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Charge ordering and disordering transitions in Pr,;_,Ca,MnO; (x=0.4)
as investigated by optical spectroscopy
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The magnetic-field dependence of optical spectra and their anisotropy have been investigated for a single
crystal of P;_,CaMnO; (x=0.4) at 30 K. The charge-orderd@€O) state is transformed into a ferromagnetic
metallic state by a magnetic field of 6.5 T, which is manifested in a huge change of optical spectra over a wide
photon-energy regio(0.05 eV-3 eV. The observed change in magnitude and anisotropy of the optical spectra
with the external magnetic field has been elucidated in terms of the spin- and orbital-ordering structures in the
CO state[S0163-18208)51316-1

In the course of recent intensive studies, spin-charge- To overview the transport and magnetic properties of the
orbital coupled phenomena have been revealed fo€E-type CO state of Rr ,CaMnO; (x=0.4), we reproduce
perovskite-type manganese oxides. The L&r,MnO; sys- in Fig. 1(@ the phase diagram in the temperature and
tem, which has a relatively wide one-electron bandwidthmagnetic-field plané This compound undergoes the charge/
(W), shows a ferromagnetic metallic stateediated by the orbital-ordering transition al co~235 K under zero field,
double-exchange mechaniif and a large magnetoresis- and the nominal MA* and Mrf* species are regularly ar-
tance effect was observed near the Curie temperafiyje®(  ranged belowT o as shown in Fig. (b). Upon the charge
In a more distorted perovskite with a smallew, ordering,ds,2_ ;2 andds,2_,2 orbitals at the MA* site are
Pr,_,CaMnO; (0.3<x=<0.5) system, however, the metallic alternately ordered in thab plane® as also shown in Fig.
(and ferromagnetjcstate is no longer present and real spacel(b). As the temperature is decreased, antiferromagnetic spin
ordering of charge carriercharge orderingtakes plac&’  ordering subsequently occui$y~170 K, a closed triangle
Such a charge-orderd@O) state is accompanied with spin in Fig. 1 (a)]. The pattern of spin ordering beloW is so
and orbital ordering, the pattern of which is call&E called CE-type®® (To be precise on the basis of the neutron
type®° The robustness of the CO state is very sensitive to theliffraction measuremefitthe direction of the spin is canted
commensurability of the hole concentration with a periodic-from thec axis by 20°-309. The fact thafTy, is lower than
ity of the latticé and hence most enhanced at the nominall oo is characteristic of the Pr,CaMnO; system and con-
hole concentratiox=1/2. The deviation of hole concentra- trary to the case of the N@Sr,,MnO; system where the
tion from x=1/2 weakens the CO state, so that application ofsimilar CE type butconcomitantspin and charge ordering
an external magnetic field can melt the CO state into a fertakes placé? With the decrease of temperature beldyy,
romagnetic metallic state, decreasing the resistivity by mor¢he canted antiferromagnetic ordering occurs gi~40 K
than several orders of magnitu@ié. [an open triangle in Fig.(b)]. This order is perhaps a con-

Measurements of optical spectra are useful in probing theequence of an incommensurate hole-doping lexel X/2)
electronic structure of the perovskite-type manganesand in thex=1/2 crystal such a canted magnetic order has
oxide? In this paper, we adopt a crystal of ,PLCaMnOs not been observetiUnder the external magnetic field, the
(x=0.4) as a prototypical charge-ordering system. In addi-CO state is transformed into a ferromagnetic metallic state as
tion to the magnetic-field-induced transitibmetal-insulator mentioned before. The hatched region in Fi¢g) lshows a
phase control has recently been demonstrated for theld-hysteresis characteristic of the first-order phase transi-
Pr,_,CaMnO; system, such as the insulator-metal transi-tion. Hereafter, we show a variation of the optical spectra at
tions induced by x-ray irradiatiot}, photoexcitationt? and 30 K along a route in thel-T plane shown with an arrow in
current injectiont®> which are all relevant to the charge- Fig. 1(a), which causes the charge-ordering /disordering tran-
disordering transition. We investigate here the variation ofsition.
the anisotropic electronic structure of the CO state with mag- A crystal of P;_,CaMnO; (x=0.4) was grown by the
netic field in terms of optical conductivity spectra. floating-zone method, the details of which have already been
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FIG. 2. The anisotropyE| b andE||c polarization of the optical
conductivity in a single crystal of Pr,CaMnO; (x=0.4) at(a)
293 K and(b) 10 K.

