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Commensurate-incommensurate transition in the melting process of orbital ordering
in PrysCapsMnO 3: A neutron diffraction study
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The melting process of the orbital order ingBCa, sMnO5 single crystal has been studied in detail as a
function of temperature by neutron diffraction. It is demonstrated that a commensurate-incomme@siCate
transition of the orbital ordering takes place in a bulk sample, being consistent with the electron diffraction
studies. The lattice structure and the transport properties go through drastic changes in the IC orbital ordering
phase below the charge/orbital ordering temperafiggoo, indicating that the anomalies are intimately
related to the partial disordering of the orbital order, unlike the consensus that it is related to the charge
disordering process. For the safieange, partial disorder of the orbital ordering turns on the ferromagnetic
spin fluctuations which were observed in a previous neutron scattering study.
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Charge ordering is an ubiquitous phenomenon in transi- One of the interesting but not well-elucidated aspects of
tion metal oxides. For example, a so-called “CE-type” the CE-type charge/orbital ordering transition is the incom-
charge ordering plays an essential role in the colossal magnensurability of the orbital ordering. When the ideal CE-
netoresistancéCMR) phenomenon which can be observedtype charge/orbital order is formed, zigzag arrangement of
in hole-doped perovskite manganites, suclRas,A,MnO;,  the orderedd(3x?>—r?) and d(3y?—r?) orbitals of Mr#*
where R denotes trivalent rare-earth ions whife denotes ions in theab plane and associated lattice distortions will
divalent alkaline-earth ion's? In the CE-type charge-ordered double the unit cell along the axis in the orthorhombic
state which appears neat1/2, M** and Mrf* ions form  (Pbnm) lattice, and produce commensurate superlattice re-
a checkerboard pattern with a 1:1 ratio. As pointed out inflections atgoo=(0,1/2,0)>° In contrast to these expecta-
pioneering works on LgCasMnO; by Wollan and tions, based on electron diffraction studies, it has been re-
Koehler and Goodenoughthis charge-ordered state is ac- peatedly reported that the CE-type charge/orbital ordering in
companied with the ordering of theg orbitals on M sites  LagsCaMnO; and R;_,CaMnO; with x~1/2 (R: rare-
as well as the CE-type antiferromagnetidFM) spin  earth ion$ is incommensurat®'®and an elaborate charge/
ordering®® thereby offering an ideal platform to study an orbital ordering(or melting process was suggested. In par-
interplay among charge, orbital and spin degrees of freedonticular, it was argued that the onset of the commensurate

Reflecting such multiple degrees of freedom, the CE-typeorbital ordering is decoupled from the onset of
charge/orbital/spin ordering shows a complicated orderingthe charge ordering, and the orbital ordering can be
melting process. According to very recent x-ray scatteringncommensurate immediately belowlq,00. In fact,
studies on Br,CaMnO; with x~1/2, the simultaneous the incommensurability € in Pr,sCa, sMnO; observed by
charge/orbital long-range ordering is formediat,oo. Well  electron diffraction becomes finite above the AFM spin or-
above T>Tcp00, however, the charge/orbital short-range dering temperaturély, and e grows with increasingT,
correlation is developed, but the correlation length of thereaching as large as 0.4D.12 nearTcos00. 2 ¢ It should
short-range charge orderiggo is always longer than that of be noted that such a large value efhas been observed
the orbital orderingtqg, indicating that the charge ordering mainly in electron diffraction studies or an x-ray study with
is a driving force for the CE-type charge/orbital orderlfy. Lay <Ca, MnO; powder sample.

