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The temperatur€10—290 K and magnetic-field0—7 T) dependencies of optical spectra and their anisot-
ropy have been investigated for a single crystal of P€aMnO; (x=0.4), which undergoes a charge and
orbital ordering transition af.,=235 K. A clear anisotropic feature has been observed between tued
c-axis polarized optical conductivity specfra(w)] at 10 K, reflecting a pattern of spatial charge and orbital
ordering. The gap value of the charge-orde(€®) state is estimated to be0.18 eV in the ground state.

o(w) is drastically transformed from an anisotropic gaplike shape into an isotropic metallic band with a
conspicuous spectral weight transfer over a wide photon energy régi66—3 eV by application of a
magnetic field of 7 T. As the magnetic field is decreased from 7 T, such metdlli¢ suddenly becomes
gaplike again around 4.5 T, yet the anisotropy between both polarizations is decreased perhaps owing to orbital
disordering. The temperature dependence obthgis polarizedr(w) was investigated in a constant magnetic

field of 7 T. As the temperature decreases, the onset energ{«@f shows a blueshift fronT ., down to the
antiferromagnetic spin ordering temperatilifg, but shows a redshift once the spin ordering takes place below

Ty - This result indicates that the charge gap value as the order parameter of the CO state couples with the spin
ordering.[S0163-1829)01312-0

[. INTRODUCTION with a large field hysteresis. It has been demonstrated since
then, especially for the Pr,CaMnO; system, that such
Spin-charge-orbital-coupled phenomena in hole-dopedharge ordering and disordering transitions can be caused by
manganese oxides with a perovskite structure have been axternal stimuli other than a magnetic field, e.g., x-ray
tracting great interest in recent extensive studies. One of thieradiationZ° illumination by a pulsed lasét;?? and current
most intriguing features observed in these manganites is @jection?® Here we adopt a crystal of Pr,CaMnO;
large magnetoresistand®R) effect. The La_,SrMnO; (x=0.4) as a prototypical charge ordering system, and inves-
system is, for example, the most canonical double-exchangégate the variation of the electronic structure from the CO
manganite with a wide one-electron bandwidW)( and insulating state to a FM one in terms of optical spectra while
shows a ferromagnetic metalliEM) staté (x>0.15) as varying temperature and the external magnetic field.
well as a large MR effect around the Curie temperature To overview the transport and magnetic properties of this
(T.).2° An origin of the FM state and the relatively large particular crystal, in Fig. (B) we introduce the phase dia-
MR effect aroundT, has been explained in terms of a gram for P{_,CaMnO; (x=0.4) in the temperature and
double-exchange mechanisfit* It has been pointed out magnetic plané® In a zero magnetic field, the=0.4 com-
that a Jahn-Teller distortion is also an important key to thgpound undergoes a charge ordering phase transition.at
colossal MR effects of the manganites® Such a FM state  ~235 K. In the CO state, the nominal Mh and Mrf*
is, however, absent in the more distorted perovskitespecies are regularly arranged in thb plane with a con-
Pr;_,CaMnO; (0.3<=x=<0.5) system that has a smalléf  comitant ordering ofi;,2_,2 anddsy2_,2 orbitals, as shown
and which undergoes a charge ordering phase transftith. in Fig. 1(b). This was directly confirmed by x-ray scattering
In the charge-ordere(CO) state, MA* and Mrf* are alter- measurements using the anisotropy of the tensor of suscep-
nately arranged with spin and orbital orderfigRecently, tibility reflection?* From neutron-diffraction results by Jirak
Tomiokaet al. revealed that the CO state can be melted intoet all” it was concluded that the extra electrons resulting
a FM one with a drastic decrease of resistivity by applying a@rom a deviation in doping levet from x=3 (0.1 per Mn
magnetic field of a B and that such a magnetic-field- site in the present= 0.4 casgare likely to occupy als,2_,2
induced insulator-metall {M) transition is of the first order orbital in the Mr#* site. As temperature is decreased, anti-
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nature of the field-inducedI-M transition in the
(a) Pr,_Ca MnO, x=04 Pr,_,CaMnO; system.
250 ' ' ' ' ' Some results of our resear¢the magnetic-field depen-
SR 1 dence of reflectivity spectra at 30) Kave been published in
a form of a short communicatid.In the present paper, we
present full results of systematic optical measurements in
Pr,_,CaMnO; (x=0.4), and discuss the variation of elec-
tronic structures with charge ordering and disordering tran-
sitions together with the results of magnetotransport mea-
Charge ordered | _ : . .
insulator surements. In Sec. Il, we describe the experimental
procedure for optical measurements in magnetic fields and
that for sample preparation and characterization. In Sec.
IIIA, we discuss the anisotropic electronic structure of the
CO state at 10 Kin O T, which can be viewed as representing
a ground state, and its temperature dependence along route
(1) shown in the upper panel of Fig. 1. In Sec. Il B, we show
the magnetic-field dependence of optical spectra at 30 K in
field-increased and -decreased r{imute (2)]. In Sec. Il C,
we describe and discuss the temperature dependence of op-
b) tical spectra in 7 Troute(3)]. All three routes1)—(3) in the
a phase diagram can cause the charge ordering and disordering
transitions. Finally, in Sec. IV, we summarize the paper.

