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Optical study of Pr12xCaxMnO3 „x50.4… in a magnetic field: Variation of electronic structure
with charge ordering and disordering phase transitions
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The temperature~10–290 K! and magnetic-field~0–7 T! dependencies of optical spectra and their anisot-
ropy have been investigated for a single crystal of Pr12xCaxMnO3 (x50.4), which undergoes a charge and
orbital ordering transition atTco5235 K. A clear anisotropic feature has been observed between theb- and
c-axis polarized optical conductivity spectra@s(v)# at 10 K, reflecting a pattern of spatial charge and orbital
ordering. The gap value of the charge-ordered~CO! state is estimated to be'0.18 eV in the ground state.
s(v) is drastically transformed from an anisotropic gaplike shape into an isotropic metallic band with a
conspicuous spectral weight transfer over a wide photon energy region~0.05–3 eV! by application of a
magnetic field of 7 T. As the magnetic field is decreased from 7 T, such metallics(v) suddenly becomes
gaplike again around 4.5 T, yet the anisotropy between both polarizations is decreased perhaps owing to orbital
disordering. The temperature dependence of theb-axis polarizeds(v) was investigated in a constant magnetic
field of 7 T. As the temperature decreases, the onset energy ofs(v) shows a blueshift fromTco down to the
antiferromagnetic spin ordering temperatureTN , but shows a redshift once the spin ordering takes place below
TN . This result indicates that the charge gap value as the order parameter of the CO state couples with the spin
ordering.@S0163-1829~99!01312-0#
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I. INTRODUCTION

Spin-charge-orbital-coupled phenomena in hole-do
manganese oxides with a perovskite structure have bee
tracting great interest in recent extensive studies. One of
most intriguing features observed in these manganites
large magnetoresistance~MR! effect. The La12xSrxMnO3
system is, for example, the most canonical double-excha
manganite with a wide one-electron bandwidth (W), and
shows a ferromagnetic metallic~FM! state1 (x.0.15) as
well as a large MR effect around the Curie temperat
(Tc).

2–9 An origin of the FM state and the relatively larg
MR effect aroundTc has been explained in terms of
double-exchange mechanism.10–14 It has been pointed ou
that a Jahn-Teller distortion is also an important key to
colossal MR effects of the manganites.15,16 Such a FM state
is, however, absent in the more distorted perovsk
Pr12xCaxMnO3 (0.3<x<0.5) system that has a smallerW
and which undergoes a charge ordering phase transition17,18

In the charge-ordered~CO! state, Mn31 and Mn41 are alter-
nately arranged with spin and orbital ordering.17 Recently,
Tomiokaet al. revealed that the CO state can be melted i
a FM one with a drastic decrease of resistivity by applyin
magnetic field of a T,19 and that such a magnetic-field
induced insulator-metal (I -M ) transition is of the first order
PRB 590163-1829/99/59~11!/7401~8!/$15.00
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with a large field hysteresis. It has been demonstrated s
then, especially for the Pr12xCaxMnO3 system, that such
charge ordering and disordering transitions can be cause
external stimuli other than a magnetic field, e.g., x-r
irradiation,20 illumination by a pulsed laser,21,22 and current
injection.23 Here we adopt a crystal of Pr12xCaxMnO3
(x50.4) as a prototypical charge ordering system, and inv
tigate the variation of the electronic structure from the C
insulating state to a FM one in terms of optical spectra wh
varying temperature and the external magnetic field.

