasing frequency, indicating a spin-glass-like
behavior.”® On the basis of the x'(T) curves observed in
Fig. 3, it is confirmed that La,¢Caj,MnO;5 has a spin-glass-

like feature in an insulating state at low temperatures below

150 K, and in a metallic one at higher temperatures (up to

176 K). Unlike LaygCay,MnO;, the single crystals of
Laj,Cag3MnO5, Ndj,Sry3MnOs, and Prg¢;Srg3;MnO;5 all

display a frequency-dependent behavior in the metallic phase

at temperatures below T.” LagsCay,MnO; favors a short-

range charge/orbital ordering, which arises from the strong

competition between AFM and FM interactions. This is con-
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FIG. 2. The real (x', top panel) and imaginary (x”, bottom panel) compo-
nents of ac susceptibility for the La,;Cay;MnO; sample measured at 80 Hz
using 5 A/m ac field with zero biasing dc field.

nected with the resistivity data of the sample, in which the
short-range ordering is likely to respond for the upturn of
resistivity below T'.> Furthermore, we measured ' in the
dc external magnetic fields of 5, 10, and 20 A/m and found
that x' is independent of the dc external magnetic field. It
reflects that a strong electron-lattice coupling that occurs in
the low temperature region below 7'~ was not affected by the
application of dc magnetic fields. For a thorough understand-
ing of the spin dynamics of LaygCay;,MnO5;, we measured
the imaginary component of ac susceptibility (x”) at the
same frequencies as for the real component. In the top panel
of Fig. 4, x” for Lay ¢Ca,,MnO; (measured at f=80 Hz) is
presented. Surprisingly, x” appeared to have two peaks be-
tween 70 and 176 K. One peak appeared at 7~ 170 K and
that coincides with the peak observed from y', the other
peak is found at 7~83 K. On the other hand, it has been
shown that x"(T) reflects the magnetic energy dissipation in
the sample and is proportional to the area of the hysteresis
loop within one period of the ac field at an equilibrium
temperature.” Therefore, from the different behavior in " at
temperatures below T~ between La, 7Ca, sMnO; (Fig. 2) and
La, 3Cay,MnO; (Fig. 4), we confirm that the spin dynamics
of the two samples are very different. In other words, energy
dissipation of LajgCay,MnOj5 is much stronger than that of
Lay ;Cao3;Mn0O;."7 Here, it should be noted that both y' and
x" for LaygCay,MnO;z and Lajy,Cay3;MnO5 did not com-
pletely vanish below T, while LaMnO; has x" that disap-
pears almost completely below 7.7 It implies that the mag-
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FIG. 3. The real (x') component of ac susceptibility for the La, gCajy,MnO5
sample measured at f=80 Hz, H,.=5 A/m, H4=0 A/m (top panel); at f
=10kHz, H,=5A/m, Hy=0A/m (middle panel); at f=80Hz, H,
=5 A/m, Hy4 =20 A/m (bottom panel).

netic frustration effects are mainly considered in strongly
electron-correlation systems, and depend on the doping con-
centration in the sample. Hence, in the case of
Lay 3Cay,MnOs a magnetic anomaly in x” around 100 K is
reported. We should recall that the magnetic anomaly in the
ZFC magnetization curve of LajgCay,MnO; occurred
around 100 K, as discussed earlier in Ref. 4 and re-shown in
Fig. 1. As one can see from Fig. 4, at f=80 Hz, the anomaly
in x” remains unchanged as H 4.=20 A/m is applied, while it
disappeared at a higher frequency of 10 kHz. Thereby, we
conclude that the magnetic transition around 100 K involv-
ing probably charge-ordered phase is affected by the fre-
quency. We note that, at f=10 kHz, both peaks observed in
x"(T) for LaggCay,MnO; at T~170 K and ~83 K are
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FIG. 4. The imaginary (x”) component of ac susceptibility for the
LajygCay,MnO; sample measured at f=80 Hz, H,,=5 A/m, Hy4.=0 A/m
(top panel); at f=10kHz, H,.=5 A/m, Hy =0 A/m (middle panel); at f
=80 Hz, H,,=5 A/m, H4=20 A/m (bottom panel).

strongly modified. It means that the spin dynamics of

Lay3Ca;,MnO; are drastically changed at high frequencies
(~10 kHz).
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