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Versatile and competing spin-charge-orbital orders in the bilayered manganite system
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Electronic-phase competition has been investigated for single crystals of half-doped bilayer-structure man-
ganites, Pr(Sr;_,Ca,),Mn,0; (0<y=1.0), with controlled one-electron bandwidth (W). For y < 0.4, the A-type
antiferromagnetic (AF) state with x>—y? orbital order shows up as the ground state while accompanying the
short-range vertical charge order with the periodicity of =4a, (ay=0.4 nm). For y>0.4, with reduced W, the
CE-type AF state emerges with the ordered staggered orbitals (3x2—r?/3y*—r?) whose diagonal stripes un-
dergo the 90° rotation with decreasing temperature, perhaps coupled with the evolution of spin correlation.
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Spin, charge, and orbital degrees of freedom for strongly
correlated d electrons in a solid form versatile electronic
phases which occasionally compete with each other and give
rise to the bicritical or multicritical states with respect to one
or more control parameter(s). One of the most typical ex-
amples is the hole-doped perovskite manganites showing the
colossal magnetoresistance (CMR).! In the nearly half-doped
manganites, the ferromagnetic metallic (FM) state competes
with various other orbital-charge-spin ordered phases, typi-
cally the CE-type antiferromagnetic charge-ordered and
orbital-ordered (CO-OO) insulating state [see Fig. 2(a), in-
set]. Another competing phase may be the A-type (layered-
type) antiferromagnetic (A-AF) pseudometallic state with
x?—y? orbital order [see Fig. 1(a), inset], viewed as the two-
dimensional (2D) analog of the double-exchange (DE) me-
diated FM state. The critical competition among these phases
is tuned by control parameters, such as the one-electron
bandwidth W (electron hopping interaction) and the band
filling (hole-doping level), as well as external perturbations,
e.g., magnetic field and other stimulations.! In this context,
another important control parameter is the electronic dimen-
sionality, as realized by the layered-perovskite or
Ruddlesden-Popper series crystal structure. In single-layered
(K,NiF, type) manganites La,_,Sr;,, MnQO,, for example,
there appears no more DE mediated FM nor A-AF state be-
cause of too much reduction of the transfer interaction, while
the CE-type CO-OO state dominates the electronic-phase
diagram in the moderately (x~0.5) or heavily (x=0.5)
hole-doped ~ state.> In the bilayered compounds
La,_, Sr,,,Mn,0,, on the other hand, the FM, A-AF, and
CE-type CO-OO states can be all seen similarly to the
pseudocubic (infinite-layer) perovskite manganites, although
the relative stability of the three-dimensional FM state is
much reduced.®* Furthermore, such a moderate reduction of
the electronic dimensionality as in the bilayered structure is
anticipated to bring about the interesting phenomena arising
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from the phase instability, such as the nesting of the
quasi-2D Fermi surface>® or the emergence of the ferroelec-
tricity in the CO-OO state.” In the case of the bilayered man-
ganites with composition of R,_,Sr;»Mn,O; (R being a
small rare-earth ion and x ~0.5), however, the reduced elec-
tronic dimension appears to make the system more amenable
to the quenched disorder arising from the mismatch of the
ionic sizes of R** and Sr**,® stabilizing the spin-glass state’
apart from the long-range A-AF state for R=La, Pr, and
Nd.'%"" To unambiguously pursue the bicritical phase com-
petition in the reduced dimension for the CMR manganites,
we have examined here the electronic phases with variation
of W for the bilayered manganites, while keeping the effect
of the quenched disorder minimal, by employing the single
crystals of Pr(Sr,_,Ca,),Mn,0; (x=0.5, 0<y=1.0), which
is the 2D analog of the similar minimal-disorder system of
perovskite Pr;_,CaMnO; (x~0.5) with the minimal mis-
match of the ionic size of Pr’* and Ca®*.! The major phase
competition is observed to occur between the CE-type
CO-00 and the A-AF states, while accompanying rich inter-
esting features such as the polar and/or nonpolar CO-OO
state and the vertical charge stripes in the A-AF state.
Single crystals of Pr(Sr;_,Ca,),Mn,0; (0<y=<1.0) were
melt grown by a floating zone method with a typical feed
speed of 8—12 mm/h in the atmosphere of 1—8 atm oxygen.
Averaged structures are changed from tetragonal 14/mmm
for PrSr,Mn,0; (a=bh=3.8535 A and c=19.928 A at 300 K)
to orthorhombic Amam (a=5.4060 A, b=5.4671 A, and ¢
=19.221 A at 290 K) for PrCa,Mn,0; which has tilts of
MnOg octahedra around the a axis. Such an orthorhombic
distortion as resulting from a small average radius of the
A-site cations except for the Ca-poor (y<0.2) crystals en-
abled us to control W via change of Mn—O-Mn bond angles,
similar to the pseudocubic perovskite case.! The Ca-rich
crystals are orthorhombically distorted and hence contain
fine ab twin domains (bandlike shape with a typical width of
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FIG. 1. (Color online) Temperature dependence of (a) peak in-
tensities of magnetic Bragg reflections at selected positions, (b) M,
in the magnetic field of uo,H=0.5 T, and p,;, for PrSr,Mn,0; (A-
AF). The inset figure of (a) shows the schematic of the orbital and
the spin arrangement in the MnO, plane for A-AF and the inset
figures of (b) indicate the schematic of the stacking pattern of man-
ganese moments along the ¢ axis.