To overview the transport and magnetic properties of t
particular crystal, in Fig. 1~a! we introduce the phase dia
gram for Pr12xCaxMnO3 (x50.4) in the temperature an
magnetic plane.18 In a zero magnetic field, thex50.4 com-
pound undergoes a charge ordering phase transition atTco
'235 K. In the CO state, the nominal Mn31 and Mn41

species are regularly arranged in theab plane with a con-
comitant ordering ofd3x22r 2 andd3y22r 2 orbitals, as shown
in Fig. 1~b!. This was directly confirmed by x-ray scatterin
measurements using the anisotropy of the tensor of sus
tibility reflection.24 From neutron-diffraction results by Jira
et al.17 it was concluded that the extra electrons result
from a deviation in doping levelx from x5 1

2 ~0.1 per Mn
site in the presentx50.4 case! are likely to occupy ad3z22r 2

orbital in the Mn41 site. As temperature is decreased, an
7401 ©1999 The American Physical Society
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7402 PRB 59OKIMOTO, TOMIOKA, ONOSE, OTSUKA, AND TOKURA
ferromagnetic spin ordering of theCE type17,25subsequently
takes place atTN'170 K, as indicated by the closed tr
angle in Fig. 1~a!. ~To be precise, the direction of the spin
declined out of thec axis by 20° –30° in thex50.4
compound.17! It is worth noting that theCE-type spin struc-
ture for the x50.4 compound contains ferromagnetica
spin-aligned chains along thec axis @see Fig. 1~b!#. This
feature is in contrast to theantiferromagneticchain along the
c axis seen in the commensurate CO compou
Pr1/2Ca1/2MnO3 (x51/2).17 Such a ‘‘ferromagnetic’’ spin
ordering along thec axis probably results from the extr
electrons whose hopping alignst2g spins in the Mn41 site via
the double-exchange process. With further decrease in
perature belowTN , the canted antiferromagnetic~CA! order-
ing is achieved atTCA'40 K @the open circle in Fig. 1~b!#.
In the external magnetic field, the charge-ordered~CO! state
is transformed into a ferromagnetic metallic state by way
a hesteretic region shown by the hatched region in Fig. 1~a!.
Such a large field hysteresis indicates the distinct first-or

FIG. 1. ~a! The temperature and magnetic phase diagram
Pr12xCaxMnO3 (x50.4) derived from Ref. 18. The hatched ar
shows a field-hysteresis region. A closed triangle denotes the´el
temperatureTN , and an open circle the canted antiferromagne
transition temperatureTCA . The three routes~1!–~3! for the tem-
perature or magnetic-field scans adopted in the present study
displayed.~b! Modified CE-type spin and charge ordering structur
The lobes show thed3x22r 2 or d3y22r 2 orbital ~see text!.
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nature of the field-induced I -M transition in the
Pr12xCaxMnO3 system.

Some results of our research~the magnetic-field depen
dence of reflectivity spectra at 30 K! have been published in
a form of a short communication.26 In the present paper, we
present full results of systematic optical measurements
Pr12xCaxMnO3 (x50.4), and discuss the variation of ele
tronic structures with charge ordering and disordering tr
sitions together with the results of magnetotransport m
surements. In Sec. II, we describe the experimen
procedure for optical measurements in magnetic fields
that for sample preparation and characterization. In S
III A, we discuss the anisotropic electronic structure of t
CO state at 10 K in 0 T, which can be viewed as represen
a ground state, and its temperature dependence along
~1! shown in the upper panel of Fig. 1. In Sec. III B, we sho
the magnetic-field dependence of optical spectra at 30 K
field-increased and -decreased runs@route~2!#. In Sec. III C,
we describe and discuss the temperature dependence o
tical spectra in 7 T@route~3!#. All three routes~1!–~3! in the
phase diagram can cause the charge ordering and disord
transitions. Finally, in Sec. IV, we summarize the paper.

II. EXPERIMENT

The specimen of Pr12xCaxMnO3 (x50.4) used in this
study was a single crystal melt grown by a floating-zo
method, the details of which have been reported elsewhe19

Application of an electron probe microanalyzer and chemi
titration have confirmed that the obtained crystal has p
cisely prescribed stoichiometry. The sample ('435
30.5 mm3) with a @1 0 0# surface (Pbnm orthorhombic
structure! was prepared by Laue and four-circle x-ray d
fraction. Near-normal-incidence reflectivity@R(v)# was
measured on this@1 0 0# surface. We made use of a Fourie
transform-type spectrometer with a MCT~HgCdTe! detector
for the region from 0.05 to 0.8 eV and grating monochrom
tors for the higher-energy region~0.6–36 eV!. For the spec-
troscopy above 5 eV, we utilized synchrotron radiation
INS-SOR, Institute for Solid State Physics, University of T
kyo. In zero magnetic field, we measuredR(v) between 0.01
and 3 eV while varying temperature (10 K,T,290 K) us-
ing a He flow-type cryostat.

