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Anomalous Thermal Hysteresis in Magnetization and Resistivity of La{_,Sr,MnQO3
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We have investigated thermal hysteresis of magnetization and resistivity in La;—,Sr,MnO; (0.5 <
x = 0.6) with an A-type antiferromagnetic structure. For 0.52 < x =< 0.56, the magnetization curve
exhibits a counterclockwise (CCW) thermal hysteresis about T, while the resistivity curve shows a
clockwise (CW) thermal hysteresis. On the other hand, samples with 0.58 = x = 0.6 exhibit CCW
thermal hystereses in both magnetization and resistivity curves. Remarkably, for x = 0.58 the rotational
direction of thermal hysteresis of resistivity changes from CCW to CW by the magnetic field. This
anomalous hysteretic behavior is explained by the competing interaction between the three-dimensional
(3D) metallic ferromagnetic and two-dimensional (2D) metallic A-type antiferromagnetic phases.
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Colossal magnetoresistance (CMR) found in doped
perovskite manganite La; A, MnOj3, where A is a diva-
lent ion, has drawn lots of interest due to the possibility
of making magnetic devices which utilize this effect
[1-5]. Since CMR is mostly observed near the optimal
doping range (x ~ 0.3), relatively overdoped maganites
(x > 0.5) have not been extensively studied. However, re-
cent studies on the overdoped samples of La;_,Sr,MnOs3,
La;—,Ca,MnO3, Nd;_,Sr,MnO;3, and Pr;_,Ca,MnO;3
exhibit various unique phenomena related to strong
interactions among charge, spin, and lattice degrees of
freedom. In particular, the ground states of the half-doped
samples such as Lags5CagsMnOj; and NdysCapsMnO;
change from the ferromagnetic (FM) metallic state to an
antiferromagnetic (AFM) insulating state, leading to a
first order CE-type AFM transition with strong hysteretic
behavior in magnetization and resistivity [2,4—7]. Interest-
ingly, Ty is dependent on the thermal cycle. Namely, the
FM-to-AFM transition temperature upon cooling is lower
than the AFM-to-FM one while warming. Moreover, the
FM state shows larger magnitude of magnetization than
the AFM phase. Upon cooling and warming the magnitude
of the magnetization thus undergoes a large-small-large
progression, which typically follows a counterclockwise
(CCW) thermal hysteresis as shown in Fig. 1(a). On the
other hand, the clockwise (CW) thermal hysteresis is
also possible, when the magnitude change accompanies
a small-large-small process upon cooling and warming
given in Fig. 1(b). In general, the resistivity of half-doped
manganites such as LagsCaysMnO3; and Ndj sCagsMnOj3
has shown a CW thermal hysteresis because the FM phase
at higher temperature is more conductive than the CE-type
AFM state at lower temperature.

In the Sr-doped manganites La;_,Sr,MnO3, a CE-type
AFM state at x = 0.5 has not been observed. Instead, a
crossover of ground state from a FM to a type-A AFM
state with d,2_ 2 orbital ordering is found around x ~ 0.52
[8—12]. The type-A AFM spin structure has a layered ar-
rangement where FM and AFM couplings are present in
the ab plane and along the ¢ axis, respectively. There-
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fore, the 2D metallic state expects to occur in the ab
plane. The overdoped manganites La;—,Sr,MnQO3 (0.5 <
x = 0.6) have thus been targeted to investigate thermal
hysteresis of magnetization and resistivity due to their
unique spin structure. The title compounds, which have
the first order A-type AFM transition, show an anomalous
thermal hysteric behavior in that the rotational direction
of the thermal hysteresis is reversed by the doping ratio x
or the external magnetic field. Thus far, such an anoma-
lous direction reversal has not been observed in other
manganite systems. We are convinced that this unique be-
havior is strongly correlated with the A-type spin ordering.
This Letter presents the thermal hystereses of magnetiza-
tion and resistivity of La;—,Sr,MnO3; and compares their
thermal hysteretic properties with those of Nd; -, SryMnO3
that also have the A-type AFM structure. We discuss the
anomalous thermal hysteresis in terms of the competition
between the 3D-metallic FM phase and the 2D-metallic
type-A AFM state.