tens of microns). Resistivity in the ab plane (p,;,) was mea-
sured by a conventional four-probe method. In-plane compo-
nents of magnetization (M ,;,) were measured by a commer-
cial superconducting quantum interference device
magnetometer. Single-crystal neutron scattering measure-
ments were carried out with the triple-axis spectrometer GP-
TAS installed at JRR-3, Tokai, Japan. The measurements
were done on the (%0[) reciprocal zone for PrSr,Mn,0; and
the pseudotetragonal (hhl), reciprocal zone for PrCa,Mn,0O.
Single-crystal x-ray diffraction measurements were done in
PrSr,Mn,0- with the use of synchrotron radiation (SR) x ray
and a four-circle diffractometer at the beamline 4C at the
Photon Factory, High Energy Accelerator Research Organi-
zation (KEK), Japan. Electron diffraction patterns (EDPs)
and dark field images (DFIs) were collected by transmission
electron microscopes (TEMs) (Hitachi HF-3000L and Hita-
chi HE-3000S TEM) operated at 200 kV. For the TEM mea-
surement, the thin specimens of the PrCa,Mn,0O, crystal
were prepared by Ar* ion milling.

Figure 1(a) shows the temperature dependence of mag-
netic Bragg intensity at selected positions and Fig. 1(b)
shows M, and p,, for PrSr,Mn,0,. With decreasing tem-
perature, the peak intensity at @=(0, 0, 3) and (2, 0, 1), a
measure of the order parameter of A-AF, increases mono-
tonically below Ty=130 K except for T<<30 K, while the
Q=(%,O, 1) peak (characteristic of CE-AF) is not discerned
in any temperature range. The subtle reduction of (0, 0, 3)
intensity and increase of (2, 0, 1) intensity below 30 K indi-
cate the slight canting of magnetic moments of Mn ions to-
ward the out-of-plane direction. A similar reorientation be-
havior is also reported for NdSr,Mn,0,.1%!! T is coincident
with the temperature where M ,;, shows an inflection and p,,;,
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FIG. 2. (Color online) Temperature dependence of (a) peak in-
tensities of magnetic Bragg reflections at selected positions, (b) M,
in the magnetic field of uoH=0.5 T, and p,;, for PrCa,Mn,0, (CE-
AF). The inset figure of (a) shows the schematic of the orbital and
the spin arrangement in the MnO, plane for CE-AF.

starts to decrease. The metalliclike behavior right below Ty
is consistent with the magnetic structure of A-AF with x°
—y%type OO, as observed for the pseudocubic manganite
with A-AF,'? but the low-temperature divergence of p,, in-
dicates the strong charge localization, whose origin will be
discussed later. On the other hand, the monotonic increase of
the peak intensity at Q=(i,}1,3)t (characteristic of CE-AF)
with decreasing temperature is observed for PrCa,Mn,0,
from the temperature at which M, shows an inflection [Ty
~143 K, see Figs. 2(a) and 2(b)], while the peak at Q
=(0, 0, 3), is not found. No anomaly is observed for p,;, at
around 7. These results indicate that the magnetic structure
of PrCa,Mn,0; is CE-AF below Ty, down to the lowest tem-
perature. Figure 3 shows the temperature dependence of p,;,
and M, for Pr(Sr;_,Ca,),Mn,0,. For y<0.4, a quasimetal-
lic behavior is observed right below Ty, suggesting that the
magnetic structure is A type. For y > 0.4, the abrupt suppres-
sion of magnetization and the steep increase of p,, are ob-
served simultaneously with the decrease of temperature, sig-
naling the CO-OO transition. The p, of the y=0.4
compound shows both a steep upturn below ~180 K and a
metalliclike behavior below ~110 K, i.e., the coexistence of
the A- and CE-AF phases. Note that for a high-y region, the
CO transition clearly splits into Tcg; and T¢qg,. Both of the
CO transition temperatures increase with y. For y=1, T¢q;
and Tco, reach ~375 and ~323 K, respectively.