Tomioka et al.
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Il. EXPERIMENT

The specimen of Rr,CaMnO; (x=0.4) used in this
study was a single crystal melt grown by a floating-zone
method, the details of which have been reported elsewflere.
Application of an electron probe microanalyzer and chemical
titration have confirmed that the obtained crystal has pre-
cisely prescribed stoichiometry. The samples4Xx5
X 0.5 mn?) with a [1 0 0] surface Pbnm orthorhombic
structure was prepared by Laue and four-circle x-ray dif-

FIG. 1. (@ The temperature and magnetic phase diagram ofraction. Near-normal-incidence reflectivitfR(w)] was
Pr_,CaMnO; (x=0.4) derived from Ref. 18. The hatched area jeasured on thigl 0 0] surface. We made use of a Fourier-
shows a field-hysteresis region._A closed triangle d(_anotes tied N_etransform-type spectrometer with a MGRgCdTe detector
tempgratureTN, and an open circle the canted an’[lferromagnetlcfOr the region from 0.05 to 0.8 eV and grating monochroma-
transition temperatulré'ClA. The three route§1)—(3) for the tem- tors for the higher-energy regid0.6—36 eV. For the spec-
perature or magnetic-field scans adopted in the present study afg, . ahove 5 eV, we utilized synchrotron radiation at
displayed(b) Modified CE-type spin and charge ordering structure. . : . . .

