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Orbital order and a canted phase in the paramagnetic and ferromagnetic states of 50% hole-doped
colossal magnetoresistance manganites
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We report neutron scattering results on the spin dynamics in the paramaggidtiand ferromagneti¢-M)
states of the 50% hole-doped manganites,®%,,MnO; and Nd ,Sr;,,MnOs. In the PM phase, these systems
exhibit two kinds of diffuse scatterings: an isotropic quasielastic diffuse scattering and a dynamical ridge-type,
i.e., two-dimensional FM diffuse scattering. With decreasing temperature, both systems enter the pure FM
metallic state, but the spin dynamics in the FM state possess a gtrtypg antiferromagnetic feature. In fact,
Nd,,,Sr,,MnO; enters a canted antiferromagnetic phase at lower temperature through a second order phase
transition. These behaviors in spin dynamics demonstrate the existence of thel,stafietype orbital order-
ing in the PM and FM states of 50% hole-doped manganites which have relatively larger one-electron band-
width.
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. INTRODUCTION is no orbital orderind~° To our knowledge, there is no re-
port on experimental evidence of any type of orbital ordering
Recent experimental and theoretical studies on colossah the FM metallic phase. In contrast to such an experimental
magnetoresistancéCMR) manganites have demonstrated situation, Maezono and Nagaosa showed theoretically that
that the one-electron bandwidti) and an orbital ordering thed,2_,2-type orbital ordering can be responsible to repro-
play important roles in determining their physical propertiesduce the hole concentratidix) dependence of a spin stiff-
such as spin and lattice structures, transport propertiesiess constant in the FM metallic statélhey suggested that
charge ordering, and spin dynamics.In our previous stud-  the orbital ordering could be even a dynamical resoffamt
ies, for example, we have studied three perovskite mangarbital liquid”) state. By a Monte Carlo simulation, Yuno&t
ites Pg_,Sr,MnO; and Nd_,SrMnO; with x~1/2, and al. also claim the existence of an orbital ordered state in the
demonstrated that, instead of the well-known CE-type spirFM phase:? Consequently, a detailed experimental examina-
and charge ordered state, some of manganites exhibit a m#ien of a possible orbital ordered state in the FM metallic
tallic layered A-type antiferromagneti¢AFM) state®> The phase and also in the PM state would be expected to provide
change of the magnetic structure from CE typé\ttype can indispensable information in order to elucidate the mecha-
be interpreted as an effect of the wideningWf Based on  nism of the CMR effects.
detailed studies of the lattice and spin structures and spin For this purpose, a study of spin dynamics by neutron
dynamics, we further demonstrated that theéype AFM  scattering technique can give a unique opportunity to detect
state have the statit,>_,2- type orbital ordef and this was the orbital ordered state, as was demonstrated in previous
supported by a large anisotropy of the resistiVity. works®810|n the FM case, it further provides a possibility to
From a viewpoint of the double exchang®E) mecha-  distinguish the influence of the orbital ordering from those of
nism for the CMR effects, one may expect that the system ithe DE mechanism or of the charge ordering. This is be-
the pure ferromagneti€FM) metallic state has no orbital cause, in contrast to th&-type AFM state, the DE mecha-
ordering and shows an isotropic behavior by gaining a maxinism in the FM metallic isospin state allows nonzero charge
mum kinetic energy. Indeed, isotropic spin wa@W\) exci-  transfer along all directions, so that the difference of the spin
tations were observed in the FM state ofal, ;MnO; and  stiffness can be attributed solely to the polarization of the
La; ,SrMnO; with x<0.1. These results seem to indicate orbital ordering.
that a transfer integral in these systems is isotropic, and there In this paper, we studied two well-characterized 50%
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(@) Pry/oSrysMnO4 (b) Nd4/2Sr,osMnO4 anomalous behaviors in their PM and FM states. In particu-
(P21/n) (Imma) lar, there exist two types of spin fluctuations: quasielastic

