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Critical control of competition between metallic ferromagnetism and chargeÕorbital correlation
in single crystals of perovskite manganites
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The transition between a ferromagnetic metal and an insulator with short-range charge/orbital correlation has
been investigated for the manganitesR0.55Sr0.45MnO3 @R5Sm, Eu, Gd, and Sm12yGdy (0<y<1)]. Thephase
diagram as a function of the averaged radius of perovskiteA-site cations is entirely modified from the proto-
typical bicritical phase diagram, e.g., for Pr0.55(Ca12ySry)0.45MnO3 with the competition between the ferro-
magnetic metal and charge/orbital-ordered insulator. Larger randomness via the local lattice distortion in
R0.55Sr0.45MnO3 enhances the phase fluctuation between ferromagnetic metal and charge/orbital-ordered insu-
lator and suppresses their long-range orders.

DOI: 10.1103/PhysRevB.68.094417 PACS number~s!: 71.27.1a, 71.30.1h, 75.30.Kz
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I. INTRODUCTION

Manganese oxides with perovskite structure have been
tracting great interest since they show a variety of intrigu
phenomena due to a unique coupling among spin, cha
and orbital degrees of freedom of 3d electrons.1 One such
example is colossal magnetoresistance~CMR!. The magni-
tude of CMR cannot be described by the magnetic scatte
mechanism alone, and it has been suggested that the im
tance of an electron-lattice coupling related with Jahn-Te
distortion plays an important role.2,3 The lattice effects on
CMR have been studied experimentally onR0.7A0.3MnO3

(R31 and A21 being usually rare-earth elements a
alkaline-earth-metal elements, respectively!.4 In
(La12yPry)0.7Ca0.3MnO3,4 for example, the ferromagneti
metal ~FM! at y50 changes to an insulator aty51 while
keeping the hole-doping level constant, and the magnitud
the magnetoresistance~MR! is enormously enhanced asy
increases, or the lattice distortion increases.
R12xAxMnO3, a decrease of the averaged radius ofR31 and
A21 leads to an increase of the tilting of MnO6 octahedra,
which causes the reduction of hybridization between Mnd
eg and O 2p states, i.e., the effective one-electron bandwi
~W!.5 In such a reduced-W case, the FM due to the doub
exchange mechanism6,7 suffers from other competing insta
bilities, such as the electron-lattice coupling~Jahn-Teller dis-
tortion!, antiferromagnetic interaction between localt2g
spins, charge/orbital ordering~CO/OO!, and so on.8 Under
such a competition, the removal of the antiferromagnetic
teraction originating from the charge/orbital correlation
magnetic fields seems to cause CMR.8,9

Another noteworthy aspect is an electronic phase sep
tion as a generic feature of the systems with disorder.10–12

For the electronic phases competing with each other, e
the FM and CO/OO, the relative stability as well as t
fluctuation of the respective phases is drastically affec
by quenched disorder, e.g., the random chemical replacem
at the perovskiteA sites. However, most of the previou
0163-1829/2003/68~9!/094417~7!/$20.00 68 0944
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works reporting the phase separation have been done u
the polycrystalline sintered specimens, in which the gr
boundaries seem to be more effective than the chem
substitution alone and mask the dramatic feature arising f
the quenched disorder inherent to the doped perovskite.

In this paper, we investigate the metal-insulator pheno
ena in single crystals ofR0.55Sr0.45MnO3 @R5Sm, Eu, Gd,
and Sm12yGdy (0<y<1)]. A systematic study of
(Sm12yGdy)0.55Sr0.45MnO3 indicates that the FM is kept up
to y;0.5 ~corresponding toR5Eu) with a reducedTC of
;50 K, while it changes to a spin-glass-~SG! like insulator
for y>0.6. We demonstrate theR- or y-dependent competing
features between a FM and a paramagnetic or SG-
insulator13,14 with short-range charge/orbital correlatio
No macroscopic phase separation is discerned when h
quality single-crystal specimens are used. Near the me
insulator phase boundary, the CMR and field-induc
insulator-to-metal transition are turned into the mo
conspicuous ones.

