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High-field magnetization process inR1/2Ca1/2MnO3 „R5Sm and Y… up to 100 T
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The high-field magnetization process up to 100 T has been studied for manganites with perovskite-type
structureR1/2Ca1/2MnO3 (R5Sm and Y!. The R5Sm sample showed metamagnetic transitions of the first
order at temperatures below 280 K, theR5Y sample showed just monotonous change against magnetic fields.
The observed metamagnetic transitions are ascribed to the field-induced collapse of the charge order~a 1/1
ordering of Mn31/Mn41). The melting field of the charge order in theR5Sm sample is 5069 T at 18 K.
Together with our previous data forR5 Pr and Nd, the present results forR5Sm indicate that reduction of the
average ionic radius for the perovskiteA site tends to enhance the charge-ordering instability inR1/2Ca1/2MnO3

(R5Pr, Nd, and Sm!. @S0163-1829~99!02830-1#
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In manganites with perovskite-type structu
R12xMxMnO3 (R5rare-earth elements andM5Ba, Sr, and
Ca!, substitution for trivalentR31 with divalent M21 ions
produces holes in the system. The doped holes are mobil
hybridized orbitals of Mn 3d-eg and O 2p-s, and mediate
the ferromagnetic double-exchange interaction1–3 ~DE! be-
tween localized Mn spins in thet2g states. The change in th
valence of the perovskiteA site, or the band filling, signifi-
cantly affects magnetism and conductivity of the
manganites.4,5 Recent investigations have demonstrated t
variations inA-site ions play important roles in the magne
and transport properties of these manganites for a given
rier dopingx. Hwanget al. showed a direct relationship be
tween the average ionic radius forA-site ions^r A& and the
Curie temperatureTC in doped LaMnO3 ~Ref. 6! at x50.3.
Reduction of thê r A& promotes orthorhombic lattice disto
tion and reduces the Mn-O-Mn bond angle from 180°. T
decrease ofTC with reducing^r A& is attributed to the de-
crease of the one-electron bandwidth of theeg electrons.6,7

Reduction of thê r A& favors the localization of theeg-orbital
carriers, and brings about the reduction of the DE. Th
emerges the importance of other interactions that were
dominated by DE, such as electron-phonon interact
These interactions couple degrees of freedom of spin, cha
and lattice ~orbital!. In manganites with relatively sma
^r A&, such as La1/2Ca1/2MnO3,4 a 1/1 ordering of Mn31/
Mn41 @charge ordering~CO!# takes place at low tempera
tures. The CO phenomena have been observed in se
transition-metal oxides.8–11 In manganites, the application o
magnetic fields melts the CO~Refs. 7, 12, and 13! due to the
coupling among spin, charge, and lattice degrees of freed
PRB 600163-1829/99/60~9!/6219~4!/$15.00
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The present work is devoted to extend the study of magne
field effects in manganites with relatively small^r A&,
R1/2Ca1/2MnO3 (R5 Sm and Y!, utilizing high-pulsed mag-
netic fields up to 100 T. We measured the isothermal m
netization process of the both manganites at temperat
between 4 K and room temperature. ForR5Sm, metamag-
netic behavior was observed below the CO transition te
peratureTCO;280 K. We ascribed these transitions to t
field-induced melting of the CO. Together with our previo
results forR1/2Ca1/2MnO3 (R5Pr and Nd!,14 we obtained the
relationship between the melting field of the CO and t
^r A&. Comparison of the melting fields at low temperatur
gives direct information of thêr A& dependence of the CO
instability. Stoichiometric mixture of Sm2O3 (Y2O3),
CaCO3, and Mn3O4 was calcined at 1050 °C~1200 °C!.
Crystals of Sm1/2Ca1/2MnO3 were synthesized by the
floating-zone method.15 Y1/2Ca1/2MnO3 was also melted in a
floating-zone furnace. Both melt-grown samples we
ground into powder to suppress the eddy current effect
duced in the samples by pulsed fields. Pulsed magnetic fi
up to 40 T were generated in a duration time of 8–20
utilizing a nondestructive long-pulsed magnet with a 200
300 kJ capacitor bank.16 Magnetization was measured b
means of an induction method by employing a couple
pick-up coils that are mounted in a coaxial arrangemen17