High-magnetic-field measurements (0 T,H,7 T) of
R(v) between 0.05 and 3 eV were performed with a sp
type superconducting magnet equipped with ZnSe
KRS-5 windows for infrared spectroscopy and quartz on
for measurements in the visible photon energy region.
measuredR(v) in Voigt geometry (k'H) from 0.05 to 0.8
eV, and in Faraday geometry (kiH) from 0.6 to 3 eV, and
applied the magnetic field along theb axis of the Pbnm
orthorhombic lattice@see Fig. 1~b!#. The optical conductivity
spectra at various temperatures and magnetic fields were
tained by Kramers-Kronig~KK ! analysis of respectiveR(v)
data. For the analysis, we connected the room-tempera
datum above 3 eV, which is no longer sensitive, to variatio
of the respective data at various temperatures and mag
fields, and assumed constant reflectivity below the low
photon energy investigated andv24 extrapolation above 36
eV. In executing the KK analysis, we neglected the influen
of a magneto-optical Kerr effect, namely, an off-diagon
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PRB 59 7403OPTICAL STUDY OF Pr12xCaxMnO3 (x50.4) IN A . . .
component of dielectric tensor@exy(v)#. This is because the
magnitude ofexy(v) in the low-energy (,4 eV) region is
much smaller than that of diagonal part,27 and also becaus
there is no orbital moment for the conductioneg electrons
and hence minimal spin-orbit coupling. Magnetization me
surements were performed with a superconducting quan
interference device magnetometer, and resistivity in the m
netic field was measured by the conventional four-pro
technique.

III. RESULTS AND DISCUSSION

A. Temperature dependence of optical spectra in 0 T

Figure 2 shows the optical conductivity spectrum@s(v)#
in Pr12xCaxMnO3 (x50.4) forEib andEic at 10 K.~Spiky
structures below 0.06 eV are due to optical-phonon mod!
In the CO state at 10 K~viewed as the ground state!, there is
a clear difference between theb- andc-axis polarizeds(v),
reflecting the anisotropy of the ordering pattern for char
spin, and orbitals@see Fig. 1~b!#. The most notable feature i
that eachs(v) has a different onset energy (D). To be more
quantitative, we have estimated eachD (Db andDc) by lin-
early extrapolating the rising part of theb- andc-axis polar-
ized s(v) to the abscissa, as shown by dashed lines in
2. It is reasonable to consider thatDb is dominated by the
optical transition of thed3x22r 2 ~or d3y22r 2) electron to the
neighboring Mn41 site along the direction of the orbital@see
Fig. 1~b!#. The d3x22r 2(d3y22r 2) electron can hardly hop
along thec axis due to a small transfer integral and a lar
on-site Coulomb energy. As mentioned above, the exc
electrons which are introduced into theCE-type CO state by
decreasingx from 1

2 are likely to occupy thed3z22r 2 orbital
of the Mn41 site17 with a large transfer integral along thec
axis, indicating thatDc originates from the intersite transitio
of such excessd3z22r 2 electrons. The fact thatDc,Db im-
plies that the effective Coulomb correlation is larger with
theab plane than along thec axis.Under these circumstance
the charge-gap energy (2Dgap) should be assigned toDc
('0.18 eV) in the ground state.

FIG. 2. The anisotropy (Eib andEic polarization! of the optical
conductivity in a single crystal of Pr12xCaxMnO3 (x50.4) at 10 K.
Long dashed lines indicate the estimate of the gap transition e
gies ~see text!. The inset shows a magnification of the far-infrar
photon energy region.
-
m
g-
e

.