isotropic diffuse scattering and dynamical anisotrofveo-
o dimensional spin fluctuations in the PM phase. The dynami-
‘ | spin fluctuation Astype AFM spin correlations in
> Mn cal spin fluctuations possesstype spin correlations
’ 31] dyary2 their FM states. The clearly distinguishable directional de-
w pendences of spin fluctuations help us to unambiguously
b 1 ?T[O,LO] identify that the anisotropic behavior can be attributed to the

dy2_2-type orbital ordering in these systems. In addition, we
shall demonstrate that the Nd compound further shows a

ALY
orbital ordered layer second order phase transition to the canted antiferromagnetic
(©)  PrySry2MnOg (d)  Ndy/2Sr1,2MnO4 phase.
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[ Il. EXPERIMENTAL DETAILS
150 3
Neutron scattering measurements were performed with
100 A-typ T 1 triple axis spectrometers GPTAS-4G and HER-C11 installed
[ (1/201/2) at the thermal and cold-guide tubes at the JRR-3M research

1 reactor JAERI, Tokai, Japan. The GPTAS spectrometer was
. operated withk;=2.57 A1 and 40-80'-40'-80' collima-
] tors, while the HER withk;=1.55 A"! and open-8080'
collimators after a monochromator to a detector, respectively.
The latter yields an energy resolution of0.23 meV
(FWHM). The measurements were performed with the same
FIG. 1. Upper panels: Expectedi._2-type orbital ordered crystals used in our previous studfeghe details on the
planes in Py,Sr,,MnO; and in Nd;,Sr,MnO;, respectively. sample preparation and the sample quality has been already
Lower panels: Temperature dependences of the FM and AFM Braggeportec®**1°The single crystal samples were aligned with
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reflections(partially from Ref. 5. the (h,l,h) scattering plane. The FM spin fluctuations were
. measured at around the nuclear Bragg reflectin
hole-doped manganite  systems ,$3n,,MnO; and  —(1 0,1), while the SW profiles were measured at around

Nd,,Sr;,,MnO;. Here, it is useful to point out that the crys- e respectivél-type AFM Bragg pointsQ = (1/2,0,1/2) for
tal structure of the Pr and Nd compounds may favor a Jahne pr compound or (%1,1) for the Nd compound, respec-

Teller (JT) distortion which could induce thé_>-type or-  ijyely, reflecting a directional difference of Mp@istortions,
bital order even in their PM and FM states. The crystalys shown in Figs. (®) and 1b).

structures of the Pr and Nd compounds at room temperature
belong to the monoclinidP21h and to the orthorhombic
Imma symmetry, respectively, and the Mp@ctahedra in
both systems consist of two long and one short O-Mn-O A. Magnetic ordering
ponds_?”Although the JT Q|stort|on of the Mr@qctahedra The magnetic as well as transport phase diagrams for the
in their PM and FM states is smaller than those inAkiype Pr, ,StMnO; and Nd_,SrMnO, systems have been re-
AFM state, one can still expect a possibility of the polrfgd Ey Tor§niok£et 2l and by |3<uwahara£t al. 26 respec-
d.XZ—VZ'type _orb|tal ordering. For a cqnvemencs:: of d,',scus'tively. The magnetic transitions and crystal structures of the
sions, we will hereafter employ ate_rmmology of “layer” and 50% hole-doped systems, were also reported previGudy.
‘plane” to refer such adyz-.-orbital ordered plane, al- iy strate the behavior of magnetic orders, the temperature
though the compoundg #551,,MnO; and Nd ;S ,MNnO; (T) dependence of the magnetic Bragg intensity in both sys-
do not have a conventional layered structure. tems is reproduced in the lower panels of Fig. 1. With de-
It should be also noted that the JT distortion of MnO creasingT, these two systems witk=1/2 enter a pure FM
octahedra in these two systems occurs along the dn‘ferelgtta,[e atTc,= 265 and 248 K for the Pr and Nd compounds
crystallographic directions. As iIIustraEed in Figsialand respectively, then to the AFM state &, =140 and 160 K '
1(b), the directions of the shorter bonds which is perpen-  through a first order transition. The previous work on a pow-
dicular to thed,2_>-type orbital planes, are=[101] and  der sample showed that the magnetic structures of the low-
7=[010] for the Pr and Nd compounds, respectively. Con-témperature phase for Pr and Nd compoundsfatgpe and
comitantly, if the systems show tlug2_>-type orbital order, ~CE type, respectively. The present study on single crystals,
their physical properties should exhibit different directionalnowever, revealed that the Nd compound developed a weak
dependences. For the present study, this feature will providd-type AFM reflection belowT{~200 K, and it remains
a further advantage to identify the effects of the orbital or-even in the low-temperature AFM phase beloWg
dering experimentally. ~160 K and coexist with the CE-type reflections. It was
In the following, we shall demonstrate that the spin fluc-recently reported that a low-temperature phase of
tuations of Py,,Sr,,MnO; and Nd ,Sr,MnO; show several  Nd;_,SrMnO; with x>0.51 shows such a coexisterice.