The lobes show thel,.a 2 of da s .2 orbital (see text INS-SOR, Institute fpr Solld State Physics, University of To-
HEor Bysor kyo. In zero magnetic field, we measuri@tw) between 0.01
and 3 eV while varying temperature (10<Kr <290 K) us-
ferromagnetic spin ordering of tr@E type'"**subsequently ing a He flow-type cryostat.
takes place afy~170 K, as indicated by the closed tri-  High-magnetic-field measurements (0<H<7 T) of
angle in Fig. 1a). (To be precise, the direction of the spin is R(w) between 0.05 and 3 eV were performed with a split-
declined out of thec axis by 20°-30° in thex=0.4 type superconducting magnet equipped with ZnSe and
compound-)) It is worth noting that theC E-type spin struc- KRS-5 windows for infrared spectroscopy and quartz ones
ture for the x=0.4 compound contains ferromagnetically for measurements in the visible photon energy region. We
spin-aligned chains along the axis [see Fig. b)]. This measuredR(w) in Voigt geometry k1 H) from 0.05 to 0.8
feature is in contrast to thentiferromagnetichain along the eV, and in Faraday geometrk|(H) from 0.6 to 3 eV, and
c axis seen in the commensurate CO compoundipplied the magnetic field along the axis of the Pbnm
Pr,Ca,MnO; (x=1/2).1" Such a “ferromagnetic” spin orthorhombic latticdsee Fig. 1b)]. The optical conductivity
ordering along thec axis probably results from the extra spectra at various temperatures and magnetic fields were ob-
electrons whose hopping aligtig, spins in the MA™ site via  tained by Kramers-KronigkK ) analysis of respectivR(w)
the double-exchange process. With further decrease in tendata. For the analysis, we connected the room-temperature
perature belowl, the canted antiferromagnetiCA) order-  datum above 3 eV, which is no longer sensitive, to variations
ing is achieved aT -p~40 K [the open circle in Fig. (b)].  of the respective data at various temperatures and magnetic
In the external magnetic field, the charge-orde(@@®) state  fields, and assumed constant reflectivity below the lowest
is transformed into a ferromagnetic metallic state by way ofphoton energy investigated amd * extrapolation above 36
a hesteretic region shown by the hatched region in Hig). 1 eV. In executing the KK analysis, we neglected the influence
Such a large field hysteresis indicates the distinct first-ordeof a magneto-optical Kerr effect, namely, an off-diagonal
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FIG. 2. The anisotropyE| b andE||c polarization) of the optical _E
conductivity in a single crystal of Pr,CaMnO; (x=0.4) at 10 K. S
Long dashed lines indicate the estimate of the gap transition ener- 3
gies(see text The inset shows a magnification of the far-infrared &
photon energy region. 0

EnerOg'35/(eV)
component of dielectric tenspe,,(w)]. This is because the o ) .
magnitude ofe,,(w) in the low-energy €4 eV) region is FIG. .3. Th_e temperature variation of the_optlcal conductivity
much smaller than that of diagonal pAftand also because SPectra in a single crystal of Pr,CaMnO; (x=0.4) for (a) E||b
there is no orbital moment for the conductiep electrons ?hned (b) Eflc pg!anzatlons_. A dashed line indicates the estimate of
and hence minimal spin-orbit coupling. Magnetization mea- gap transition energiésee text
surements were performed with a superconducting quantum
interference device magnetometer, and resistivity in the mag- In the inset of Fig. 2 we also show the optical-phonon
netic field was measured by the conventional four-probespectra at 10 K290 K) with a solid(dasheglline. At 290 K,
technique. there are observed three dominant phonon modes at 0.023,
0.042, and 0.071 eV. By contrast, at least six additional pho-
Ill. RESULTS AND DISCUSSION non modes, as indicated with arrows, emerge at 10€K in
the CO ground staje One of the origins of the apparently
new modes is considered to Bbnm orthorhombic distor-
Figure 2 shows the optical conductivity spectrlioc(w)]  tion. With a decrease in temperature, thermally blurred pho-
in Pr,_,CaMnO; (x=0.4) forE[lb andE|/c at 10 K.(Spiky  non structures at room temperature might become sharpened
structures below 0.06 eV are due to optical-phonon modesand discernible due to a decrease in phonon damping as well
In the CO state at 10 KViewed as the ground Statdéhere is as to a missing Drude CompondiBEe F|g Ba_)] However,
a clear difference between the andc-axis polarizedr(®),  the three evident phonon structures at 293 K indicate that the
reflecting the anisotropy of the ordering pattern for chargeqthorhombic distortion of the crystal is relatively small con-
spin, and orbitalgsee Fig. 1b)]. The most notable feature is gigering that only three (B,,) modes are infrared active in a
that egchr(w) has ad|ffer'ent onset energit). To be more  cybic perovskite in contrast to 25 optical-phonon modes
quantitative, we have es'tl'mated eakh(a, andAC)' by lin- (7B1,+9B,,+9B3,) in the Pbnm orthorhombic one ac-
early extrapolating the rising part of the andc-axis polar- cording to a group analysi&.Furthermore, the highest-lying