,

g.

ss

In the inset of Fig. 2 we also show the optical-phon
spectra at 10 K~290 K! with a solid~dashed! line. At 290 K,
there are observed three dominant phonon modes at 0.
0.042, and 0.071 eV. By contrast, at least six additional p
non modes, as indicated with arrows, emerge at 10 K~i.e., in
the CO ground state!. One of the origins of the apparentl
new modes is considered to bePbnm orthorhombic distor-
tion. With a decrease in temperature, thermally blurred p
non structures at room temperature might become sharp
and discernible due to a decrease in phonon damping as
as to a missing Drude component@see Fig. 3~a!#. However,
the three evident phonon structures at 293 K indicate that
orthorhombic distortion of the crystal is relatively small co
sidering that only three (3F2u) modes are infrared active in
cubic perovskite in contrast to 25 optical-phonon mod
(7B1u19B2u19B3u) in the Pbnm orthorhombic one ac-
cording to a group analysis.28 Furthermore, the highest-lying
phonon mode around 0.086 eV, to the best of our knowled
has never been observed in simply orthorhombically d
torted manganites. These results suggest that orthorhom
ity alone can hardly explain such a remarkable increase
the number of observable phonon modes. Another expla
tion is the charge ordering phase transition. TheCE-type
charge and orbital ordering, as shown in Fig. 1~b!, forms a
superlattice along theb axis, so that newG point modes
appear on account of foldings of phonon-dispers
branches. Such multiplet phonon features due to theCE-type
charge ordering are also observed in two-dimensional m
ganite, La3/2Sr1/2MnO4.29

Next let us discuss the temperature dependence ofs(v)
from 10 K up to room temperature. Figures 3~a! and 3~b!
show the temperature dependence of optical conducti

r-

FIG. 3. The temperature variation of the optical conductiv
spectra in a single crystal of Pr12xCaxMnO3 (x50.4) for ~a! Eib
and ~b! Eic polarizations. A dashed line indicates the estimate
the gap transition energies~see text!.
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7404 PRB 59OKIMOTO, TOMIOKA, ONOSE, OTSUKA, AND TOKURA
spectra~10–293 K! in Pr12xCaxMnO3 (x50.4) for Eib and
Eic, respectively. With an increase in temperature from
K to Tco, the onset energy ofs(v) shifts to lower energy.
Above Tco (5235 K), the spectral weight is largely in
creased in the lower-energy part, and the spectral shape
comes gapless implying a closing of the charge gap. Su
temperature dependence ofs(v) resembles that of the
La5/3Sr1/3NiO4 CO system.30 On the other hand, the onset o
c-polarized s(v) moves to higher energy, similar to th
b-polarized case with a decrease in temperature fromTco
(5235 K) to TN (5170 K), but shifts to a rather lowe
energy belowTN . @The c-polarizeds(v) at 10 K is drawn,
for clarification, with a bold line in Fig. 3~b!.# This result
indicates that magnetic ordering affects gap evolution
c-polarized optical spectra.

We estimated theD value by a linearly extrapolating pro
cedure, as shown by dot-dashed lines in Figs. 2 and 3~a!.
Figure 4~a! showsD values thus obtained as a function
temperature. For comparison, the temperature dependen
magnetic susceptibility (x) is shown in Fig. 4~b!. Above
Tco, the magnitude ofx is fairly large due to the double
exchange mechanism. Once charge ordering occursT
,Tco), however, thex value is abruptly suppressed becau
of quenching of double-exchange interaction in the CO st
Anisotropy of the magnetic susceptibility is clearly observ
in the temperature region belowTN , while scarcely observed
in the paramagnetic state (T.TN). Thex measured inHic
is lower with a cusp structure atTN , but in Hib it is almost
constant belowTN , indicating that an easy axis of sublattic
magnetization is approximately parallel to thec axis. ~The
increase inx below T'100 K is due to the canted antife
romagnetic spin order.25! These results are consistent wi
those of neutron-scattering measurements.17