lowest photon energy investigated aad ¢ extrapolation
above 36 eV. The measurements of magnetic susceptibility
were done with a superconducting quantum interference de-
vice magnetometer. Resistivity was measured by the conven-
tional four-probe technique.

We show in Fig. 2 optical the conductivity spectrum
o(w)] in Pr,_,CaMnO; (x=0.4) forE||b andE|/c at 293
FIG. 1. (a) The tempera_ture and magnetic phase diagram o (a) and 10 K(b). (Spiky structures below 0.06 eV are due
Prl,XCag(l\/‘InO3 (x=0.4? denyed from Ref. .7. The hatched area ¢ optical-phonon modesAt 293 K aboveTcg, anisotropy
shows a field-hysteresis region. A closed tnang_le denotes the Nee)s o(w) is quite small and the minute polarization depen-
temperaturd’y, and an open one the canted antiferromagnetic rang e -6 js perhaps due to the orthorhombic distortion. With the
zfézr;ir:;rgriftﬁ;e-r%'e fgg::!'gsvirmi;tysznsdpén'zanzdoft:?;%e' decrease of temperature from 293 K to 10 K, the spectral
(see text ' - Syt weight of both theb andc axis polarizeds(w) below~0.2

eV is suppressed at 10 K indicating an opening of the charge

reported elsewhere.Inductively coupled plasma atomic gap in the CO state. Such a temperature dependeneeudf
emission spectroscopy and chemical titration have confirmetesembles that of the two-dimensional CO system,
that the obtained crystal has precisely prescribed stoichiom-as3SrNiO4.*® In the CO state at 10 Kviewed as the
etry. Near-normal incidence reflectivifyfR(w)] was mea- ground statg the difference between the and c axes po-
sured on theé1 0 0) face of thex=0.4 crystal(Pbnmortho-  larized o(w) becomes large reflecting the anisotropy of the
rhombic structure with a typical size of 4mm5mm  ordering pattern of the charge, spin, and orbifaiee Fig.
X 0.5mm using a Fourier transform type spectrometer for thd(b)]. The most notable anisotropic feature is that eath)
range of 0.05-0.8 eV and grating monochromators for thdas a different onset energ\]. To be more quantitative,
higher-energy region(0.6—36 eV. For the measurement we have estimated each (A, and A;) by extrapolating
above 5 eV, we utilized synchrotron radiation at the INS-linearly the rising part of thé andc axes polarizedr(w) to
SOR, Institute for Solid State Physics, University of Tokyo.the abscissa as shown by dashed lines in Fip). 4t is
We measure®(w) between 0.01 eV and 3 eV with varying reasonable to consider that tidg, means that the charge
temperature under 0 T. High magnetic-field measurements dfansfer energy arising from the transition df,2_,2 (or
R(w) between 0.05 eV and 3 eV at 30 K were made with adsy2_,2) electron to the neighboring M site with a paral-
7 T split-type superconducting magnet equipped with ZnSdel spin[see Fig. 1b)]. The d;,2_,2 (d3y2_,2) electron can
and KRS-5 windows for infrared spectroscopy and quartzardly hop along the axes due to a small transfer integral as
ones for visible measurements. The magnetic field was apwell as to a large on-site Coulomb energy. The excess elec-
plied along theb axis of thePbnmorthorhombic latticdsee  trons which are introduced into th8 E-type CO state by
Fig. 1(b)]. The optical conductivity spectra at various tem- decreasing fronx=1/2 are likely to occupy thels,2_,2 or-
peratures and magnetic fields were obtained by a Kramerbital of the M+ site® so that theA, originates from the
Kronig (KK) analysis of the respectiie(w) data®® For the intersite transition of such exceds,2_,2 electrons. The fact
analysist® we assumed the constant reflectivity below theof A.<A, implies that the effective intersite Coulomb cor-