As for the spin correlations, the CE-type AFM long-range By contrast, very recent x-ray scattering studies on single
spin order is established at, which is far belowTcg00, crystal samples of Rr,CaMnO; argued that the orbital or-
and the AFM spin fluctuations in the charge/orbital-ordereddering wave vectors remain strictly commensurate through-
phase is rapidly taken over by the ferromagnetic fluctuationsut the ordered phase at any temperature, being in striking
in the T region forTy=T=<Tco/00-> disagreement with the electron diffraction studié8.inci-
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dentally, there is no explicit statement on the incommmen- Pro.sCag sMnO4
surability from neutron diffraction studies to our knowledge, 400 1500 ‘
seemingly giving an impression that the charge/orbital order-§ T=100K (a) T=225K (d)
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ing may be commensurate. A lack of consensus on this iSSUS .0t
over three diffraction techniques may give rise to a questi0n§
whether the incommensurate orbital ordering is an intrinsic=, .t
bulk property. i
To unravel this issue, neutron diffraction would be a key £t , ,
experimental technique because of high transmissibility ofg, .t 1 _ 200 k ()]
neutrons which allows one to observe bulk properties of the&
specimen. Moreover, the neutron diffraction has an advan-‘§
tage that it is sensitive to the displacements of oxygen ions&co
which are introduced by the orbital ordering. In what fol- g
lows, we shall report a detailed neutron diffraction study of
the melting process of the orbital ordering in a single crystal
sample of PysCa sMnO3;. We shall demonstrate that the or-
bital ordering is indeethcommensuratéor certain tempera-
ture range belowl -o,00, and argue that the anomalies are
intimately related to the disordering process of the orbital
order, unlike the conventional picture that it is related to the2 | . . T
collapse of the charge ordering. 08 -0.7 -0'6(;2_(;{50)-0'4 0.3 02 0.8 -0.7 -0.6(2-%50)-0.4 03 0.2
PrysCa sMnO5 is orthorhombic, but is very close to o o
cubic>*® Throughout this paper, we employ tiRnm set- FIG. 1. Temperature dependence of the orbital ordering super-
ting for convenience of easier comparison with precedingattice peak observed along tf@10] direction at selected’s. Note
works. Thereby, the lattice constants are related to the simpl#at Ty~180 K andTco00~240 K, respectively. The peak &t
cubic lattice parametea. asa~b~c/\2~+2a.,~5.4 A. =-1/2 and the shoulder &= —1/3 in (f) are contaminations due
In the Pbnm setting, the superlattice reflections due to theto the higher-order reflections.
orbital ordering appear ath(k/2]) with k=odd integer at
low temperatures. The CE-type AFM Bragg reflections byserved along the (R,0) line, and the profiles around (2,
the MP" moments appear ah(2,k,1) with k=integer and —0.5,0) scanned alorigat selected™s are shown in Fig. 1.
h,| =odd integer, while those by the Mh moments appear Since the charge/orbital ordering transition is weakly first
at (h/2k/2]) with h,k,I =odd integer. order with hysteresigsee Fig. 2d)], all the measurements in
The single crystal sample was melt-grown by the floatingthe present study were carried out with elevatihgThe
zone method as described elsewhefEhe quality of the magnetic and charge/orbital ordering transition temperatures
sample was checked by x-ray powder diffraction measurefor the present sample afig~180 K andTcp00~240 K,
ments and by inductively coupled plasma mass spectroscopgspectivelysee Fig. 2a)]. In the left column of Fig. 1, one
(ICP). Neutron diffraction experiments were performed us-can see a well-defined peak centereckat—0.5 up toT
ing a triple axis spectrometer GPTAS installed at the~220 K, indicating that the orbital order is commensurate.
JRR-3M reactor in JAERI, Tokai, Japan. The incident neu-Even for the moderate momentum resolution of neutron dif-
tron momentum ik;=2.66 A1 with a pyrolytic graphite fraction, the peak has a finite width, indicating that the or-
(PG filter employed before the sample to suppress higherbital ordering is not a true long range order. From the width
order contaminations. Most of the measurements were capf profiles, the correlation lengthfor the orbital ordering is
ried out with a double axis configuration with 200" -20' roughly estimated to be an order-sfl00 A at 100 K, being
collimators, while for measurements at high temperatiie ( consistent with the x-ray scattering stud§<(160+=10 A)2
=250 K) the collimation was relaxed to 2@0'-20' or  The finite correlation length of the orbital ordering also lim-