Keeping the above in mind, we discuss theT dependence
of the anisotropicD value@Fig. 4~a!#. In the entire tempera
ture region belowTco, theDc values are always smaller tha
Db . With decreasing temperature,Db increases monotoni

FIG. 4. ~a! The temperature dependence of energies of a po
ized gap transition,Db ~closed circle! and Dc ~open circle!, in a
Pr12xCaxMnO3 (x50.4) crystal.~b! The temperature dependenc
of the magnetic susceptibilityx and its anisotropy.
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cally and is scarcely affected by the antiferromagnetic s
ordering in theab plane. By contrast,Dc decreases signifi-
cantly belowTN . This might be because thec-axis hopping
of the excessd3z22r 2 carriers is favored by the ferromagnet
spin ordering along thec axis belowTN @see Fig. 1~b!# as a
consequence of one-dimensional~along thec axis! double-
exchange interaction in theelectron-dopedCO state (x
,0.5).

B. Magnetic-field dependence of optical spectra at 30 K

The next issue to be highlighted is the collapse and rec
struction of the gap structure in magnetic field-increased
-decreased runs for a Pr12xCaxMnO3 (x50.4) crystal at 30
K @see route~2! in Fig. 1~a!#. In Figs. 5~a! and 5~b! we show
the magnetic-field dependence ofR(v) at 30 K in the field-
increased process (0→7 T) for Eib andEic, respectively.
A spiky structure around 0.06 eV is due to the highest-lyi
oxygen phonon mode. In both theb- andc-polarizedR(v),
a midinfrared part ofR(v) is gradually increased with a
magnetic field up to 6 T, and the spectral shape is abru
transformed into a metallic high-reflectivity band between
and 7 T. This value of the critical field is consistent with th
phase diagram in Fig. 1~a!.18 Such a spectral change with a
external magnetic field over a wide photon energy region
to '3 eV is very unconventional, taking the small energy
the magnetic field (1 T'8.631024 eV) into account. The
quantity of the spectral weight transfer is by far larger th
that observed near the ferromagnetic transition tempera
in Nd0.7Sr0.3MnO3 thin film.31

In Figs. 5~c! and 5~d! we also showR(v) in the field-
decreased run (7→0 T) for Eib andEic, respectively. The
metallic reflectance band for both polarizations largely d
creases between 5 and 4 T, and the spectral shape is g

r-

FIG. 5. The magnetic-field dependence of the reflectivity spe
in the field-increased run for~a! Eib and~b! Eic polarizations and
in the field-decreased run for~c! Eib and ~d! Eic for a
Pr12xCaxMnO3 (x50.4) crystal at 30 K.
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PRB 59 7405OPTICAL STUDY OF Pr12xCaxMnO3 (x50.4) IN A . . .
ally restored toward an initial spectral shape below 4 T.
see such a hysteretic spectral change with the magnetic
more quantitatively, we show in Fig. 6~a! @6~b!# the b- @c-#
polarizeds(v) deduced by KK analysis and their magnet
field dependence at 30 K. With an increase in the magn
field, the onset ofs(v) gradually shifts to a lower energy
and at 7 Ts(v) undergoes a large change into a meta
band, as expected from the variation ofR(v). All the optical
conductivity spectra below 6.5 T are gapped, with little sp
tral weight below the respective onset energies~except for
optical-phonon components!, while the rapid and remarkabl
transfer of the spectral weight to a lower~but not as far as
zero! energy with the magnetic field is observed even in
insulator region. This is reminiscent of the doped Mott ins
lator case including a high-Tc cuprate,32,33where the spectra
weight is gradually accumulated below the photon energy
an isosbetic point~approximately corresponding to a ga
value in the parent insulator! with hole doping. The spectrum
above 7 T may have a Drude weight~coherent part!, but it is
still too small to estimate the exact weight from present d
(0.05 eV,\v,3 eV) due to the more dominant diffusiv
~incoherent! spectral shape.„The value of the dc conductiv
ity @s(0)# at 30 K and 7 T is'23103 V21 cm21 @see Fig.
7~b!#, which is merely about twice that ofs(v) at 0.06
eV.… This incoherent spectral feature of the FM phase is c
sistent with that of the La12xSrxMnO3 system near the
metal-insulator phase boundary (x50.175).34 In the field-
decreased run, such metallic spectra for both polarizat
(Eib and Eic) dramatically return to the gaplike one b
tween 4 and 5 T, as shown in Figs. 6~c! and 6~d!. With a
further decrease in the magnetic field below 4 T, the on
energyD of s(v) shows a gradual and small increase. T

