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High-magnetic-field study of the phase transitions ofR12xCaxMnO3 „R5Pr, Nd…
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We have investigated the magnetic-field-induced phase transitions ofR12xCaxMnO3 ~R5Pr and Nd,x
50.50, 0.45 and 0.50, 0.45, 0.40! by measurements of magnetization, magnetoresistance, and magnetostriction
utilizing a nondestructive long-pulse magnet~generating up to 40 T!. We observed processes where magnetic
fields destroy the real-space ordering of the charge carriers and cause insulator-to-metal phase transitions over
the whole temperature region below about 250 K. We found that the destruction of the charge ordering is
accompanied with a structural phase transition as well as with the magnetic phase transition and the colossal
magnetoresistance effect. The different profiles of the temperature vs transition field curve depending on the
carrier concentrationx may be ascribed to the difference in the entropy between the commensurate and the
discommensurate charge-ordered state. It turned out that the stability of the charge-ordered state is strongly
correlated with the colinear antiferromagnetic ordering of the localized Mn moments.
@S0163-1829~98!01509-4#
rt
u

th

e

R
si

oe

e

ys
e

b
e

of
-

ures
. As
tallic
trant
ites

ld-
lsed
tion
e
for

ia-
se

d
t of
I. INTRODUCTION

Recently, perovskite-type manganites,R12xAxMnO3 ~R
andA are trivalent rare-earth ions and divalent alkaline-ea
ions, respectively!, have attracted considerable attention d
to the colossal magnetoresistance~CMR! effect.1–6 The
mother materialRMnO3 is a kind of Mott insulators, and the
Mn31 ions have an electron configurationt2g

3 eg
1(S52). Sub-

stitution of R31 with A21 produces holes in theeg orbital
and causes an insulator-metal transition, e.g., in
La12xSrxMnO3 with an increase ofx above 0.17.4,7 The me-
tallic La12xSrxMnO3 (0.17<x<0.60) is a ferromagnet du
to the double exchange~DE! interaction and exhibits the
CMR effect only around the Curie temperature. This CM
effect has been explained in terms of the strong on-
~Hund’s-rule! coupling between localized spinsS5 3

2 in the
t2g orbital and itinerant carriers in theeg orbital. In some of
theR12xAxMnO3 system with the ionic radii for theR andA
sites being relatively small, however, the hole-doping d
not produce the ferromagnetic metallic state.8 As an earlier
diffraction study9 has revealed, a 1/1 ordering of Mn31/Mn41

~charge ordering! appears in La12xCaxMnO3 (x;0.5). In
Pr12xCaxMnO3 in which the average ionic radius of th
(R,A) cations is smaller, a similar charge-ordered~CO! state
is realized in much broader regions. Jira´k et al.10 performed
powder-neutron-diffraction measurements for the CO s
tems Pr12xCaxMnO3. They found that a structural phas
transition similar to that ofx50.5 takes place for 0.3<x
<0.75 at the charge-ordering transition temperature (TCO).
For x50.5, the superstructure that doubles the orthorhom
unit cell in the @010# direction has been observed for th
570163-1829/98/57~9!/5259~6!/$15.00
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diffraction pattern at liquid He temperature.10 Even for x
50.3, a similar superstructure has been observed belowTCO
in the recent neutron-diffraction study.8 This superstructure
originates from the concomitant ordering of theeg orbitals,
which favors the charge exchange~CE!-type antiferromag-
netic ~AFM! spin ordering.9

Application of magnetic fields causes the destruction
the charge ordering. Tomiokaet al. have reported the mag
netoresistance measurements in Pr12xCaxMnO3 (0.30<x
<0.50) in magnetic fields up to 12 T.11 The entire CO phase
boundaries were determined forx50.35 and 0.40 in the
magnetic field (H) vs temperature (T) plane. A remarkable
feature of these phase diagrams is that at low temperat
the transition field decreases with decreasing temperature
a result, reentrance to the charge-disordered state or me
state takes place by lowering temperature. These reen
transitions have not been observed for other CO mangan
Nd12xSrxMnO3 ~Ref. 12! or Pr12xSrxMnO3 ~Ref. 13! with
x50.50.

In the present work, we have studied the magnetic-fie
induced phase transitions of the CO manganites in pu
magnetic fields up to 40 T. Measurements of magnetiza
(M ), magnetoresistance~MR!, and magnetostriction hav
been carried out over a wide temperature range
Pr12xCaxMnO3 and Nd12xCaxMnO3. On the basis of these
results, we could determine a full set of the CO phase d
grams and discuss thex-dependent behavior of the CO pha
diagrams and the mechanism of the phase transition.