II. EXPERIMENTAL PROCEDURES

Single crystals ofR0.55Sr0.45MnO3 @R5Sm, Eu, Gd, and
Sm12yGdy (0<y<1)] were prepared by the floating zon
method. The mixed powders ofR2O3 , SrCO3, and Mn3O4
with a prescribed ratio were calcined at 1100 °C for 12–2
in air. The powders were pulverized and again sintered in
same condition. Then the powders were pressed into a r
mm in diameter and about 70 mm in length, and the rod w
fired at 1200–1300 °C for 24 h in air. The crystal was grow
in an oxygen atmosphere by rotating the feed and seed
in opposite directions. The growth rate was set 10–20 mm
The obtained crystals were pulverized and checked b
powder x-ray diffraction ~XRD! with Cu Ka radiation
~MXP18 AHF,22 MAC Science Co, Ltd!. The diffraction pat-
tern was collected by theu/2u step scanning method in th
range 15°<2u<110°. Reitveld refinement of the XRD pa
tern indicated that the obtained crystal is a single phase,
that the crystal structure is orthorhombicPbnmwith the re-
©2003 The American Physical Society17-1
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TABLE I. The analyzed cation ratio, lattice parameters, and transition temperature
(Sm12yGdy)12xSrxMnO3 prepared by the floating zone method with the prescribed compositions,x50.45
andy50 – 1.

y
~nominal!

x
Sr/(Sm1Gd1Sr)a

y
Gd/(Sm1Gd)a

Lattice parameters,
a0 , b0 , andc0 ~Å!

TC ,b TG
c

~K!

0 0.451 0 a055.4401,b055.4253,
c057.6556

134.8b

0.1 0.449 0.0967 a055.4382,b055.4263,
c057.6540

127.3b

0.3 0.446 0.301 a055.4345,b055.4273,
c057.6541

94.8b

0.4 0.449 0.400 a055.4326,b055.4258,
c057.6518

83.9b

0.5 0.444 0.504 a055.4306,b055.4254,
c057.6510

64.2b

0.6 0.447 0.599 a055.4248,b055.4293,
c057.6468

49.1c

0.7 0.434 0.707 a055.4246,b055.4292,
c054.6457

44.7c

1 0.450 1 a055.4183,b055.4316,
c057.6434

44.0c

aThe cation ratio was determined by the inductively coupled plasma~ICP! spectroscopy.
bThe averaged value of the transition temperatures in the cooling and warming runs.
cThe temperature at which a cusp structure appears in the ZFC magnetization at 100 Oe.
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lation a0;b0;c0 /&;A2ap , whereap is the lattice param-
eter of the pseudocubic setting. The cation ratio of
obtained crystals was also checked by the inductiv
coupled plasma~ICP! spectroscopy and found to nice
coincide with the prescribed one. The analyzed cat
ratio, lattice parameters, and the transition temperatures
several crystals of (Sm12yGdy)0.55Sr0.45MnO3 are listed in
Table I.

Magnetization was measured by a SQUID magnetom
~MPMS, Quantum Design Inc.!. The ac susceptibility was
also measured with varying the frequency from 0.5 to
kHz. The amplitude of the ac excitation magnetic field w
10 Oe. Resistivity in magnetic fields was measured in a c
ostat equipped with a superconducting magnet up to 7 T.
electrodes for the resistivity measurement were made b
gold paste.

A single crystal x-ray diffraction was performed using
imaging plate system with monochromated MoKa radia-
tion. A crystal was mounted on a goniometer with a~100!
plane of the pseudocubic setting almost perpendicular
beam axis. The temperature was changed down to aroun
K with use of a closed cycle helium refrigerator. To meas
the Raman scattering, we prepared a cleaved surface
focused an incident light from a He-Ne laser (l56328 Å)
on the sample. A magnetic field up to 5 T was applied wit
superconducting magnet. The scattered light in the ba
scattering configuration was collected through a notch fi
and dispersed by a monochromator equipped with a co
charge-coupled device detector.