The voltage induced in the pickup coils was recorded b
transient recorder with a sampling time of 5 or 10ms and
integrated numerically to obtain magnetization. Magne
fields up to 100 T were produced in a duration time of ab
7 ms by means of the single-turn technique.18 Magnetization
measurements in short-pulse fields were performed also
6219 ©1999 The American Physical Society
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6220 PRB 60BRIEF REPORTS
means of the induction method.19 Two oppositely wound five
turn coils were connected in series and the sample was
serted in one of the coils. Thus we canceled the compon
of the external field. Induced voltages in the pickup co
(V), which were in proportion to time derivatives of th
magnetization, were recorded by a transient recorder wi
sampling time of 5 ns. For the magnetization measurem
in short-pulse fields, the powdered sample was disperse
an epoxy matrix. Figure 1~a! shows a wave form of pulse
field (H) up to 40 T and induced voltage in pickup coils (V)
for a powdered Sm1/2Ca1/2MnO3 sample at 242 K as a func
tion of time (t). SinceV is in proportion to the time deriva
tive of magnetization, the peak in theV-t curve corresponds
to a steep increase or decrease in magnetization. The a
lute value of magnetization (M ) was evaluated by numerica
integration ofV. The M -H curves for a Sm1/2Ca1/2MnO3
sample were plotted in Fig. 1~b! for various temperature
from 181 K to 280 K. At 280 K, theM shows only smooth
change against the magnetic field. As the temperature
creases below 270 K, where the CO occurs in zero magn
field,20 a steep change appears in the slope and hyste
becomes prominent between the increasing and decrea
field traces. Analogous to Nd1/2Sr1/2MnO3,12 we ascribe this
metamagnetic transition below 280 K to magnetic-fiel

FIG. 1. ~a! Magnetic-field (H) profile and induced voltage in th
pickup coils (V) as a function of time (t). The metamagnetic tran
sition in the Sm1/2Ca1/2MnO3 appears as the peaks in theV-t curve
~see arrows!. ~b! The M -H curves for Sm1/2Ca1/2MnO3 up to 38 T
at various temperatures. Magnetic phase transitions of the first o
are observed below 280 K. The transition field increases as
temperature decreases. No manifestations of the transitions are
ible below 181 K within the field range up to 38 T.
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induced melting of the CO. The transition field increases
the temperature is lowered. Eventually, any manifestation
the transition is no more visible atT5181 K within the field
range up to 38 T. At temperatures between 231 K and 252
a steplike structure was observed in the middle of
transition-field region. Magnetization of Sm1/2Ca1/2MnO3
was measured also in higher fields produced by the sin
turn-coil technique. Figure 2~a! shows wave forms of the
magnetic field and the signalV from the pick-up coils for a
Sm1/2Ca1/2MnO3 sample atT5243 K as a function of time.
In the case of the single-turn technique, the field is rever
after a half cycle. Thus we can observe a signal in nega
magnetic fields up to about 40 T successively after the p
tive field up to 100 T. Despite the noisy background, we c
see three peaks clearly in theV-H curve corresponding to
the abrupt changes in theM signal@see arrows in Fig. 2~a!#.
The width of the peaks is less than 1ms. This indicates that
the transition is completed in a time scale ofms. The inset of
Fig. 2 shows theV as a function of magnetic field. In the firs
increasing and decreasing field sweeps, the peaks appe
30 and 23 T, respectively. In the successive field sweep
the negative direction, the peak appears at 30 T, which is
same value as in the increasing field sweep. The differenc
the height of the peaks between in the first and the sec
sweep comes from the difference of the field sweep r
dH/dt. Figures 2~b! and 2~c! show thedM/dH, which are
obtained by (d/dH) *Vdt, at various temperatures from 1
K to 193 K in field-increasing and field-decreasing pr
cesses, respectively. Figure 3~a! shows the phase boundar
of Sm1/2Ca1/2MnO3 on a temperature-magnetic-field plan
Closed and open symbols represent the transition field
field-increasing and -decreasing processes, respectively.

er
e
is-

FIG. 2. ~a! Line shape of the short-pulse field up to 100 T a
the signal induced in pickup coils (V) as a function of time. Three
peaks can be recognized for a Sm1/2Ca1/2MnO3 sample at 243 K
corresponding to steep changes in magnetization. Magnetic-
dependence of the differential susceptibilitydM/dH in ~b! field-
increasing and~c! -decreasing process. The arrows in~b! and ~c!
indicate the direction of the field sweep.
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FIG. 3. ~a! The phase diagrams of Sm1/2Ca1/2MnO3 in
temperature- and magnetic-field plane. Closed and open ci
~diamonds! represent the transition fields for the field-increasi
and -decreasing process in long-~short-!pulse fields, respectively
The bars represent the peak width of theV-H curve.~b! TheV-H at
almost the same temperature are compared for short- and long-
fields. The peak width of theV-H curve is enhanced in short-puls
fields.