We summarize in Fig. 4 the phase diagram obtained by
the magnetization and resistivity measurements. The bound-
ary between the competing two phases, A-AF pseudometallic
(A-AFM) and CE-AF insulator (CE-AFI), is around y~0.4.
Toward y~0.4, the two CO-OO transition temperatures
steeply decrease, while Ty is rather flat against y. This sug-
gests that the CO-OO transition is more stabilized by a larger
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FIG. 3. (Color online) Temperature depen-
dence of (a) p, and (b) M, for
Pr(Sr;_,Ca,),Mn,0; (y=0-1.0). M,, was mea-
sured under a magnetic field of uyH=0.5T.
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orthorhombic distortion or a narrowed W, while the spin or-
der is affected also by the change of W. The A-AF spin
arrangement with x?—y>-type OO is realized for y=0 with
relatively wide W. In this state, e, electrons are more or less
delocalized on the MnO, plane (composed of FM 2D sheet)
due to the DE mechanism. On the other hand, for y=1,
charges are strongly localized in the FM quasi-one-
dimensional (1D) zigzag chains composed of 3x>—r?/3y?
—r? staggered-type orbital arrangement. Such reduction of
the electronic dimensionality (from 2D to quasi-1D) is obvi-
ously the consequence of the reduction of the W or the DE
interaction. The clear-cut bicritical nature of the phase dia-
gram may result from the relatively small randomness of the
system, 1315

The phenomenon of rotation of orbital stripes as reported
previously for the y=0.9 compound’ was confirmed to be
present in the present system over a wide range of y (y
=(.5). Figures 5(a) and 5(b) show the [001] zone-axis EDP
of PrCa,Mn,0; crystal at 340 and 290 K, respectively. Be-
low Tcoy, satellite spots appear at around each fundamental
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FIG. 4. (Color online) Electronic phase diagram of
Pr(Sr;_,Ca,),Mn,0; (y=0-1.0). Tco; and T, with thermal hys-
tereses and Ty of A-AF (Tys)) and CE-AF (Ty(cp)) are determined
from resistivity and magnetization measurements. T'g represents the
structural transition from tetragonal to orthorhombic (see main
text). Dashed lines are a guide to the eyes.
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reflection. The modulation vector is described as ¢
= +b"/2(b"=21/b); the orbital stripe is running along the a
axis, as depicted in Fig. 5(c). Below Tq,, however, the sat-
ellite spots along the b axis disappear and those with

PrCa,Mn,0,
(2)340 K (6)290 K
. - . - .
. > [
(020 . >
.- B '
. -

- ° ‘
. "200) 9
ﬁ@] b (chain) s ..
SRS
‘ //\\ 4 a (stripe)
/

Mn#t

(e) 340 K (f)290 K

(100)
or (010)

(010)
or (100)

FIG. 5. (Color online) [(a) and (b)] EDPs of the [001] zone for
PrCa,Mn,0; taken at (a) 340 K and (b) 290 K. The triangle indi-
cates the spot arising from the A-centered orthorhombic structure.
The vertical arrows indicate superlattice spots. [(c) and (d)] Sche-
matics of CO-OO patterns for (¢) Tcor<T<Tco; and (d) T
<Tco, in the MnO, plane, respectively. [(e) and (f)] DFIs taken
with the aperture fixed at the position of the one CO-OO reflection
position of the COI1 phase at (e) 340 K and (f) 290 K. Bright and
dark contrasts correspond to structural twins in which the orbital
stripe directions are different by 90°.

064428-3



TOKUNAGA et al.

PHYSICAL REVIEW B 77, 064428 (2008)

(a) h(r.lu) (b) 6
00 02 04 i :g:ii 7
o o
i< 2L + ottt
R +ot bt
p 10 FIG. 6. (Color online) (a) Contour map at
T | T 3 1 — =h< —
';\ _ (©) > PrST,Mn,0, 3 around (h, k, 21) with -0.1 <.h<0.5 and -0.5
. 9 50 714 <k=0.5 for PrSr,Mn,O; obtained by SR x-ray
o g 12 g measurements at 125 K. (b) Schematic of the
: = 4 EREA charge stripes with ¢=0.25. (c) Temperature de-
& N 1 < pendence of the peak intensity at (0.76, 0, 20)
= L, < (filled circle) and in-plane component of p,,
g b 401 ? (solid line) for PrSr,Mn,0;.
*“é | |8 Intensity at (0.76,0,20) §4 E)
— In-plane resistivity 42
O 1 I 1 I 1 0‘01
0 100 200 300