III. RESULTS AND DISCUSSION

A. An overview of an electronic phase diagram

Figure 1 shows the temperature profiles of~a! intensity of
09441
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x-ray diffuse scattering around~220! in the orthorhombic
Pbnm setting @corresponding to the~020! reflection in the
pseudocubic setting1# for R0.55Sr0.45MnO3 (R5Sm, Eu, and
Gd!, ~b! intensity of the Raman phonon mode around 4
cm21 for (Sm12yGdy)0.55Sr0.45MnO3 (y50, 0.5, and 0.7!,
and~c! resistivity forR0.55Sr0.45MnO3 (R5Nd, Sm, Eu, and
Gd! as well as (Sm12yGdy)0.55Sr0.45MnO3 (y50.5 and 0.7!.
The diffuse scattering intensity@Fig. 1~a!# and the Raman
intensity @Fig. 1~b!# both represent the charge/orbital corr
lation, as described later. In Fig. 1~c!, an anomaly in resis-
tivity is seen at;280 K (5TC) for R5Nd, while it is low-
ered to ;130 K for R5Sm. For R5Eu, TC is further
lowered to;50 K with a change in resistivity by more tha
seven orders of magnitude. ForR5Gd, the resistivity is no
more metallic down to the lowest temperature. For an all
ing system of (Sm12yGdy)0.55Sr0.45MnO3, the FM is seen as
the ground state at 0<y<0.5, while an insulator at 0.6<y
<1. In Fig. 1~c!, the temperature profiles of resistivity fo
(Sm12yGdy)0.55Sr0.45MnO3 (y50.5 and 0.7! are also shown
in comparison with those of Eu0.55Sr0.45MnO3 and
Gd0.55Sr0.45MnO3, respectively, whose resistive~and other!
behaviors go almost parallel.

In the CO/OO withx51/2 at T,TCO, superlattice dif-
fractions, e.g.,~23

20! or ~25
20! in the orthorhombicPbnm

setting,16 are formed due to theeg-orbital ordering on the
Mn31 sublattice.17,18 Even aboveTCO, the diffuse scatter-
ings are visible as a sign of the charge/orbital correlation i
short range.19–21 In this paper, the intensity of the diffus
scattering at~2 1.7 0! has been estimated by fitting the profi
of (21Dh 1.7 0) @20.5<Dh<0.5, inset of Fig. 1~a!# with a
Gaussian form. In Fig. 1~a!, for R5Sm and Eu, the intensity
of diffuse scattering increases as temperature approa
7-2
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CRITICAL CONTROL OF COMPETITION BETWEEN . . . PHYSICAL REVIEW B68, 094417 ~2003!
TC , but it is suddenly decreased atTC , which is in accord
with the resistive transition shown in Fig. 1~c!. For R5Gd,
on the other hand, the diffuse scattering intensity is found
persist to the lowest temperature. The intensities of the
man phonon modes indicating the charge/orbital correla
@vide infra, Fig. 1~b!# show features very similar to the x-ra
diffuse scattering.

FIG. 1. ~Color online! Temperature profiles of~a! intensity of
x-ray diffuse scattering around~020! diffraction forR0.55Sr0.45MnO3

(R5Sm, Eu, and Gd!, ~b! intensity of Raman phonon mode aroun
490 cm21 ~see Fig. 3! for (Sm12yGdy)0.55Sr0.45MnO3 (y50, 0.5,
and 0.7!, and ~c! resistivity in cooling runs for the crystals o
R0.55Sr0.45MnO3 (R5Nd, Sm, Eu, and Gd! ~solid line! as well as
(Sm12yGdy)0.55Sr0.45MnO3 (y50.5 and 0.7! ~dotted line!. The solid
line in Figs. 1~a! and 1~b! is the guide for the eye. Inset of~a! shows
x-ray diffuse scattering around~020! reflection for Eu0.55Sr0.45MnO3