I1l. EXPERIMENTAL RESULTS
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FIG. 3. Dispersion curves within and between plane directions.
An inset shows a consta-scan profile observed at (1,0.7,1).
Solid curves are drawn as guides to the eye.
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direction except for two spurious peakskat +0.25" while
the profile along theh direction is narrow(see the inset
825 05075 1t 12515 . . T_his in(_jicates that the dyna_mical spin correlations are two
T T hony (k1) dimensional. Namely, the spins are strongly correlated ferro-
magnetically within the planes, but are not correlated be-
FIG. 2. Constant-E scan profiles observedatO (upper pan-  tween the planes. We interpret that this anisotropic feature is
els) and 2 meV(lower panels (Inset$ Profiles observed along the e to thed,2_,2-type orbital order. These results manifest
perpendicular to the 2D rodlike scattering at 270 and 255 K for thepat the orbital ordering itself has crucial influence on the
Pr and Nd compounds, respectively. The arrows in the bottom pargy . mical spin correlations and causes a distinct anisotropy
els indicate the positions where the profiles in the insets were meast the spin dynamics of the manganite systems even in the
sured. PM state.
In the FM state, the system shows a further intriguing
We interpret that the slightly different stoichiometry of the feature at around thé-type AFM zone center. The profile
sample causes the coexistence of the CE-type Atybe  for the Nd compound observed at 220 K indicates that spins
reflections in the low-temperature phase of the nominallypetween the planes now exhibit AFM correlations even
50% hole-doped Nd compound. Assuming the same ordereghough the system is still in the FM phase. As discussed
moments for manganese ions in the CE-type #itype  below, the AFM diffuse scattering in the Nd compound fur-
states, the volume fraction of t”btype region is evaluated ther deve|oped into real |Ong_range order be|o’ﬂ@
to be less than 10% at 10 K. By contrast, théype mag- 200 K.
netic reflection in the FM phase is attributed to a canted EFor the Pr compound, we observed exactly the same be-
AFM order, and should not be interpreted as a phase separgavior with the Nd compound except for the change of the
tion. As is discussed later, this is becase/pe AFM spin  gjrection of the spin correlations. Namely, the two-
wave excitations are observed in the FM state. dimensional FM spin correlations develop within the (101)
planes andA-type AFM correlations develop at arour@
=(1/2,0,1/2) and (3/2,0,3/2). These are consistent with the
] _ _idea that thed,>_ ,2-type orbital order is formed within (101)
In Fig. 2 are depicted wave vector dependence of spiplanes in the Pr compound. Note that the increase of inten-

fluctuations measured &=0 and 2 meV, respectively. sjty towards smalh in profiles is a contamination due to a
These data were taken at the HER spectrometer with an egrect beam at small 2 angle.

ergy resolution of~0.23 meV(FWHM). As shown in the

upper panels, the profiles &=0 meV consist of a strong _ _ _ _ o

nuclear Bragg component at the center and additional wing C. Dispersion relation of spin wave excitations

scattering. The diffuse component at the wing is practically In order to characterize the spin fluctuations in the FM

identical for theh and k directions, indicating that th& phase, we determined the SW dispersions. As shown in Fig.