II. EXPERIMENT

R12xCaxMnO3 ~R5Pr and Nd! crystals were synthesize
by the floating zone method, as detailed in Ref. 11. A par
5259 © 1998 The American Physical Society
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the rod was crushed and characterized by x-ray powder
fraction. The lattice parameters were estimated by the
etveld refinement, which indicated that the Ca content in
obtained crystal systematically changes14,15 according to the
prescribed ratio. The inductively-coupled plasma mass sp
trometry was also carried out to check the cation ratioR/Mn
of the crystal. The result revealed that the ratio was almos
accord with the prescribed one within an accuracy of 2%.
check the possible oxygen deficiency for the highly dop
crystals, the average Mn valence was checked by the re
titration technique.16 It was estimated to be13.51 for both
Pr12xCaxMnO3 (x50.50) and Nd12xCaxMnO3 (x50.50).

By using a nondestructive long-pulse magnet17 energized
by a 200 kJ capacitor bank, we produced pulsed magn
fields up to 40 T with a duration time of 11 ms. For magn
tization (M ) measurements, we used the induction meth
by employing a couple of coaxial pickup coils.18 The inner
coil had a diameter of 4.2 mm and 480 turns, while the ou
coil had a diameter of 6.0 mm and its number of turns w
adjusted to cancel the voltage induced in the inner coil by
magnetic fields. The voltage induced in the pickup coils w
integrated numerically to obtainM . Transport measuremen
were carried out by the standard four-probe method with a
current parallel toH ~longitudinal magnetoresistance!. The
MS along the direction ofH was measured by the capac
tance method.19 An optically flat Al-sputtered glass plat
with a diameter of 7 mm was used for an electrode. T
change of the sample length was measured by the chang
a capacitance in the gap between the glass plate elec
and one side face of the sample where the electrode
attached. The gap was about 90mm, and the capacitance wa
measured by a capacitance bridge with a frequency of
kHz. Those measurements were carried out in the temp
ture range from 1.4 K to room temperature.

III. RESULTS

A typical magnetization curve of a Pr12xCaxMnO3 (x
50.50) crystal is shown in Fig. 1 as a function ofH. At 1.4
K, charge-carriers take the CO state, and localized spins
order antiferromagnetically in zero magnetic field. With a
plication of H, the M increases moderately up to abo
1.3mB , and then jumps at 25 T, reaching a higher va
~;3.7mB /Mn site! at 30 T. In the down-sweep process, t
M stays at the high value for a field down to 20 T. T
existence of the hysteresis is characteristic of a phase tra
tion of the first order. The transition fields in the up a
down sweep are tentatively defined as the points where
M shows a deviation from the nearly constant high va
~3.523.8mB /Mn site!, and represented byHC

1 andHC
2 , re-

spectively.
For the M measurements, crystals were cut into cub

with the side length of about 2 mm. To estimate the abso
value of M with eliminating sample-shape dependence
sensitivity of the pickup coils, we carried out measureme
also for powdered samples. The saturation momentM0 was
determined by an extrapolation of theM -H curve for H
.HC

1 to the zero field. TheM0 was estimated to be 3.
60.2mB /Mn site at 1.4 K. This value is equal to the sat
ration moment of an average Mn ion moment (3.5mB).
Therefore, we can regard this highly magnetized state a
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fully spin-polarized phase. TheM -H curves are shown in
Fig. 2 for various temperatures. The transition field decrea
monotonously asT is increased, and the jump ofM accom-
panied with hysteresis is no more visible at 274 K.

Figure 3 shows the magnetic field (H) dependence of the
resistivity ~r! ~longitudinal MR! of a Pr12xCaxMnO3 (x
50.50) crystal at 117 K. TheM -H curve at 123 K is also
given by the dot-dashed line for comparison. Below the tr
sition field, ther decreases only moderately with increasi
H according to the enhancement ofM . Negative MR effect
takes place even in the insulating phase, and subsequen

FIG. 1. M -H curve of a Pr12xCaxMnO3 (x50.50) single crystal
at 1.4 K. Transition to the FM phase takes place at 30 T. Transi
fieldsHCM

1 andHCM
2 are defined as the saturation field of theM for

up and down sweep, respectively.