FIG. 6. The magnetic-field dependence of the optical conduc
ity spectra in the field-increased run for~a! Eib and~b! Eic polar-
izations, and in the field-decreased run for~c! Eib and~d! Eic for
a Pr12xCaxMnO3 (x50.4) crystal at 30 K deduced by Kramer
Kronig analysis. Dot-dashed lines indicate the estimate of the
transition energies~see text!.
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final spectral shape ofs(v) at 0 T never returns to the initia
one with a large anisotropy~see Fig. 2!.

Here we have again estimated theD value as a measure o
the charge-transfer energy reflecting charge, spin, and or
ordering by means of the same extrapolating procedure
mentioned above~see Figs. 2 and 3!. In Fig. 7~a! we show a
variation ofD value with magnetic field at 30 K for both th
field-increased and -decreased runs. For comparison, in F
7~b! and 7~c! we show the magnetic-field dependence of
sistivity (r) along theb axis and magnetization~M! at 30 K,
respectively. In both ther andM measurements, the applie
magnetic field was parallel to theb axis as in the optical
measurements. As shown,r(M ) steeply drops~increases!
around 6.5 T in the field-increased run. Above 6.5 T,M
shows a nearly full moment ('4mB), and ther value is
metallic ('531024 V cm) and is no longer affected b
further increase of the field, indicating the fully spin
polarized FM state. In the field-decreased run,r(M ) steeply
increases~drops! below'4.2 T, where a high antiferromag
netic insulating state is realized. It is worth noting thatr
does not return to the starting value, which is too high
measure accurately, whileM below 4.2 T in the field-
decreased run reproduces the value observed in the fi
increased run. As mentioned above,Db is greater thanDc ~30
K, 0 T! by 0.18 eV. This difference is gradually decreas
with a magnetic field, and both theDb and Dc values de-
crease almost continuously down to zero at 6.5 T in
field-increased run. These results clearly indicate that the
der parameter of the CO state continuously decreases,
the anisotropy ofD is suppressed with the magnetic field.
the field-decreased run from 7 T, theD value appears be
tween 3 and 4 T, again in accordance with the critical field
r and M. However,Db and Dc are rather comparable an
obviously less thanDc in the field-increased run. One migh
consider that the small value ofD and r in the zero-field
state after the field-decreased run results from coexistenc
FM domains in the insulating state due to the strong fir
order nature of the present charge ordering and disorde

-

p

FIG. 7. ~a! The magnetic-field dependence ofDb ~closed sym-
bols! andDc ~open symbols! in the field-increased run~circles! and
field-decreased run~squares! for a Pr12xCaxMnO3 (x50.4) crystal
at 30 K. ~b! The magnetic-field dependence of the resistivity (r).
~c! The magnetic-field dependence of the magnetization (M ).
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7406 PRB 59OKIMOTO, TOMIOKA, ONOSE, OTSUKA, AND TOKURA
transitions. However, the striking decrease and reproduc
ity of the M-value in the field-decreased run below 4.2
suggest that the FM component is, if anything, very minor
the final CO state. A possible origin of these irreversib
behaviors ofr and D may be ascribed to the fact that th
d3x22r 2 and d3y22r 2 orbital ordering are not completely re
stored in the field-decreased run, so that the robustness o
CO state may be weakened by such an orbital disorde
effect. To confirm the hypothesis, further studies such as
resonant x-ray scattering measurements in the magnetic
would be needed.