=0 meV diffuse component isotropic 3, there are several remarkable features in the SW dispersion
In sharp contrast to this, thE=2 meV component de- relations within and between the planes. First, it is evident

picted in the lower panels is clear@nisotropic As shown in  that SW stiffness constant D is different for the two direc-

Fig. 2(d), the scattering profile for the Nd compound ob- tions. For example, in the Pr compound, the SW energy

served in the PM state at 255 K is almost flat along khe along the[1 0 1] direction (perpendicular to the orbital-

B. Quasielastic and dynamical diffuse scattering

174422-3



H. KAWANO-FURUKAWA et al. PHYSICAL REVIEW B 67, 174422 (2003

ordered plangis lower than those along thé 1 0] direction Nds2Sr1,2MnO3
(an in-plane direction within the orbital-ordered FM planes 400 — 1= 179K
The present results indicate a difference in electron transfer b )
along the two directions and an existence ofdan_,2-type W (1,0901)
orbital ordering in the FM state, which should be otherwise ro (1085
isotropic. This gives clear evidence of the static orbital or-
dering in the FM metallic state of the CMR manganites.

The second feature is the anomalapdependence of the
dispersion curve along the in-plane direction. In the Pr case,
the SW dispersion curve deviates in the middle of the Bril-
louin zone from a single cosine-band-type formula given by
conventional linear SW theory, which is indicated by the
dashed curve. This curve is calculated for the simple FM
Heisenberg model with nearest-neighbor couplings, and is FIG. 4. g- dependence of constaq scan profiles observed
identical to the one predicted from the DE model in the limitabove and below theA-type AFM transition temperaturdy
of large Hund's coupling by Furukaw4.This relation was ~200 K.

reported to explain well the observed SW dispersion rela- . . . .
tions in a relatively wide one-electron bandwid) sys- obtained in the collective SW excitations, one can conclude

tems such as LaPh, MnO; and La S, MnOs.5° How- that the emergence of thetype AFM Bragg reflections at

ever, the deviation from the linear SW theory is serious forTN shown in Fig. 1d) is a second order phase transition and

the Pr compound, and is even more striking for the Nd COm:[hat the Nd compound enters a spin canted phase but not to a

pound. In the Nd case, the dispersion along the in-plane dip_)hase separated state. We attributed this second order transi-
rection(along the[101] airection for the Nd compounde- ;[,'v?trr'] :joeé?eea;?:r_?ase of polarization @f,z_z-type orbital
comes practically flat beyongl,=0.2. The inset of the Fig. g

3(b) is the profile observed &1, 0.7, 2. There are two peaks

at 3 and 9.5 meV due to the two magnetic domains. One IV. DISCUSSION AND CONCLUSIONS
might suspect that a crystal electronic field excitation from A the results described in the previous section shed light
Nd ions gives rise to the peak at 9.5 meV. However, we cay, the nature of the ordering process of two compounds.

easily exclude this possibility l_Jecause the profile measuregt,en in the PM phase, the dynamical spin fluctuations are
at the zone centef1,0,) exhibits no peak at 9.5 meV. A anisotropic due to the polarization of tdgz_2-type orbital.