Polycrystalline samples of La;—,Sr,MnO; (0.5 = x =
0.6) and Nd;—,Sr,MnOs (x = 0.52,0.58) were prepared
through the conventional solid-state reaction method.
The samples were sintered at 1550 °C for 72 h in air
with intermediate grindings, which were then annealed
at 1400 °C for 48 h under the O, atmosphere to saturate
the oxygen site. The resulting samples were thoroughly
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FIG. 1. Schematic diagram of two thermal hysteretic processes
which follow the cooling and warming sequence. The mag-
nitude of the (a) counterclockwise (CCW) type undergoes a
large-small-large process while that of the (b) clockwise (CW)
procedure experiences a small-large-small change.
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characterized using x-ray powder diffraction and energy
dispersive spectroscopy/scanning electron microscopy
techniques, clearly showing that the samples are single
phase and maintain their nominal compositions. All the
transport measurements were carried out using the stan-
dard four probe technique during the cooling and warming
sequence. The magnetization data were collected with a
commercial SQUID magnetometer.

The temperature dependent magnetization of
Laj—Sr,MnO; (0.5 <x =0.6) measured at 05T
for field-cooled (FC) condition is presented in Fig. 2(a).
The zero-field resistivity p(7T) was measured in zero-field-
cooled (ZFC) condition. For x = 0.5, the paramagnetic
(PM) to FM and the insulating to metallic transitions si-
multaneously occur around 7 ~ 330 K. The metallic FM
state is stable at low temperature regime. With increasing
x, however, T¢ is continuously lowered and the metallic
FM state becomes unstable. For 0.52 = x = 0.56,
upon cooling the system undergoes an insulating PM to
metallic FM transition in the temperature range of 260 to
310 K. Further decrease of temperature makes the FM
magnetization disappear and leads to an abrupt increase
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FIG. 2. The (a) magnetization and (b) resistivity for
La;—,Sr,MnOj as a function of temperature at various doping
concentrations where numbers near the curves represent the
dopant percentages. Magnetization was measured at 0.5 T
after field cooling down to 10 K in 0.5 T. Their temperature-
dependent resistivity data were collected under zero field. Only
the curves upon warming are displayed for clarity.
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in the resistivity. As a result, the system becomes an
insulating A-type AFM state in low temperature [8—12].
For 0.58 = x = 0.60, the M(T) curves do not show any
metallic FM transition but display a PM to AFM transition
at Ty ~ 240 K, which is in good agreement with a small
downturn in the p(T) curve. As seen in Fig. 2, p(T)
curves show the upturn and downturn features around 7T
for 0.52 = x = 0.56 and 0.58 = x = 0.6, respectively.

To further elucidate the nature of the anomalous
thermal hysteresis, we have investigated magnetic and
transport properties of two representative samples of
x = 0.53 and x = 0.58 selected from 0.52 = x = 0.56
and 0.58 = x = 0.6. The M(T) and p(T) curves for
x = 0.53 and 0.58, measured upon cooling and warming,
are illustrated in Fig. 3. The temperature dependent
magnetization was measured at 0.5 T and the correspond-
ing resistivity was recorded at 0, 3.5, and 7 T. Both
M(T) curves show an abrupt drop around Ty and also
a hysteretic behavior, suggesting that the transitions to
and from an A-type AFM state are first order. However,
in x = 0.53 the FM-AFM-FM transition occurs in the
cooling and warming process while x = 0.58 endures the
PM-AFM-PM transition. In both cases, the AFM transi-
tion temperature upon cooling (Tnc) is lower than that
upon warming (Tnw) and the magnetization magnitude
of the FM or PM state at high temperature is larger than
that of the AFM state at low temperature. Therefore, both
M(T) curves show a CCW thermal hysteresis given in
Fig. 1(a).

Figures 3(c) and 3(d) display p(T) of x = 0.53 and
0.58, respectively, illustrating the rotational direction of
thermal hysteresis with and without magnetic field. For
x = 0.53, the resistivity in the FM region slightly de-
creases with decreasing temperature. Below 175 K that
corresponds to 7x, an abrupt increase of p(7T) is observed.
The upturn temperatures upon cooling and warming agree
well with Tyc and Tnw in the M(T) curves, respectively.
The resistivity while cooling near Ty is lower than that
upon warming, which is ascribed to the fraction of the FM
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FIG. 3. The temperature dependence of magnetization and re-

sistivity for x = 0.53 (left panel) and x = 0.58 (right panel).
The inset shows the M vesus H curves of x = 0.58 at 240 K.
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metallic phase. As can be clearly seen in the M(T) curve
of Fig. 3(a), the magnitude of magnetization near 7Ny upon
cooling is larger than that while warming. Consequently,
p(T) for x = 0.53 shows a CW thermal hysteresis while
cooling and warming. A noticeable feature is that at 7 T
the position of the thermal hysteresis shifts to lower tem-
perature but its rotational direction is unchanged.