Temperature (K)

q= +a"/2 appear instead, indicating the orbital stripe run-
ning along the b axis, as depicted in Fig. 5(d). This phenom-
enon is also captured by the reversal of bright and dark con-
trasts in the DFIs. Figures 5(e) and 5(f) show the DFIs with
the aperture position fixed. The bright and dark regions cor-
respond to structural twins of the averaged structure, in
which the respective orbital stripe directions are different by
90°. Bright and dark contrasts are observed to be exchanged
at around 7o, because the orbital stripe direction is rotated
by 90° in each twin domain. It is worth noting in Fig. 4 that
the temperature region of the CO1 phase becomes narrower
with decreasing y and positions only right below the 7~ for
0.4<y<0.7, implying some role of the spin correlation de-
veloped right below T¢o,; in stabilizing the CO2 phase. We
show in Fig. 6(a) a contour map of the x-ray scattering in-
tensity for PrSr,Mn,0, (y=0) in the reciprocal space of (k,
k, 21) with =0.1 <h<0.5 and —-0.5 <k<0.5 at T=125K
obtained by SR x-ray measurements. Diffuse scattering
peaks are observed at the positions of (+0.24, 0, 21) and (0,
+0.24, 21), suggesting the existence of a vertical stripe-type
CO, as depicted in Fig. 6(b). The coexistence of the diffuse
superlattice spot along the a” and b axes is ascribed to the
formation of nanoscaled domains with propagation vector
along the [100] and [010] directions. The peak intensity first
increases as the temperature decreases, then shows the maxi-
mum at around Ty [see Fig. 6(c)]. Although the intensity
decreases below T, it remains down to the lowest tempera-
ture.

A similar broad superlattice structure in the “vertical” di-
rections is also reported in other bilayer and perovskite man-
ganites. The modulation wave number here is g~0.25,
which slightly differs from other nearly half-doped cases [¢
~0.3 for La,_»,Sr;,,,Mn,07 (x=0.4~0.5) (Refs. 16 and 17)
and PrysStrysMnO; (Ref. 18)] but rather similar to lower
hole-doping cases [La,_,Sr;,»,Mn,0; (x=0.3~0.4) (Ref.
16) and LajgsCay sMnO5 (Ref. 19)]. Such a difference may
originate from the difference in the Fermi-surface nesting
vector, as first pointed out by the angle-resolved photoemis-
sion study on the La,_, Sr;,,,Mn,0; (x=0.4).°

We did the same measurement on y=0.2 and 0.3 compo-
sitions (not shown). As increasing y, the intensity of the su-
perlattice reflection is suppressed. Instead, the peak appears
at the position of (1/2, 3/2, 20), indicating a structural tran-
sition from tetragonal to orthorhombic. Such a structural-
transition temperature is plotted as T in Fig. 4. Such a “di-
agonal” lattice deformation as in the orthorhombic form may
destabilize the formation of vertical-type charge stripes,
while stabilizing the diagonal CO-OO, as manifested by the
phase diagram in Fig. 4.

The phase diagram established here bears some analogy
to that of half-doped perovskite Prys(Sr;_,Ca,)qsMnO;."?
End materials in both cases have similar ground states; the Sr
end shows A-AF with vertical-type short-range CO (Ref. 18)
and the Ca end shows CE-AFI with diagonal-type long-range
CO-00. A major difference from the pseudocubic perovskite
case is the absence of the FM metallic phase. On the con-
trary, the half-doped single-layered system never shows
long-range A-AF nor FM phase, while the small W and small
A-site disorder crystals such as PrysCa; sMnOy, raise T
above room temperature.”>?! These differences well reflect
the differences in the dimensionality and crystal field of each
system. The DE kinetic energy gain should less effectively
work in the bilayered manganites,? relatively stabilizing the
x*—y%type OO and A-AF phase as the 2D form of the DE
interaction.

In summary, we have investigated the electronic-phase
diagram of half-doped bilayered manganite
Pr(Sr,_,Ca,),Mn,0;. For y<0.4, the A-type AF state with
x*—y? orbital order shows up as the ground state while ac-
companying the short-range vertical charge stripe. For y
>0.4, the CE-type AF state emerges with the ordered orbital
(3x2=r%/3y*—r?) whose diagonal stripes undergo the 90° ro-
tation with decreasing temperature.
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Scientific Research from the MEXT (Nos. 17340104,
15104006, and 16076205), Japan.
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