simi_lar anomaly was previously reported for the lower hole-pq T is decreased, these systems enter the FM state, but the
doping compounds BEsSfo.sMnOs, NSt MnOs, and  attice distortion is also enhanced at the same time, and re-
Lag £ MnO;. ™" These SW anomalies are theoretically gjt5 in the change of the polarization of the orbital state. The
PO”S'deen‘gl_ggs results from either a _g]ﬁ?%non-electrow:,w spin correlations are developed between orbital-
interaction,”™** a_magnon-phonon INteraction;™ & cou-  grgered planes in the FM state and are progressively in-
pling to the orbital degrees of freeddth?’ and/or random- creased, and they yield a weak paraskitype AFM order(a
ness effectd® and none of the stories are indisputable atspin canted phagén the Nd compound through a second
present. _ _ _ _ order transition. With further decreasinfy these systems
Thirdly, the dispersion relations perpendicular to theghay first order transitions to the pure AFM state, where the
orbital-ordered layers also exhibit anomalaydependence. p, compound has tha-type AFM state while the Nd com-
In the Pr compound, the zone bounda®B) along the  ,ond has a phase separated AFM state between CE type and
(dn,04p) direction in the FM phase is located @{=0.5. A type. The change of the magnetic structures from the
Howevgr, [t seems that.the ZI_3 |s.Iocatedqat= 0.25 anq thgt (mainly) CE type order in the Nd compound to thetype
the periodicity of the dispersion is doubled along this direc-Agm order in the Pr compound is attributed to the widening
tion, although the SW energy gf,=0.5 is still finite. This 4 the W in the latter compound.
result revealed that the,._»-type orbital order realized as  Fipally, we would like to discuss an issue of a FM central
is expected from the view points of lattice distortions a”dcomponent. Recently, it was pointed out that the CMR man-
that the system possesses #igype AFM fluctuations in the ganites which show large CMR phenomena have a strong
FM phase. . _ central component at around thdig .2**° The central com-
_For the Nd compound, the dispersion along th&{0)  ponent can be also observed in the PM state of the AFM
direction exhibits the same behavior, but the SW energy aﬁwanganite§:31*328uch a central component yields a spin dif-
the ZB with g,= 1.0 vanishes belowy~200 K. To see de- fusion constant with one order smaller energy scale o its
tailed behavior of the ZB SW excitations, we show in Fig. 4 spin stiffness constafi* The present results shown in Figs.
the g dependence gf the SW profiles near the ZB at ®®  2(a), 2(b) demonstrate that the correlation length of the cen-
above and belowl'y~200 K. At 225 K in the FM phase tral component is an order of 100 A. In addition to the
(right panel, the ZB profile shows a clear gap, but at 179 K central component, however, the system has an additional
beIowTﬁ (left pane) theq dependence indicates that the gapanisotropic(two-dimensional component which has a larger
vanishes at the ZB ofj,=1.0. Because these results wereenergy scale and shorter correlation length than those of the
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Intensity (counts/20min)

Energy (meV)
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central component. This component must correspond to corcompound should be treated as a canted AFM order but not
ventional thermally activated spin fluctuations, indicating theas a phase separation. The directional dependence of the spin
coexistence of slowly fluctuating large clusters and conveneorrelations was clearly observed in two systems, which fur-
tional spin fluctuations in the system. The former slow fluc-ther supports our interpretation that these spin fluctuations
tuation is very likely related to the CMR phenomena, whileare driven by the specifid,2_2-type orbital ordering. These

the latter dynamical component clearly manifests an influresults establish that the orbital ordering has crucial influence

ence of the underlying orbital ordering.

on the spin correlations in the 50% hole-doped manganites,

In conclusion, we have found a number of interesting feaeven in the PM and FM states. The reason of the re8ult
tures in the spin dynamics of the 50% hole-doped mangarnremains an open question, and further experimental and the-

ites Pg,,Sr,,MnO3 and Nd,,Sr;,MnO3 in the PM and the
FM phases(1) The dynamical spin correlations in the PM
state are two dimensiondR) The SW dispersion in the FM
state is anisotropi¢3) The SW dispersion along the in-plane

oretical studies are desirable.
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