ized o(w) to the abscissa, as shown by dashed lines in Fig,
2. It is reasonable to consider thay, is dominated by the phonon mode around 0.086 eV, to the best of our knowledge,

optical transition of thetls.2_ 2 (or dgy2_,2) electron to the has gever begn otﬁ]arved n IS|mpIy orthorrlhomblr?allg/ dls.'
neighboring MiA* site along the direction of the orbitidee torted manganites. These results suggest that orthorhombic-
Fig. 1(b)]. The da,e_,2(daye_r2) electron can hardly hop ity alone can hardly explain such a remarkable increase in
along thec axis due to a small transfer integral and a largetN® number of observable phonon modes. Another explana-
on-site Coulomb energy. As mentioned above, the excedion iS the charge ordering phase transition. TE-type
electrons which are introduced into tB&-type CO state by charge and orbital ordering, as shown in Figo)1 forms a
decreasing from % are likely to occupy thels,2_,2 orbital superlattice along thd axis, so that newl” point modes

of the Mrf* site'” with a large transfer integral along tle @ppear on account of foldings of phonon-dispersion
axis, indicating that\ . originates from the intersite transition branches. Such multiplet phonon features due ttBetype

of such excesslg,2_,2 electrons. The fact thai, <A, im-  charge ordering are also observed in two-dimensional man-
plies that the effective Coulomb correlation is larger within ganite, La;Sr,,Mn0O,.%

theab plane than along theaxis.Under these circumstances, Next let us discuss the temperature dependenae(6f

the charge-gap energy 42,) should be assigned td. from 10 K up to room temperature. FiguresaBand 3b)
(=0.18 eV) in the ground state. show the temperature dependence of optical conductivity