FIG. 2. Temperature dependence of theM -H curve of
Pr12xCaxMnO3 (x50.50). Transition fields show monotonous d
crease with increasingT. The transition width increases in low
temperature region.
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drastic change ofr takes place at around 20 T.
Figure 4 depicts the phase diagram of Pr12xCaxMnO3 (x

50.50) on theH-T plane. The open~closed! circles and
squares representHC

1(HC
2) for samples 1 and 2, respectivel

The hatched area represents the hysteretic region. There
remarkable sample dependence in the phase diagram.
closed diamonds and crosses in Fig. 4 are the charge o
ing temperatureTCO and the Ne´el temperatureTN deter-
mined by temperature dependence of ac susceptibility
magnetization underm0H58 T. Both of these measuremen
were carried out in the warming process after the zero-fi

FIG. 3. Magnetoresistance of Pr12xCaxMnO3 (x50.50) at 117
K ~solid line!. M -H curve is also displayed by a dot-dashed line
comparison.

FIG. 4. Phase diagram in theH-T plane determined by theM
and the MR measurements on two crystals of Pr12xCaxMnO3 (x
50.50). Closed and open symbols stand for the critical fields
termined from the up and down sweep ofH, respectively. The
hysteretic region is represented by a hatched area. The trans
field increases with decreasingT and shows an anomaly at aroun
TN .
no
he
er-

d

ld

cooling. In the regionTN<T<TCO, the t2g spins hold the
paramagnetic~PM! state even in the CO phase. It is thu
found from Fig. 4 that the profile of the CO phase bounda
of Pr1/2Ca1/2MnO3 is quite similar to those of
Nd1/2Sr1/2MnO3 ~Ref. 12! and Pr1/2Sr1/2MnO3.

13 However,
the critical field to destroy the charge-ordered state beco
as high as 27 T at 1.4 K accompanying a large hystere
Reduction of the transition field with decreasingT in the low
T region as reported forx50.35 and 0.40~Ref. 11! was not
observed forx50.50. On the other hand, the CO phase e
tends to higherH at temperatures belowTN .

The effect of the deviation ofx from 0.50 on the charge
ordered state was studied in a Pr12xCaxMnO3 (x50.45)
crystal. In addition toM and MR, MS has also been mea
sured for ax50.45 crystal in pulsed magnetic fields at va
ous temperatures. All the samples used for the respec
measurements were cut out of the same boule grown by
floating zone method. Figure 5~a! shows theM -H curve at 4
K. Below 10 T, the magnetization increases linearly with
increase in magnetic field. Successively, theM shows a steep
increase at 10 T and saturates at 25 T. The onset field o
phase transition is much lower than that of thex50.50 crys-
tal. By contrast, the saturation field ofM , does not show

-

ion

FIG. 5. ~a! The magnetization (M ) at 4 K ~b! resistivity ~r! at 4
K, and ~c! magnetostriction (DL/L) at 8 K for a Pr12xCaxMnO3

(x50.45) crystal are shown as a function ofH. On the magnetic
phase transition, CMR exceeding 4 orders of magnitude and M
the order of 1023 are observed.
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such a remarkable difference betweenx50.45 and 0.50. The
transition fieldsHC

1 and HC
2 were defined as the saturatio

fields in the same way as in thex50.50 crystal. Ther at 4 K
is shown in Fig. 5~b! as a function ofH. Because the resis
tance of the sample at relatively low magnetic field exce
the range of the present measuring system, the result o
MR measurement is displayed with a limited dynamic ran
10V cm,r<105 V cm. The change in resistivity by 4 or
ders of magnitude takes place at around 14 T, which co
sponds to the middle of the magnetic phase transition.
MS (DL/L) at 8 K, defined as the relative change of t
sample length along the direction ofH, is shown in Fig. 5~c!
as a function ofH. In this figure, the data taken at 250 K
subtracted from the raw data to eliminate the backgro
contribution. AtT58 K, theDL/L starts increasing at 12 T
and reaches a value of;1.331023 at 22 T. The observed
largeDL/L can be regarded as a manifestation of the str
tural transition rather than the ordinary MS.