RAPID COMMUNICATIONS

57 CHARGE ORDERING AND DISORDERING TRANSITION . .. R9379

Pr;_,Ca,MnOs, x=0.4
30K, Elfb
(@) 1

Pr;_,Ca,MnO3 ,x=0.4
T T T T T T T T

Field increasing run

Reflectivity
=
(%
g (w)10*Q em™)
(=]
N
T

oT 30K Eb |
" y ' Il y

—t—t+—1
Field increasing run

o
z 5§ |
z P
205 Tt
& S0.5F Sl
3 ]
S ]
\f’g 30K, Eljc |
0 — 05 1
Photon Energy (eV) #w (eV)
FIG. 3. The magnetic-field dependence (ef b-polarized and FIG. 4. The magnetic-field dependence(af b-polarized and
(b) c-polarized reflectivity spectra of Pr,CaMnO; (x=0.4) at30 () c-polarized optical conductivity spectra at 30 K deduced by
K. Kramers-Kronig analysis.

relation is larger for the in plane than that for theaxes in T in the field-increasing run. Above 6.5 T thevalue is
such a discommensurate CO state. Under these circunmetallic (=5x10 * Q cm) and no longer affected by fur-
stances, the gap energy of the density of states should idger increasing the field, indicating the occurrence of the
assigned taA, (=0.18 eV} in the ground state rather than fully spin-polarized metallic state. The observed variation of
A,. This gap energy is comparable to that of CO state oPptical spectra is consistent with this magnetoresistive be-
other 3 transtion metal oxides, e.g., &, (=~0.14 e\j  havior. As mentioned above, the value (30 K, 0 T) is
(Ref. 19 and Lay3Sr;5NiO, (=0.24 e\).18 different between thé andc axes by~0.18 eV. The differ-
The next issue to be discussed is the variation and colence is gradually decreased with a magnetic field and both
lapse of the gap structure in the course of the magnetic fieldhe A, and A values become zero almost continuously at
induced insulator-metal transitigiMT) in a Py _,CaMnO,; 6.5 T in the field-increasing run. These results clearly indi-
(x=0.4) crystal at 30 K(Both theb- andc-polarized optical ~cate that the order parameter of the CO state, which can
spectra scarcely changes from 10 K to 30 Ks displayed in
Fig. 1(a), the IMT at 30 K is observed at 6.4 T and 4.2 T in P Ca,MnO3 (x=0.4)
the field-increasing and decreasing run, respectively. We -~ Tz
show the magnetic-field dependencelnfand c-polarized 0.3 (a)'\g//b .
R(w) at 30 K in Figs. 8 and (b), respectively. A spiky '\
structure around 0.06 eV is due to the_highest-lying oxygen 025 Elfe "o ~
phonon mode. In both thle- and c-polarizedR(w), the in-
frared reflectivity is gradually increased with a field up to 6 e
T, and abruptly transformed into the metallic one between 6 o1r
and 6.5 T. Such a huge spectral change with an external " 30K
magnetic field over a wide energy region up to 3 @¢ it 0 :
were magnetochromisjinhas seldom been observed so far. palD) i//b
We show theb- and c-polarizedo(w) spectra deduced by 102k
KK analysis in Figs. 4a) and(b), respectively. With increas- T
ing magnetic field, the onset af(w) gradually shifts to S 100k
QU