A. Temperature dependence of optical spectrain 0 T
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FIG. 4. (a) The temperature dependence of energies of a polar-
ized gap transitionA}, (closed circlg and A, (open circlg, in a
Pr,_,CaMnO; (x=0.4) crystal.(b) The temperature dependence
of the magnetic susceptibility and its anisotropy.
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FIG. 5. The magnetic-field dependence of the reflectivity spectra
in the field-increased run fde) E||b and(b) E||c polarizations and
spectra(10—-293 K in Pr;_,CaMnO; (x=0.4) forE||lb and in the field-decreased run fofc) E|b and (d) Elc for a
E|c, respectively. With an increase in temperature from 10Ph-xCaMnO; (x=0.4) crystal at 30 K.
K to T,, the onset energy aF(w) shifts to lower energy.
Above T, (=235 K), the spectral weight is largely in- cally and is scarcely affected by the antiferromagnetic spin
creased in the lower-energy part, and the spectral shape berdering in theab plane. By contrast)A . decreases signifi-
comes gapless implying a closing of the charge gap. Such eantly belowTy. This might be because thleaxis hopping
temperature dependence of(w) resembles that of the of the excessls,2_,2 carriers is favored by the ferromagnetic
Lag3Sh5NiO, CO systent® On the other hand, the onset of spin ordering along the axis belowTy [see Fig. {b)] as a
c-polarized o(w) moves to higher energy, similar to the consequence of one-dimensiorfalong thec axis) double-
b-polarized case with a decrease in temperature figgn exchange interaction in thelectron-dopedCO state %
(=235 K) to Ty (=170 K), but shifts to a rather lower <0.5).
energy belowTy . [The c-polarizedo(w) at 10 K is drawn,
for clarification, with a bold line in Fig. @).] This result
indicates that magnetic ordering affects gap evolution in
c-polarized optical spectra. The next issue to be highlighted is the collapse and recon-
We estimated tha value by a linearly extrapolating pro- struction of the gap structure in magnetic field-increased and
cedure, as shown by dot-dashed lines in Figs. 2 &@l 3 -decreased runs for a Pr,CaMnO; (x=0.4) crystal at 30
Figure 4a) showsA values thus obtained as a function of K [see rout€2) in Fig. 1(a)]. In Figs. Fa) and b) we show
temperature. For comparison, the temperature dependencetbe magnetic-field dependenceRfw) at 30 K in the field-
magnetic susceptibility ) is shown in Fig. 4b). Above increased process (87 T) for E|b andE|c, respectively.
Te, the magnitude ofy is fairly large due to the double- A spiky structure around 0.06 eV is due to the highest-lying
exchange mechanism. Once charge ordering occlirs (oxygen phonon mode. In both the andc-polarizedR(w),
<T¢o), however, they value is abruptly suppressed becausea midinfrared part ofR(w) is gradually increased with a
of quenching of double-exchange interaction in the CO statemagnetic field up to 6 T, and the spectral shape is abruptly
Anisotropy of the magnetic susceptibility is clearly observedtransformed into a metallic high-reflectivity band between 6
in the temperature region beloty, while scarcely observed and 7 T. This value of the critical field is consistent with the
in the paramagnetic statd ¥ Ty). The y measured irH||c phase diagram in Fig.(4).'® Such a spectral change with an
is lower with a cusp structure @, but inHJb it is almost  external magnetic field over a wide photon energy region up
constant belowviT, indicating that an easy axis of sublattice to =3 eV is very unconventional, taking the small energy of
magnetization is approximately parallel to theaxis. (The  the magnetic field (1 #8.6x10 * eV) into account. The
increase iny below T~100 K is due to the canted antifer- quantity of the spectral weight transfer is by far larger than
romagnetic spin order) These results are consistent with that observed near the ferromagnetic transition temperature
those of neutron-scattering measureméhts. in Ndy -Sry sMnO; thin film 3!
Keeping the above in mind, we discuss fheependence In Figs. 5¢) and 5d) we also showR(w) in the field-
of the anisotropicA value[Fig. 4@)]. In the entire tempera- decreased run (0 T) for E||b andE||c, respectively. The
ture region belowl ., the A, values are always smaller than metallic reflectance band for both polarizations largely de-
A, . With decreasing temperaturd,, increases monotoni- creases between 5 and 4 T, and the spectral shape is gradu-

B. Magnetic-field dependence of optical spectra at 30 K
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FIG. 7. (8 The magnetic-field dependence &f (closed sym-
bols) and A (open symbolsin the field-increased ruftircles and
field-decreased rufsquaresfor a Pr_,CaMnO; (x=0.4) crystal
at 30 K. (b) The magnetic-field dependence of the resistiviy. (

o ) _ (c) The magnetic-field dependence of the magnetizatidi. (
FIG. 6. The magnetic-field dependence of the optical conductiv-