The temperature variation of theM -H and DL/L-H
curves for thex50.45 crystal is displayed in Fig. 6~a! and
6~b!, respectively. It is evident from this figure that the stru
tural phase transition is in accord with the magnetic ph
transition. According to neutron-diffraction measureme
by Jirák et al.,10 the lattice constants of Pr12xCaxMnO3 (x
50.50) have been reported asa55.395 Å,b55.403 Å, and
c57.612 Å at room temperature, anda55.430 Å, b
55.430 Å, andc57.430 Å at liquid He temperature. There
fore, this structural transition as detected byDL/L should
reflect the recovering of thec-axis length. The transition
fields show monotonous decrease with the increase ofT. The
width of the transition also decreases with increasingT,
similarly to the case ofx50.50. Recently, Koshibaeet al.20

argued that the change in the magnetic structure induce
an external field may modify the pattern of orbital orderi
in terms of a coupling between spin and orbital degrees
freedom. In the present case, the destruction of the orb
ordering by an external field gives rise to the structural ph
transition and the recovering of the DE,which promotes
polarization of thet2g spins.

The phase diagram of Pr12xCaxMnO3 (x50.45) deter-
mined by the magnetization measurements is displaye
Fig. 7. The temperatures ofTCO and TN are determined by

FIG. 6. ~a! M -H and ~b! DL/L-H curves of Pr12xCaxMnO3

(x50.45) single crystals are compared at various temperatures.
structural phase transition is coupled with the magnetic phase
sition. The transition is more gradual than in thex50.50 sample.
The transition width becomes narrower with increasingT.
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the temperature dependence of ac susceptibility. It is no
that the CO phase boundary for Pr12xCaxMnO3 (x50.45)
also shows an anomaly atTN , and quite resembles that o
x50.50 rather than that ofx50.40.11

For the comparative study on the charge ordering tra
tion in R12xAxMnO3, we have also investigated th
x-dependent charge ordering phenomena
Nd12xCaxMnO3 ~x50.50, 0.45, 0.40!. The magnetization
curves of these crystals at 4 K are displayed in Fig. 8. As
shown in this figure, the onset field of the phase transition
decreased asx deviates from 0.50. In theM -H curve forx
50.45, the M increases steeply at about 12 T and th

he
n-

FIG. 7. The phase diagram of Pr12xCaxMnO3 (x50.45) deter-
mined by magnetization measurements. The shape of the p
boundary is similar to that ofx50.50 ~Fig. 4!.

FIG. 8. M -H curves of Nd12xCaxMnO3 ~x50.50, 0.45, and
0.40! at 4 K. The onset of the magnetic phase transition stron
depends on thex value. The saturation momentM054.460.2mB

for x50.50 is about 1mB larger than the spin-only value of the M
ion moment~see text!.
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FIG. 9. The phase diagrams of Nd12xCaxMnO3 for ~a! x50.50,~b! x50.45, and~c! x50.40 obtained from the magnetization measu
ments. The transition field exhibits a similarT dependence to that of the Pr12xCaxMnO3 with the correspondingx ~see Figs. 4 and 7 and Re
11!.
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gradually approaches the saturation moment, which is s
lar to the case of Pr12xCaxMnO3 (x50.45). Forx50.40, the
transition field is the lowest and the metamagneticlike tr
sition is clearly seen. The saturation moment
Nd12xCaxMnO3 (x50.50) estimated by the extrapolation
theM -H curve of the powdered sample to the zero field w
4.460.2mB . This value is about 1mB larger than that of the
Pr12xCaxMnO3 (x50.50). This extra moment originate
perhaps from the field-induced Nd moment.

The phase diagrams for Nd12xCaxMnO3 ~x50.50, 0.45,
0.40! are shown in Fig. 9. The thermodynamic transiti
field (HC), which is tentatively defined as the average ofHC

1

andHC
2 , is estimated to be 19 T at 0 K for x50.50, that is 4

T smaller than that of Pr12xCaxMnO3 (x50.50). In Fig. 9,
the transition fieldsHC

1 for x50.50 and 0.45 show monoto
nous increase with decrease in temperature while that fx
50.40 decreases forT,175 K. Namely, the effect of devia
tion of x from 0.50 is pronounced forx<0.40, which re-
sembles the case of Pr12xCaxMnO3.