C. Temperature dependence of optical spectra in 7 T

In this section, we discuss the temperature dependenc
optical spectra forEib in a magnetic field of 7 T in
Pr12xCaxMnO3 (x50.4) @see route~3! in Fig. 1~a!#. Figure
8 shows theb-axis polarizedR(v) and its temperature de
pendence at 7 T.~The spiky structures around 0.08 eV a
the highest-lying optical phonon mode, as mentioned abo!
With a decrease in temperature from 290 to 180 K, the m
infrared ~0.1–0.5 eV! part of R(v) shows a gradual de
crease, as shown in Fig. 8~a!. By contrast, the midinfrared
R(v) gradually increases from 180 to 70 K, and fina
changes into a metallic band below 60 K@Fig. 8~b!#.

To argue such a nonmonotonous temperature depend
of the electronic structure, in Fig. 9 we show the temperat
dependence ofs(v) in a magnetic field of 7 T. The lower
energy part ofs(v) is suppressed, and becomes more g
like with a decrease in temperature from 290 to 180 K@Fig.
9~a!#, while the onset energy of the absorption shows
gradual redshift with a further decrease in temperature do
to 60 K @Fig. 9~b!#. Such a variation of theb-axis polarized
s(v) is in striking contrast to that observed in the zero-fie
cooled run@see Figs. 3 and 4~a!# in which the spectras(v)
remains gaplike down to 10 K.s(v) drastically turns into a
metallic band below 60 K that is in accord with a critic
temperature at 7 T for the transition from the CO state to th
FM state.18 The metallic spectral shape comparable with t

FIG. 8. The temperature variation of theb-polarized reflectivity
spectra for a Pr12xCaxMnO3 (x50.4) crystal in a magnetic field o
7 T: ~a! 180 K,T,290 K, and~b! 10 K,T,180 K.
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seen in the field-increased run at 30 K@cf. Fig. 6~c!# is then
scarcely changed down to 10 K.

We have again estimated the charge-transfer energyDb
using the same extrapolating procedure as shown by da
lines in Fig. 9. In Fig. 10~a! we plot the temperature depen
dence ofDb in comparison with that ofr and M in Figs.
10~b! and 10~c!, respectively. The value ofr in 7 T shows an
abrupt increase, whileM is suppressed around'230 K due
to the charge ordering phase transition. With a further
crease in temperature, ther value increases up to 100 K, an
finally shows a drastic decrease at'60 K. The value ofM
shows a small cusp structure aroundTN ~170 K!, as shown
by the arrow, and a sudden increase at a temperature of 6

FIG. 9. The temperature variation of the optical conductiv
spectra in Pr12xCaxMnO3 (x50.4) for Eib polarization in a mag-
netic field of 7 T: ~a! 180 K,T,290 K and ~b! 10 K,T
,180 K. Dot-dashed lines indicate the estimate of the gap tra
tion energies~see text!.

FIG. 10. ~a! The temperature dependence of the energies of
polarized gap transition (Db) for a Pr12xCaxMnO3 (x50.4) crystal
in a magnetic field of 7 T.~b! The temperature dependence of t
resistivity r at 0 T ~open circles! and 7 T ~closed ones!. ~c! The
temperature dependence of the magnetization~M! at 7 T.
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In the low-temperature state below 60 K,r'5
31024 V cm andM'4mB , indicating that the FM state is
realized due to the reentrant melting of the CO state. S
temperature-induced charge ordering and disordering tra
tions are sensitively reflected in the temperature variation
Db . The value ofDb in 7 T becomes finite at the charg
ordering temperature ('230 K), and rises with decrease
temperature. This increase inDb saturates aroundTN , which
contrasts with the monotonous increase in the zero-fi
cooled run@open circles in Fig. 10~a!#. These results imply
that the charge ordering is weakened by the spin orderin
the x50.4 crystal in 7 T. According to neutron-diffractio
measurements for Pr12xCaxMnO3 (x50.3), with a similar
spin-charge-orbital ordering by Yoshizawaet al.,25 a super-
lattice peak intensity of~2,1.5,0! arising from the orbital or-
dering also saturates aroundTN with a decrease at tempera
ture in 2.5 T, while it shows a continuous increase in the z
field-cooled run. The present result is consistent with t
neutron-diffraction observation, and clearly indicates that
order parameter of the CO state is suppressed by the an
romagnetic spin ordering in a magnetic field. A recent hig
magnetic-field study by Tokunagaet al.35 reveals that the
area of the CO state in the phase diagram expands belowTN
in the x51/2 sample~commensurate doping level!. These
experimental results lead to the conclusion that the comm
surate CE-type spin ordering stabilizes the CO sta
whereas the modifiedCE type, as shown in Fig. 1~b!, weak-
ens the robustness of the charge and orbital ordering.
also explains why the relatively low-field colossal MR effe
is observed in the discommensurate Pr12xCaxMnO3 system.