ity spectra in the field-increased run f@ E[b and(b) E[[c polar-  fina| spectral shape af(w) at O T never returns to the initial
izations, and in the field-decreased run for E[b and(d) Ec for  ne with a large anisotropisee Fig. 2
a Pg_,CaMnO; (x=0.4) crystal at 30 K deduced by Kramers-  ara e have again estimated thevalue as a measure of
Kronl_g_ anaIyS|s._ Dot-dashed lines indicate the estimate of the 9aphe charge-transfer energy reflecting charge, spin, and orbital
transition energiessee text ordering by means of the same extrapolating procedure as
mentioned abovésee Figs. 2 and)3In Fig. 7@ we show a
ally restored toward an initial spectral shape below 4 T. Tovariation of A value with magnetic field at 30 K for both the
see such a hysteretic spectral change with the magnetic fieféeld-increased and -decreased runs. For comparison, in Figs.
more quantitatively, we show in Fig(® [6(b)] the b- [c-] 7(b) and 1c) we show the magnetic-field dependence of re-
polarizedo(w) deduced by KK analysis and their magnetic- sistivity (p) along theb axis and magnetizatiofM) at 30 K,
field dependence at 30 K. With an increase in the magneticespectively. In both the andM measurements, the applied
field, the onset ofr(w) gradually shifts to a lower energy, magnetic field was parallel to thie axis as in the optical
and at 7 To(w) undergoes a large change into a metallicmeasurements. As showp(M) steeply drops(increasep
band, as expected from the variationR{fw). All the optical around 6.5 T in the field-increased run. Above 6.5M,
conductivity spectra below 6.5 T are gapped, with little specshows a nearly full moment~4ug), and thep value is
tral weight below the respective onset enerdiescept for metallic (=5x10"% Q cm) and is no longer affected by
optical-phonon componentsvhile the rapid and remarkable further increase of the field, indicating the fully spin-
transfer of the spectral weight to a lowéut not as far as polarized FM state. In the field-decreased rp(iy1) steeply
zerg energy with the magnetic field is observed even in theincreasegdrops below~4.2 T, where a high antiferromag-
insulator region. This is reminiscent of the doped Mott insu-netic insulating state is realized. It is worth noting that
lator case including a highi; cuprate’*33where the spectral does not return to the starting value, which is too high to
weight is gradually accumulated below the photon energy ofmeasure accurately, whil&1 below 4.2 T in the field-
an isosbetic pointapproximately corresponding to a gap decreased run reproduces the value observed in the field-
value in the parent insulatowith hole doping. The spectrum increased run. As mentioned aboyg, is greater thar . (30
abowe 7 T may have a Drude weigltoherent pajt butitis K, 0 T) by 0.18 eV. This difference is gradually decreased
still too small to estimate the exact weight from present datavith a magnetic field, and both th&, and A, values de-
(0.05 e\Kw<3 eV) due to the more dominant diffusive crease almost continuously down to zero at 6.5 T in the
(incoherenk spectral shapgThe value of the dc conductiv- field-increased run. These results clearly indicate that the or-
ity [c(0)] at 30 Kand 7 Tis~2x 10> O tcm ! [see Fig. der parameter of the CO state continuously decreases, and
7(b)], which is merely about twice that of(w) at 0.06 the anisotropy ofA is suppressed with the magnetic field. In
eV.) This incoherent spectral feature of the FM phase is conthe field-decreased run from 7 T, tie value appears be-
sistent with that of the La ,Sr,MnO; system near the tween 3 and 4 T, again in accordance with the critical field of
metal-insulator phase boundarx=0.175)34 In the field- p and M. However,A, and A, are rather comparable and
decreased run, such metallic spectra for both polarizationsbviously less thar . in the field-increased run. One might
(Ellb and E||c) dramatically return to the gaplike one be- consider that the small value df and p in the zero-field
tween 4 and 5 T, as shown in Figsicband Gd). With a  state after the field-decreased run results from coexistence of
further decrease in the magnetic field below 4 T, the onseEM domains in the insulating state due to the strong first-
energyA of o(w) shows a gradual and small increase. Theorder nature of the present charge ordering and disordering
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FIG. 8. The temperature variation of thepolarized reflectivity
spectra for a Br ,CaMnO; (x=0.4) crystal in a magnetic field of
7 T:(a) 180 K<T<290 K, and(b) 10 K<T<180 K.

FIG. 9. The temperature variation of the optical conductivity
spectra in Pr_,CaMnO; (x=0.4) for E|b polarization in a mag-
netic field of 7 T: (a) 180 K<T<290 K and (b) 10 K<T

N o <180 K. Dot-dashed lines indicate the estimate of the gap transi-
transitions. However, the striking decrease and reproducibiltion energiegsee text

ity of the M-value in the field-decreased run below 4.2 T

suggest that the FM component is, if anything, very minor ingeen in the field-increased run at 30 ¢. Fig. 60c)] is then
the final CO state. A possible origin of these irreversiblegcarcely changed down to 10 K.