On the other hand, the zero field resistivity for x = 0.58
shows a sudden drop near Ty. This resitivity downturn at
T appears to be attributed to the phase change from the
insulating PM state to the 2D-metallic A-type AFM state
[8—12]. As a result, the rotational direction of thermal
hysteresis shows a CCW type, which is contrary to that of
x = 0.53 shown in Fig. 3(c). This discrepancy is presum-
ably due to the difference in the magnetic state above 7.
Namely, the A-type AFM transition in x = 0.58 is corre-
lated with an insulating PM state while that in x = 0.53
is preceded by a metallic FM phase. A more remarkable
feature is that the rotational direction of x = 0.58, given
in Fig. 3(d), is changed from CCW to CW by the external
magnetic field.

Although the origins of the CCW thermal hysteresis and
the direction reversal of the thermal hysteresis in the p(T')
curves by the magnetic field are not clear at this stage,
a plausible cause is the coexistence and the competition
between the 2D-metallic A-type AFM and the 3D-metallic
FM interactions. The inset of Fig. 3(b) displays the M (H)
curve of x = 0.58 at 240 K. The M(T) curve does not
show any clear FM signature near 7 but shows only a
PM-to-AFM transition feature. Nevertheless, the M(H)
curve above Ty shows a weak FM signature, which is a fast
increase of the magnetization at low field region (<0.5 T).
This result supports that the 3D-metallic FM interaction
coexists and competes with the 2D-metallic A-type AFM
interaction. In general, the application of the external
magnetic field enhances the 3D-metallic FM interaction
but suppresses the 2D-metallic A-type AFM one. As seen
in the inset of Fig. 3(b), the percentage of the theoretical
saturation magnetization increases from about 10% at
0.5 T to about 27% at 3.5 T. The percentage of the
3D-metallic FM state above 3.5 T is larger than the 3D
percolation threshold of 10%-25% [13,14]. It is con-
ceivable that the magnetic field can induce a percolation
pathway between the 3D-metallic FM regions, which is
accompanied by the change from the downturn anomaly
to the upturn one in the p(7T') curve upon cooling. We thus
conjecture that the anomalous thermal hysteric behavior
with the change of x or the magnetic field is closely
correlated with the percolation phenomenon.

Taken together, we have constructed the phase diagram
of La; —,Sr,MnOs as a function of T and x, which is given
in Fig. 4. Three principal regions are divided: an insulat-
ing PM state, a metallic FM one, and a 2D-metallic A-type
AFM one in which the resistivity lies in between metallic
and insulating states. In this phase diagram, the curved
solid lines that separate each region are made by connect-
ing T¢ (solid square), Tnxc (solid circle), and Txw (open
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circle) at specific doping concentration. The dense dotted
region between Tnc and Txw corresponds to the tempera-
ture range showing thermal hysteresis. The hatched regime
indicates the approximate FM boundary induced by the
application of magnetic field. Since the external field en-
hances the FM double exchange interaction, it increases
Tc and decreases Tn. We also include the spin structure
of each magnetic state based on the neutron experimental
result [8,9].

Now, we turn to the relative magnitude of the magneti-
zation at the phase boundary near 7y within the framework
of double exchange theory. The FM and PM magnetization
abruptly decreases at T, suggesting that the magnetization
magnitude around Ty reduces in order of the FM, PM,
and AFM state. Thus, the relative magnetization values
of the FM, PM, and AFM states near Ty can be assigned
as Miarge, Mmidadle, and Mgm,y1, respectively. In a similar
way, we denoted the relative magnitude of the resistivity
in the three distinctive phases where the FM metallic and
PM insulating states are assigned t0 pgmanr and piarge, re-
spectively. In the A-type AFM state, it is conceivable that
the system gains the maximum Kinetic energy via e, elec-
tron hoping when the d,>— 2 orbital forms a pseudo—2D
band [8,9]. In this context, the A-type AFM phase can be
viewed as a 2D metallic state induced by the in-plane FM
double exchange interaction. Relatively, the resistivity of
the A-type AFM state should lie in between the FM and
PM states, which is thus assigned as pmiddie. In boxes lined
with dashed marks, we summarized the relative magnitude
of magnetization and resistivity near Ty.