With a further decrease in temperature belowTN , Db is
gradually decreased and reaches zero at around 60 K. Su
continuous decrease ofDb with temperature is in contrast t
the drastic change ofr andM, but resembles the change
Db and Dc seen in the field-increased and -decreased r
~see Fig. 7!. The gradual variation of the gap feature is th
commonly observed prior to the complete collapse of
charge and orbital ordering.

IV. SUMMARY

We have observed a variation of optical spectra and t
anisotropy with a change in temperature and magnetic fi
for a single crystal of Pr12xCaxMnO3(x50.4). In the
charge-ordered ground state~at 10 K!, the respective optica
conductivity spectra@s(v)# for Eib andEic have a differ-
ent onset energy,Db andDc . The former reflects the electro
hopping energy from Mn31 to Mn41 in the direction of
d3x22r 2 or d3y22r 2 orbitals and the latter the transition ener
of the extra electrons ofd3z22r 2 character along thec axis.
The fact thatDc is smaller thanDb indicates thatDc can be
viewed as the optical gap energy in the CO stat
s

h
si-
f
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in
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n-
,

is

h a

s

e

ir
ld

('0.18 eV). Furthermore, an increase in number of optic
phonon modes is observed upon the charge ordering tra
tion, as observed in La1/2Sr3/2MnO4 with a similar CO state.
As the temperature is increased from 10 K,Db continuously
decreases whileDc slightly increases up toTN , and then
decreases aboveTN . This anomaly forDc aroundTN is due
to the spin ordering structure ofmodified CEtype, namely,
antiferromagnetic in theab plane but ferromagnetic alon
the c axis.

We have investigated the electronic-structural change
companying the magnetic-field-induced insulator-metal tr
sition at 30 K. Both theb- andc-polarized reflectivity spectra
drastically change from an insulating low-reflectivity to
metallic high-reflectivity band at 7 T over a wide photon
energy region~0.05–3 eV!. The magnitude ofDb and Dc
obtained from the respectives(v) gradually decreases with
a magnetic field, and finally disappears at 6.5 T, indicat
an almost continuous change in the electronic structure f
the anisotropic CO state to the isotropic ferromagnetic m
in spite of the gigantic change of resistivity upon the co
plete melting transition of the CO state. In the fiel
decreased run from 7 T, bothD values suddenly emerg
around'4.5 T. Surprisingly, the clear anisotropic featu
was not observed even once at zero field after the fie
induced melting of the charge and orbital ordering, whi
probably results from the subsisting orbital disordering.

Such charge ordering and disordering transitions are
observed in the temperature-decreased run in magn
fields, say 7 T. As the temperature decreases, theb-polarized
s(v) becomes gaplike around 230 K due to the CO tran
tion. The value ofDb increases with decrease in temperatu
from 230 K down toTN , but rather decreases once themodi-
fied CE-type spin ordering@Fig. 1~b!# is realized. This result
indicates that the spin ordering weakens the robustness o
CO state in an external magnetic field, which is consist
with the result of recent neutron-diffraction measurement25

With a further decrease in temperature,s(v) at 7 T isdras-
tically transformed into a metallic spectrum around 60 K,
accord with the resistive transition to the ferromagnetic m
tallic state due to the reentrant charge disordering.
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