behaviors ofp and A may be ascribed to the fact that the  \ye have again estimated the charge-transfer endrgy

d3,2r2 anddsy2_2 orbital ordering are not completely re- sing the same extrapolating procedure as shown by dashed

stored in the field-decreased run, so that the robustness of thiges in Fig. 9. In Fig. 108) we plot the temperature depen-
CO state may be weakened by such an orbital disorderingence ofA, in comparison with that op and M in Figs.

effect. To confirm the hypothesis, further studies such as b310(b) and 1c), respectively. The value gfin 7 T shows an
resonant x-ray scattering measurements in the magnetic ﬁegjorupt increase, whiltl is suppressed around230 K due
would be needed. to the charge ordering phase transition. With a further de-
crease in temperature, tpevalue increases up to 100 K, and
C. Temperature dependence of optical spectrain 7 T finally shows a drastic decrease~a60 K. The value oM

In this section, we discuss the temperature dependence EPO\;]VS a small C(;JSp s’(tjr(tjjctu_re aroufg (170 K), as shOV\;nGO K
optical spectra forE||b in a magnetic field b7 T in y the arrow, and a sudden increase at a iemperature o :

Pr,_,CaMnO; (x=0.4) [see routg3) in Fig. 1(a)]. Figure

8 shows theb-axis polarizedR(w) and its temperature de-

pendence at 7 T(The spiky structures around 0.08 eV are 03F (a) T ]
the highest-lying optical phonon mode, as mentioned above. o ook i
With a decrease in temperature from 290 to 180 K, the mid- 2 ol e 3 ]

infrared (0.1-0.5 eV part of R(w) shows a gradual de-
crease, as shown in Fig(a88. By contrast, the midinfrared
R(w) gradually increases from 180 to 70 K, and finally

Pr;_.CaMnO; (x=0.4)
¥ T

changes into a metallic band below 60[Rig. 8b)]. E =T ]
To argue such a nonmonotonous temperature dependence % ,/7T M|
of the electronic structure, in Fig. 9 we show the temperature ]
dependence of(w) in a magnetic field of 7 T. The lower- — 1+
energy part ofo(w) is suppressed, and becomes more gap- T Charge ordered ]
like with a decrease in temperature from 290 to 180H. g T insulator ]
9(a)], while the onset energy of the absorption shows a gi Ty ]
gradual redshift with a further decrease in temperature down W 7T
to 60 K[Fig. 9b)]. Such a variation of thé-axis polarized % o 2w 300
Temperature (K)

o(w) is in striking contrast to that observed in the zero-field-
cooled run[see Figs. 3 and(4)] in which the spectrar(w)

FIG. 10. (a) The temperature dependence of the energies of the

remains gaplike down to 10 kr(w) drastically turns into a polarized gap transitionA(,) for a Pf_,CaMnO; (x=0.4) crystal
metallic band below 60 K that is in accord with a critical in a magnetic field of 7 T(b) The temperature dependence of the
temperaturetas T for the transition from the CO state to the resistivity p at 0 T (open circles and 7 T(closed ones (c) The

FM state'® The metallic spectral shape comparable with thatemperature dependence of the magnetizationat 7 T.
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In the low-temperature state below 60 Kp~5 (=0.18 eV). Furthermore, an increase in number of optical-
x10"% Q cm andM~4pug, indicating that the FM state is phonon modes is _observed upon the charge ordering transi-
realized due to the reentrant melting of the CO state. SucHon, as observed in LgSr;,MnO, with a similar CO state.
temperature-induced charge ordering and disordering transPS the temperature is increased from 104, continuously
tions are sensitively reflected in the temperature variation oflecreases whilé slightly increases up td’y, and then

A,. The value ofA, in 7 T becomes finite at the charge decreases abovk . This anomaly ford. aroundTy is due
ordering temperature<230 K), and rises with decrease in t© the spin ordering structure afiodified CEtype, namely,

temperature. This increase &y, saturates around@ly, which antiferro_magnetic in theb plane but ferromagnetic along
! the c axis.