The results regarding the type of thermal hysteresis in
La;_,Sr,MnOj3 are well matched with the phase diagram.
For 0.52 = x = 0.56, the change of the magnetization
around 7n while cooling and warming is in order of
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FIG. 4. Phase diagram of temperature versus doping concen-
tration for La;_,Sr,MnOj3 (0.5 = x = 0.6). The dense dotted
region between Tnw and Tnc indicates the temperature range
where thermal hystereses are observed in the magnetization and
resistivity data. The hatched regime represents the FM state that
can be extended by an applied magnetic field. The relative mag-
nitudes of magnetization and resistivity in PM, FM, and A-type
AFM states near Ty are displayed in dashed line boxes.
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FIG. 5. The temperature dependence of magnetization and

zero-field resistivity for x = 0.52 (left panel) and x = 0.58
(right panel) in Nd,-,Sr,MnOs. Magnetization measurements
were carried out at 0.5 T.

CCW type shown in Fig. 1(a). Whereas, p(T) follows the
Psmall — Pmiddle — Psmall Process that is consistent with
the CW cycle given in Fig 1(b). For 0.58 = x = 0.60, the
magnetization magnitude near 7 upon cooling and warm-
ing follows the Mpigdle = Msmat — Mmidale pathway,
which is thus considered as the CCW type. The resistivity
value changes in the order of piage — Pmiddle = Plarges
which also agrees with the CCW type. In the absence
of magnetic field, the 2D-metallic AFM state appears
to suppress the 3D-metallic FM state above x ~ 0.57.
In the presence of the external field, however, the AFM
state is suppressed and the FM domain is extended into
the PM regime, leading to the creation of the metallic
FM phase near Tn such as the Fig. 4 hatched region.
The external field thus changes the magnetic state of
the system from PM-AFM-PM to FM-AFM-FM near
Tn. Namely, the magnetization and resistivity values
Change from Muiddle — Mgmatt — Mmiddle to Mlarge -
Mman — Mlarge and from Plarge — Pmiddle — Plarge tO
Psmall — Pmiddle — Psmall, Tespectively. As a result, the
rotational direction of thermal hysteresis is sustained in
M(T) but is inverted in p(T).

From the results discussed above, the anomalous ther-
mal hysteresis in La;—,Sr,MnO3 is mainly attributed to
the A-type AFM spin structure with the 2D-metallic char-
acter. In order to verify this conjecture, we have inves-
tigated the thermal hysteresis of Nd;_,Sr,MnO;3; which
has a CE-type and an A-type spin structure for x ~ 0.5
and 0.55 = x = 0.6, respectively [6,15]. We collected
the magnetization and resistivity data for two represen-
tative samples having the compositions of x = 0.52 and
x = 0.58, which are shown in Fig. 5. With increasing
x, the suppression of the FM phase in Nd;_,Sr,MnO;
is more severed than in La;_,Sr,MnO3;. However, the
M(T) curves of both compositions show a CCW ther-
mal hysteresis as found in La;—,Sr,MnO3. With decreas-
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ing temperature, the resistivity of Nd;—,Sr,MnO3 is much
larger than that of La;—,SryMnO3. As a consequence, the
thermal hysteretic behavior of Nd;—,Sr,MnOs is less dis-
tinctive in comparison with that of La;_,Sr,MnOs, but the
anomalous feature is still observed in the Nd-doped com-
pounds. The p(T) curve of x = 0.52 shows an upturn
around 7Ty and a CW thermal hysteresis while x = 0.58
exhibits a slight downturn anomaly in the p(T) curve near
at Ty and a CCW thermal hysteresis. These results are in
excellent agreement with those found in La;_,Sr,MnOs,
supporting that the anomalous thermal hysteric behavior is
closely related to the 2D-metallic A-type AFM state. It is
worth noting the undoped manganite LaMnO3 which has
the same A-type AFM spin structure [3]. However, the re-
sistivity of LaMnOs is several orders of magnitude larger
than that of La;_,Sr,MnO;3 (0.52 = x = 0.60). Conse-
quently, the pseudo 2D-metallic band cannot be realized
in LaMnOs, suggesting that it is very difficult to find an
anomalous thermal hysteretic behavior in LaMnOs.

In summary, for the first time we have discovered
anomalous thermal hysteretic behavior in the overdoped
manganites La;_,Sr,MnO; with the A-type AFM spin
structure. More specifically, near T increasing doping
concentration reversed the rotational direction of thermal
hysteresis. Such an anomalous direction reversal is also
achieved by applying a magnetic field. From our studies,
we are able to claim that these anomalous thermal hys-
teretic behaviors are largely attributed to the competition
between the 3D-metallic FM and the 2D-metallic A-type
AFM interactions.
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