taken at 55 and 45 K. The intensity of the diffuse scattering
~0.15 1.85 0! has been estimated by fitting the profile of (0.1
1d 1.851d 0) (20.25<d<0.25) with Gaussian form, and it ha
been normalized by an intensity of~110! reflection. The reflections
are indexed in the pseudocubic setting. The reflection at the r
side of ~020! is due to the twinning of the crystal.
09441
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Figure 2 shows temperature profiles of magnetization~up-
per! as well as resistivity~lower! in magnetic fields for the
crystals of y50.5 ~right! and 0.7 ~left! of
(Sm12yGdy)0.55Sr0.45MnO3, which are located in the imme
diate vicinity of the metal-insulator phase boundary.
shown in the resistivity at zero field, a FM is seen as
ground state fory50.5, while an insulator is seen fory
50.7. In the case ofy50.7, however, a metallic state star
to appear at 3 T and below;50 K. As the magnetic field is
intensified, the metallic state is relatively stabilized in co
mon to the cases ofy50.5 and 0.7. In the both cases ofy
50.5 and 0.7, rather discontinuous changes of magnetiza
as well as resistivity are observed as accompanied by the
hysteresis, indicating the first order nature of the transitio

For y.0.5, a SG-like state also becomes prevailing.13,14

The inset shows temperature profiles of ac susceptibility
the y50.7 crystal, which is a typical example of the insula

t

ht

FIG. 2. ~Color online! Temperature profiles of magnetizatio
~upper! as well as resistivity~lower! in magnetic fields for the crys-
tals of y50.5 ~right! and 0.7~left! of (Sm12yGdy)0.55Sr0.45MnO3 .
For the magnetization measurement, the sample was first coole
the lowest temperature at zero field, and then the magnetic field
set at 0.5 T, and the zero-field-cooled~ZFC! magnetization was
measured with increasing temperature. For the cooling run,
field-cooled~FC! magnetization was subsequently measured w
decreasing temperature at the same magnetic field. For the o
measurements of magnetization as well as resistivity, a prescr
magnetic field was first set at the highest temperature, and the c
ing and warming runs were measured. The cooling and warm
runs are indicated by the dotted and solid lines, respectively. I
shows the ac susceptibility at low temperatures for they50.7 crys-
tal.
7-3
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TOMIOKA, OKIMOTO, JUNG, KUMAI, AND TOKURA PHYSICAL REVIEW B 68, 094417 ~2003!
ing phases at y.0.5 in (Sm12yGdy)0.55Sr0.45MnO3.
As shown in the inset, cusp structures are seen around 4
and the susceptibility below;45 K becomes frequenc
dependent. These features are characteristic of a SG s
indicating that the ground state aty.0.5 is a SG-like
insulator.

Figure 3 shows the electronic phase diagram of
R0.55Sr0.45MnO3 crystals as a function of the averaged rad
of the A-site ions in comparison with that o
Pr0.55(Ca12ySry)0.45MnO3.15 In R0.55Sr0.45MnO3, TC de-
creases from;280 to;130 K asR changes from Nd to Sm.9

In (Sm12yGdy)0.55Sr0.45MnO3, it further decreases down t
;50 K aty;0.5, and then the FM is taken over by a SG-li
insulator for y>0.6. As shown in Figs. 1~a! and 1~b!, the
intensities of the x-ray diffuse scattering forR5Gd and the
Raman phonon mode at 490 cm21 for y50.7 seem to be
saturated below;50 K. This suggests that the charge/orbi
correlation remains short-ranged down to the lowest te
perature. BelowTG , therefore, neither the long-range ord
of FM nor CO/OO is realized. In the
Pr0.55(Ca12ySry)0.45MnO3 system, by contrast, the reductio
in TC is not so remarkable as in theR0.55Sr0.45MnO3 system.
Moreover, the phase change from a FM to a CO/OO~long
range! insulator is typically bicritical with TC5TCO
;200 K.13,14 That is, the phase diagram of th
R0.55Sr0.45MnO3 system is different from the bicritical fea
ture in spite of the common hole-doping level and even wh