gggr;%strin\/[vcl)thert]hceir(r:r;é)srl(i)r:ogi()usl((;;a: r?risei;nretgﬁtsz?r?'reld' We have investigated the electronic-structural change ac-
that the charpe ordering is wgékene.d by the spin orde?ir)]/ icompanying the magnetic-field-induced insulator-metal tran-
9 9 y P 9 'Wition at 30 K. Both thé- andc-polarized reflectivity spectra

the x=0.4 C“t/St?I in 7 g ) Qc‘grd'”g Ct)o3neut_rt(r)]n-d|ffra.(|:t|on drastically change from an insulating low-reflectivity to a
measurements for Pr,CaMnQ; (x=0.3), with a similar metallic high-reflectivity bandta7 T over a wide photon

spin-charge-orbital ordering by Yoshizawaal,?® a super- energy region(0.05-3 eV. The magnitude ofv, and A,

lda;tr'%e g?:cl)( ;r:te?;gsogél';'o a_:lhs I;g dgg:g;Sh: :tr?gr?]l c()arr_a- obtained from the respective(w) gradually decreases with
Ing u uig wi P a magnetic field, and finally disappears at 6.5 T, indicating

ture in 2.5 T, while it shows a continuous increase in the 2819 almost continuous change in the electronic structure from

fleld-coolgd run. The presgnt result is cor}S|s_tent with th'sthe anisotropic CO state to the isotropic ferromagnetic metal
neutron-diffraction observation, and clearly indicates that the spite of the gigantic change of resistivity upon the com-

order parameter of the CO state is suppressed by the antifeﬁlete melting transition of the CO state. In the field-
romagn_eth spin ordering in a magnetlgsfleld. A recent hlgh-deCreased run from 7 T, both values suddenly emerge
n:agneftlt%—ﬁecl%sttj ?y igxthTOk;: nageztial.r r;evialsn;haé th?N around=~4.5 T. Surprisingly, the clear anisotropic feature
area ot the state € phase diagram expands Bl was not observed even once at zero field after the field-
in the x=1/2 sample(commensurate doping leyelThese

experimental results lead to the conclusion that the comme induced melting of the charge and orbital ordering, which
surate CE-type spin ordering stabilizes the CO state,rbmbably results from the subsisting orbital disordering.

whereas the modifieGE type, as shown in Fig.(b), weak- Such charge ordering and disordering transitions are also

. - observed in the temperature-decreased run in magnetic
ens the robustness of the charge and orbital ordering. Th'ﬁelds say 7 T. As the temperature decreasesbipelarized
also explains why the relatively low-field colossal MR effect ' .

is ob d.in the di te PCAMNO ¢ o(w) becomes gaplike around 230 K due to the CO transi-
IS observed In the discommensuratg KLalvins SyStem. 4, “the yalue ofA, increases with decrease in temperature
With a further decrease in temperature belby, Ay is

dquallv d d and h t 460K S from 230 K down toTy, but rather decreases once thedi-
gradually decreased and reaches zero at aroun - SUChigy CEtype spin orderindFig. 1(b)] is realized. This result
continuous decrease af, with temperature is in contrast to

- ~indicates that th [ i k th t f th
the drastic change qf andM, but resembles the change in indicates that the spin ordering weakens the robustness of the

A dA in the field-i d and -d q CO state in an external magnetic field, which is consistent
b and a. seen In he neld-increased and -decreased rUng,, the result of recent neutron-diffraction measureméhts.
(see Fig. 7. The gradual variation of the gap feature is thusWith a further decrease in temperatusd) at 7 T isdras-

cgmmonlydobsbe_trvled dprlqr to the complete collapse of the[ically transformed into a metallic spectrum around 60 K, in
charge and orbital ordering. accord with the resistive transition to the ferromagnetic me-

tallic state due to the reentrant charge disordering.
IV. SUMMARY
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