FIG. 4. ~a! Magnetization process of Y1/2Ca1/2MnO3 at tempera-
tures 4 K, 33 K, and 105 K. The magnetization increases gradu
as theH increases up to 40 T.~b! Magnetic-field dependence of th
differential susceptibilitydM/dH for Y1/2Ca1/2MnO3 at 18 K. The
dM/dH for Sm1/2Ca1/2MnO3 at 18 K is displayed by a dotted lin
for a comparison.
ferent symbols in Fig. 3~a!, circles and diamonds, distinguis
the data points obtained in the long- and short-pulsed fie
It should be noted here that the width of the transition p
cess depends on the field sweep speed. Figure 3~b! shows the
induced voltageV in the pickup coils as a function of mag
netic field for the field-increasing process in long- and sho
pulse fields. In the case of long-pulse fields, it takes 1.54
for the field to span from the lower to higher edge of t
peak in theV-H curve, while it takes 0.395ms in the case of
short-pulse fields. The difference in profiles of theV-H
curves for different scanning speeds indicates that the t
sition cannot follow such a rapid change of the magne
field. The transition fields shown in Fig. 3~a! were defined by
the average between the lower and higher edge of the pea
the V-H curve. Transition fields in short-pulse fields in th
field-increasing~-decreasing! process can be overestimate
~underestimated! in magnitude by a few Tesla. The pea
width is represented by bars. We can see that the ave
transition field between the field-increasing and fie
decreasing processes increases as temperature dec
similarly to the case of other CO in half-dope
R1/2M1/2MnO3.12–14Magnetization measurements have be
carried out also for a Y1/2Ca1/2MnO3 sample up to 40 T. The
M -H curves at temperatures 4 K, 33 K, and 105 K gradua
increases up to 40 T@Fig. 4~a!#. Linear extrapolation of the
M -H curves at 4 K to higher fields suggests that the magn
tization should reach the average spin moment of Mn io
3.5mB at aboutm0H580 T. In order to check the high-field
properties, we have carried out magnetization measurem
up to 100 T for a Y1/2Ca1/2MnO3 sample@Fig. 4~b!#. The
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FIG. 5. The transition fields extrapolated to 0 K (HC0) vs the
average ionic radius for perovskiteA site ^r A& for the system
R1/2M1/2MnO3, whereR is a trivalent rare-earth ion andM is a
divalent ion. Open and closed symbols denote the transition fi
in the field-increasing and field-decreasing scans. Diamonds
circles are quoted~Refs. 12–14! and present data, respectively. R
duction of the^r A& tends to give rise to the higher transition fiel
~b! Temperature dependence of the work done by external fields
Pr1/2Ca1/2MnO3 and Nd1/2Ca1/2MnO3 estimated byW5*H dM.
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data for Sm1/2Ca1/2MnO3 of roughly the same sampl
amount is also shown in the same scale for a comparison
contrast to the existence of an evident peak
Sm1/2Ca1/2MnO3 corresponding to a steep increase in ma
netization, no clear feature of metamagnetic transition of
first-order nature can be identified in theV-T curve for
Y1/2Ca1/2MnO3 up to 100 T. For a series ofR1/2M1/2MnO3,
the transition fields extrapolated to 0 K (HC0) are plotted in
Fig. 5~a! against the average ionic radius for perovskiteA
site ^r A&. Here, values for ionic radii were cited from
literature.21 Open and closed symbols denote the transit
fields in the field-increasing and -decreasing scans. D
monds and circles are quoted12–14 and present data, respe
tively. In Fig. 5~a!, (R, M ) denotesR1/2M1/2MnO3. As for
Sm1/2Ca1/2MnO3, Pr1/2Ca1/2MnO3 and Nd1/2Ca1/2MnO3,
transition fields are defined at the center of the dM /dH peak.
The bars in Fig. 5~a! are the width of the transition proces
@the same as in Fig. 3~a!#. Figure 5~a! demonstrates a clea
tendency that a reduction of the^r A& results in the increase
of the critical field to destroy the CO. Deviation of the da
point for Nd1/2Ca1/2MnO3 from this tendency can be ascribe
to the existence of the field-induced Nd moment.14 The work
done by external fields is given byW5*H dM. The W for
Pr1/2Ca1/2MnO3 and Nd1/2Ca1/2MnO3 until the transition
completes is plotted in Fig. 5~b! as a function of temperature
Because of the large saturation moment, the work don
melt the CO for Nd1/2Ca1/2MnO3 is larger than that for
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Pr1/2Ca1/2MnO3, although the transition field o
Nd1/2Ca1/2MnO3 is lower than that of Pr1/2Ca1/2MnO3. This
result implies that the field-induced Nd moment intera
with the Mn moment and destabilizes the antiferromagne
state of the Mn spins. As for the Y1/2Ca1/2MnO3, Arulraj
et al.22 reported the existence of the charge-ordered state
low 260 K. The present results of magnetization measu
ments, however, did not show any manifestation of me
magnetic transitions of the strong first-order nature even
high magnetic field where the manganese spins seemed
polarized completely. We have studied high-field magneti
tion processes in half-doped manganites Sm1/2Ca1/2MnO3
and Y1/2Ca1/2MnO3 up to 100 T. Sm1/2Ca1/2MnO3 showed
metamagnetic transitions in contrast to Y1/2Ca1/2MnO3,
which showed no transition of the strong first-order natu
The metamagnetic transition observed below the cha
ordering temperature is ascribed to be field-induced colla
of the charge ordering. The charge-ordering instability
creases as the average ionic radius of perovskiteA site ^r A&
is reduced. For Nd1/2Ca1/2MnO3 that have additional field-
induced moments on Nd sites, a deviation is observed fr
the general trend for the transition field vs^r A&.
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