FIG. 3. ~Color online! The electronic phase diagram o
R0.55Sr0.45MnO3 (R5Pr, Nd, Sm, Eu, and Gd! as a function of the
averaged ionic radius of theA site in comparison with that o
Pr0.55(Ca12ySry)0.45MnO3 . For the R0.55Sr0.45MnO3 system, the
data for (Nd12ySmy)0.55Sr0.45MnO3 (0,y,1) and
(Sm12yGdy)0.55Sr0.45MnO3 (0,y,1) are also indicated. The
charge/orbital-ordered insulator~for Pr0.55(Ca12ySry)0.45MnO3) and
ferromagnetic metal are denoted as CO/OOI and FM, respectiv
The transition from~to! CO/OOI is represented by closed~open!
circles, and that from~to! FM by closed~open! squares, respec
tively. The spin-glass ~SG! transition temperatureTG ~for
(Sm12yGdy)0.55Sr0.45MnO3 (0.6<y<1)) is indicated by closed tri-
angles. The hysteresis regions are hatched.
09441
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the averaged radius of the perovskiteA site is taken as the
common abscissa. The dramatic modification of the FM
CO/OO phase diagrams is quite analogous to the case o
A-site order versus disorder ofR0.5Ba0.5MnO3,23 where the
perfectR/Ba ordering along thec axis alters the phase dia
gram of theR/Ba solid solution~similar to the present one o
the R/Sr solid solution! to the typical bicritical phase dia
gram @similar to that of Pr0.55(Ca12ySry)0.45MnO3]. There-
fore, the large modification of the phase diagram in t
present case~Fig. 3! is likely to arise from the random po
tential affecting on the FM vs CO/OO bicritical feature.
the present case, as argued in Ref. 22, the source of
random potential may be the local lattice distortion arisi
from the larger mismatch of the ionic size ofR(Sm, Eu, and
Gd!/Sr ions than Pr/~Ca, Sr! ones.

B. Raman phonon spectra

Figure 4 shows the temperature profiles of the Ram
phonon spectra for the crystals of~b! y50.7 and~c! y50.5
of (Sm12yGdy)0.55Sr0.45MnO3, which were taken at zero
field and 5 T in the incident and scattered light polarizatio
parallel with each other. For comparison, the spectra o
Pr0.55Ca0.45MnO3 crystal with a long range CO/OO below
;220 K is also displayed in Fig. 4~a!. In the spectra, two
major peaks are seen at;490 cm21 ~Jahn-Teller mode! and
;600 cm21 ~breathing mode!. The both peaks have bee
assigned to the activated modes due to the CO/OO acc
panied with collective Jahn-Teller distortion of MnO6
octahedra.24,25 In the case ofy50.5, the intensities of the
phonon modes at zero field show a slight increase as

ly.

FIG. 4. ~Color online! Temperature profiles of Raman phono
spectra~taken at the geometry of incident and scattered light po
izations parallel with each other! at zero field and 5 T for the crys
tals of (Sm12yGdy)0.55Sr0.45MnO3 with ~b! y50.7 and~c! y50.5.
For comparison, the spectra of the Pr0.55Ca0.45MnO3 crystal are also
shown in~a!.
7-4
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FIG. 5. ~Color online! The isotherms of magnetization~upper! as well as resistivity~lower! versus external magnetic field for the crysta
of (Sm12yGdy)0.55Sr0.45MnO3 with y50.5 ~right! and y50.7 ~left!. For the both cases, the crystals were first cooled to a prescr
temperature at zero field, and then the magnetization as well as resistivity were measured.
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temperature is lowered from 120 to 60 K. BelowTC ~;50
K!, however, the phonon bands disappear. In the casey
50.7, on the other hand, both phonon modes at zero fi
seem to increase in intensity with the decrease of temp
ture and keep finite intensities even at the lowest temp
ture. That is, the short-range charge/orbital correlation is
moved atT,TC for y50.5, while it remains down to the
lowest temperature fory50.7. Note that the temperatur
variations of the Raman mode intensity fory50, 0.5, and 0.7
are closely correlated with those of the x-ray diffuse scat
ing intensity and resistivity as noticed in Fig. 1.