11

IV. DISCUSSION

Temperature dependence of thermodynamic transi
fields (HC) of R12xCaxMnO3 (0.40<x<0.50) for ~a! R
5Pr and~b! R5Nd is gleaned in Fig. 10 with the tempera
ture normalized byTCO in ordinate. TheHC value for
Pr12xCaxMnO3 (x50.40) was quoted from literature.11 In
Figs. 10, theHC’s for both cases do not show remarkab
x-dependent behavior at relatively high temperatu
(T/TCO.0.7– 0.8). For low temperatures (T/TCO
,0.7– 0.8), on the contrary, a significant variation ofHC
with x appears. Consequently,dHC /dT becomes positive a
low temperatures forx50.40, i.e., a reentrant-type phas
boundary is realized. This is in sharp contrast with the c
of x50.45 andx50.50 where thedHC /dT remains negative
even at low temperatures. The different profiles of the ph
boundary betweenx50.40 andx50.50 ~or 0.45! may be
qualitatively explained as follows from a simple thermod
namic point of view.

According to the DE model,21,22 the transfer integralt of
eg electrons between Mn31 and Mn41 ions is related to the
i-

-
f

s

n

s

e

e

relative angleu of their localizedt2g spins,

t5t0 cos~u/2!, ~1!

where t0 is the transfer integral in a fully spin-polarize
state. The application ofH tends to align the Mnt2g spins
via the Zeeman coupling, which leads to a decrease inu and
an increase int. If kinetic energy of the charge carrier
dominates over the CO instability, the insulator-metal tran
tion takes place. Actually, application ofH in the CO state
causes negative MR effect even below the onset field of
transition as is seen in Fig. 3. This MR corresponds to
enhancement oft of theeg carriers by the polarization of the
localizedt2g spins.

In Pr12xCaxMnO3, the deviation ofx from 0.5 has been
argued in terms of the modification of the AFM CE-typ

FIG. 10. Temperature dependence of the thermodynamic tra
tion fields (HC) of R12xCaxMnO3 (0.40<x<0.50) for ~a! R5Pr
and ~b! R5Nd. The temperature is normalized byTCO. For
Pr12xCaxMnO3 (x50.40), theHC is quoted from the literature
~Ref. 11!.
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structure. Forx50.5, the arrangement of spins along th
orthorhombicc axis is antiferromagnetic while forx,0.5 it
is canted~for x50.3 it becomes ferromagnetic! although the
CE-type ordering is kept within theab plane. As postulated
by Jirák et al.,10 such a modification of the spin structure h
been discussed in terms of the extra carriers that promote
DE along thec direction. The extension of the wave functio
of theeg electrons generated in the CO state can mediate
DE between the neighboringt2g spins along thec axis,
which leads to the canted AFM state, so thatu becomes
smaller than 180° at low temperatures. Such an effect of
deviation fromx50.50 on the magnetic structure should r
sult in smaller transition fields especially at low temper
tures, in accord with the observation.

At a finite temperature, the transition field is determin
by the Helmholtz’s free energyF, which is expressed asF
5U-TS-MH. Here,U denotes the internal energy andS the
entropy. As mentioned before,dHC /dT.0 at low tempera-
tures forx50.40, whereasdHC /dT,0 for x50.45 andx
50.50. The point here is that the CO state forx50.50 may
have a smallerS than that forx50.40, since the latter pos
sesses excess carriers due to the discommensuration.
commensurate CO significantly freezes the kinetic and
orbital degrees of freedom of theeg electrons especially a
low temperatures. The largerS in the discommensurate CO
state leads to the largerdHC /dT than that in the commen
surate case. Although the reasons fordHC /dT,0 for x
50.50 andx50.45 are unknown as yet, the difference in t
temperature dependence of transition fields between thx
50.50 andx50.40 crystal can thus be qualitatively ex
plained by the difference of the entropy termS in the CO
state or be due to field-induced changes in the electro
states.23
R
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V. CONCLUSION

We have found that even the commensurate charge or
ing of Pr12xCaxMnO3 and Nd12xCaxMnO3 with x50.50 is
destroyed by applying magnetic fields up to 40 T. The tra
sition fields of the charge-ordered phases ofx50.45 and
0.50 decrease monotonously as temperature is increa
which is in remarkable contrast with the case ofx50.40 with
a larger discommensuration. The different temperature
pendence of the transition fields at low temperatures betw
x50.50 and 0.40 can be qualitatively explained in terms
the excess entropy of the nearly localizedeg electrons which
are introduced by the deviation fromx50.50 in the charge-
ordered state. The phase diagrams suggest that the co-l
CE-type antiferromagnetic ordering of the localized M
spins plays an important role in the stabilization of th
charge-ordered state. The colossal magnetoresistance e
due to the destruction of the charge ordering is accompan
by the structural phase transition in addition to the magne
phase transition. This result implies that the destruction
the orbital ordering is a key factor in the colossal magneto
sistance of the manganites.
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