A (eV)

lower energy, andtar T theo(w) undergoes a large change
into a metallic band, as expected from the variatioR(b).
We estimated\ by means of the same extrapolating proce-
dure as in the analysis of 10 K specfféig. 2(b)]. In Fig. o E ]
5(a) is shown a variation of thA value with a magnetic field 0 2 H4 6 8
at 30 K both for the field-increasing and decreasing runs. @

For comparison, we show in Fig(lh the magnetic-field FIG. 5. (8 The magnetic-field dependence of thg (closed
dependence of resistivityp] along theb axis at 30 K. The  symbolg and A, (open onekin the field-increasing ruricircles
applied magnetic field was parallel to theaxis as in the and decreasing rutsquaresfor Pr;_,CaMnO; (x=0.4). (b) The
optical measurements. Thesteeply drops between 5 and 7 magnetic-field dependence of resistivity) (

Charge ordered X
insulator

F 30K




RAPID COMMUNICATIONS

R9380 OKIMOTO, TOMIOKA, ONOSE, OTSUKA, AND TOKURA 57

hardly be probed by resistivity measurements, continuouslyear the metal-insulator phase bound&ry.

decreases and the difference betwegnand A, is sup- In summary, we have observed the variation of optical
pressed with the magnetic field. In the field-decreasing runspectra and their anisotropy with magnetic field for a single
the gap opening is observed below the critical field betweewrystal of Py_,CaMnO; (x=0.4). In the ground state of
4.5 and 4 T, in accord again with the field-hysteretic behavthe CO state(10 K), A, (the onset energy of-polarized

ior of the resistivity. However, thd, andA are comparable  gptical conductivity is smaller tham\,, , which is anticipated
and obviously less than th, in the field-increasing run, as from the proposed spatial pattern of the charge and orbital
shown in an inset of Fig.(8). This irreversible behavior is ordering in the CO state. The optical gap energy at 10 K is
perhaps due to the strong first-order nature of the presenliimated as<0.18 eV, which is comparable to other CO
field-induced transiton, but consistent with a difference in thesystems. We have investigated the electronic-structural

resistivity values of the CO state between the field-increasin%hange in the course of the magnetic-field-induced insulator-

and decreasing runs. " :
X . metal transition at 30 K. Both thie- andc-polarized spectra
: It is worth nc_)tmg here t.haAb and A, gradually c_hange drastically changetas T over a wide photon-energy region
with a magnetic field whilec(w) [or R(w)] drastically . )
) ) (0.05 eV-3 eV. The magnitude oA, andA . obtained from
changes from a gaplike to a metallic feature around 6.5 T, : . g
. - . fhe respectiver(w) gradually decrease with a magnetic field
Such a large energy-scale change upon the IMT is reminis- . L
N and disappears at 6.5 T. These results indicate the rather
cent of the Mott transition in the electron correlated system. " . ; . .
. . " continuous change in the electronic structure from the aniso-
As in a barely metallic state near the Mott transition, the " . ; ; . .
: tropic CO state to the isotropic ferromagnetic metal with
spectral shape aof(w) at 7 T, where the metallic ferromag- . ; -
i . ) . increasing the magnetic field.
netic state is realized, is only moderately dependentwon
being far from a simple Drude shape. The value of the dc We would like to thank S. Ishihara, T. Arima, and T.
conductivity[ 0(0)] at 30 Kand 7 Tis~2x 106 Q" cm™?! Katsufuji for enlightening discussions. This work was sup-
[see Fig. Bb)] and merely about twice the value of w) at  ported in part by Grant-in-Aids for Scientific Research from
0.05 eV. These results imply that the charge dynamics in théhe Ministry of Education, Science, Sport, and Culture, Ja-

field-induced metallic state is highly diffuse or incoherght, pan, and by the New Energy and Industrial Technology De-

which is also consistent with the results of;LaSr,MnO, velopment Organization of JapaNEDO).
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