An impact of application of an external magnetic fie
appears also in the Raman phonon spectra. In the casey
50.5, the phonon modes at;490 cm21 and;600 cm21 are
distinctly seen at 60 and 80 K at zero field, while they d
appear at 5 T. At 100 K, they are strongly suppressed at
though still discernable. In the case ofy50.7, similarly to
the case ofy50.5, the phonon modes are seen at 7 and 3
at zero field, while they almost disappear at 5 T. At 70
they are strongly suppressed at 5 T. For the bothy50.5 and
0.7 crystals, the observed changes in the Raman pho
spectra by variations of temperature and magnetic fields
agree with the results in Fig. 2.
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C. Variation of T-H phase diagrams
in „Sm1ÀyGdy…0.55Sr0.45MnO3

In Fig. 5 are shown the isotherms of the magnetizat
~upper! as well as resistivity~lower! versus external mag
netic field~H! for the crystals ofy50.5 ~right! and 0.7~left!
of (Sm12yGdy)0.55Sr0.45MnO3. In the upper panels of Fig. 5
the metamagnetic transition is seen at some critical magn
fields accompanied with hysteresis between the fie
increasing and-decreasing runs for the both crystals. In
lower panels, the resistivity drop and jump occur at the c
responding magnetic fields. In the both figures, the chan
in resistivity as well as magnetization, and the widths
hysteresis are pronounced as temperature decreases.
larly to Fig. 2, Fig. 5 indicates that a paramagnetic (0<y
<0.5) or a SG-like (0.6<y<1) state with the charge/orbita
correlation is changed to a FM by application of magne
fields. Figure 6 shows theT-H phase diagrams o
(Sm12yGdy)0.55Sr0.45MnO3 (0<y<1) crystals under the
competition between a FM and a SG-like insulator with t
short-range charge/orbital correlation. In Fig. 6, the critic
magnetic fields have been determined by the magnetiza
as well as resistivity data as shown in Fig. 5. In Fig. 6
paramagnetic state with charge/orbital correlation atT.TC
7-5
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FIG. 6. ~Color online! The paramagnetic or
spin-glass-like insulator versus ferromagne
metal phase diagrams for the crystals
(Sm12yGdy)0.55Sr0.45MnO3 (0<y<1). The criti-
cal fields of the transitions from~to! the ferro-
magnetic metal are denoted as closed~open!
squares. The transitions between the param
netic and spin-glass-like state are denoted
closed triangles.
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for y50.4 and 0.5 is altered to the FM by applying magne
fields of a few tesla, showing prototypical CMR character
tics. For 0.6<y<1 where the ground state is a SG-like i
sulator, a paramagnetic (T.TG) or SG-like (T,TG) state at
zero field is changed to a FM by application of magne
fields, indicating the field-induced insulator to metal tran
tion. It is also noted in Fig. 6 that the critical field for the fir
order transition to FM increases asy or temperature in-
creases. The enhancement of the critical field below;30 K
is due to the supercooling effect originating from the fi
order nature of transition.26

IV. SUMMARY

In summary, we have investigated the metal-insula
phenomena inR0.55Sr0.45MnO3 (R5Pr, Nd, Sm, Eu, Gd, and
Sm12yGdy (0<y<1)). As R changes from Sm to Eu, o
more finelyy increases from 0 to 0.5,TC is reduced from
;130 K to as low as;50 K. At y>0.6 a SG-like insulator
with short-range charge/orbital correlation appears. The
served behavior and phase diagram are different from a
critical feature for Pr0.55(Ca12ySry)0.45MnO3 that shows a
tt.

B

Ch
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competition between the FM and the long-range CO/O
Larger randomness arising from the larger mismatch of
ionic size appears to promote the phase fluctuation an
reduce the FM and CO/OO transition temperatures. In
most reduced-TC state, the maximal CMR feature shows u
with the strong CO/OO correlation down toTC . As the
bandwidth is further reduced, the charge/orbital correlat
remains short-ranged, and finally frozen to a glassy state
low TG , as evidenced by the diffuse x-ray scattering and
activated broad Raman band. For 0.6<y<1, a paramagnetic
(T.TG), or SG-like (T,TG) insulator at zero field is
changed to a ferromagnetic metal by application of an ex
nal magnetic field. The phase diagrams are demonstrate
the magnetic field versus temperature planes.
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