20'-40'-40' to improve the visibility of weak superlattice its the correlation length of the accompanied CE-type AFM
peaks. The sample was mounted in an Al can filled with Hespin ordering, as was demonstrated in recent neutron diffrac-
gas, and was attached to the cold head of a closed-cyclion studies’ %1
helium gas refrigerator. The temperature was controlled At T=220 K, the width is slightly wider than those at
within an accuracy of 0.2 K. All the measurements werelower T’s, but it recovers the lowl value for 225 KT
carried out on thel{,k,0) scattering plane except for tie <Tco/00, @and the profile splits into two peaks at the incom-
dependence of the AFM Bragg reflection (0.5,0.5,1). mensurate positions (20.5+¢,0)1" Upon elevating T
In order to confirm the presence of the superlattice peakabove Tco00~240 K, the width increases rapidly, while
due to lattice modulations induced by the orbital ordering,the intensity decreases drastically. As shown in Fif), the
we surveyed thel(,k,0) scattering plane at 100 K. The su- intensity of the superlattice peaks @=250 K is now
perlattice peaks were observed at thek( 1/2,0) positions weaker than a tail of the Huang scattering centered at
with h,k=integer. The peak intensity shows a strd@gle- =(2,0,0) which was observed in a recent x-ray
pendence due to the structure factor, and for an acces3ible measurement!® As labeled in Fig. (e), the weak peak at
range of the present experiments, the strong peaks were oleft and the stronger peak at right are assigned te- (20)
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(2,0,0) reflections. It should be noted that similar two peak

120 — ——————— 3000 profiles with asymmetric intensity in P#&Ca sMnO; were
_',sé_,? 100 f i @ | g cltc)aarly %bserved in electrondd%ifggaction studiéd® but not
I L ] 5 observed in recent x-ray studies:
_Z 80 Orbital Order 1 5999 2 Now that the incommesurability of the orbital ordering
o . (2,-0.5,0) < , : X
8 6ol ; W ] = has been conf[rmed by thg present neutron dlffrr_:lctlon stqdy,
2 a0l Ty ; ?TCO/OO 1 1000 & we shall examine th_e melting process of the orbital ordering
iz i ggﬁype 4 + ] c in further detail. In Fig. 2a) are plotted th& dependences of
o 20| + 4 ] = the order parameter of the CE-type AFM spin ordering for
£ Ll (0.505.1) 5 ¥ 15 L the Mrf™ moments observed &=(0.5,0.5,1) and that of
L o) ; ; the qrbital ordering observed aroq@:#(z,—. 0.5,C_)) with el-
’3-‘050: 5y evating T. The CE-type AFM spin ordenng disappears at
- f lo4 m Tny~180 K. TheT dependence of the orbital order param-
= . Z - eter in Fig. 2a) exhibits a clear change &i. c~215 K.
« 045 4 é The intensity decreases gradually up Tg.,c, then drops
9 oy steeply towards co;00~240 K. Interestingly, this change-
3 0.40 = over of theT dependence of the intensity corresponds to the
i 0.05 c commensurate-to-incommensurate transition of the orbital
B 0.35 [zr-ermmemmmeeomeem oo Ve ) -~ ordering vectogpo=(0,6,0), as is shown in Fig.(®). Up to
= Resolution % ] Tcac~215 K, the peak position is commensurate wigh
. 7 1 y =0.5, thend gradually decreases towards-1/3. Namely,
0.30 1 [ %1 o} . . . .
i ' Ty 1 the orbital ordering in RrzCa& gMnO; is incommensurate for
233[ © - TcacST=Tcoio- The T dependence of the width of the
=~ [ 717 superlattice peak is also shown in the same panel. The width
é:/ i i shows a subtle increase arouhgl,c which is also evident in
82'32 ; ; the profile shown in Fig. (t), but recovers and maintains the
s} Z f low T value up toTcp00. The T region of the incommen-
na1 [ / i surate orbital ordering corresponds exactly to the precipitous
g ; change of the lattice constants as evidenced byltdepen-
- : I dence of the scattering vector for the (2,0,0) nuclear Bragg
£ ; 77 reflection[Fig. 2(c)], and a steep decrease of the resistivity
g 10'¢ [Fig. 2d)].
G E ; ; From the data presented in Fig. 2, the following intriguing
2 100 N 7 picture emerges for the melting process of the orbital order-
-% ; \;& \4 ing in P Ca sMnO;. The melting process consists of three
‘» 101 L Z stages. First of all, the C-IC transition of the orbital ordering
&’ ; 4 is not correlated to the CE-type spin ordering &
102 e e v B ~180 K, and begins ac,c~215 K. In a very early stage
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200 250
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of the C-IC transition, the superlattice is still almost com-
mensurate, but its width increagddsg. 1(c)], indicating that
the commensurate and nearly commensurate orbital orders

FIG. 2. T dependences ofa) integrated intensities for (2,
—0.5,0) orbital order peakclosed symbolsand (1/2,1/2,1) AFM
peak (open symbols (b) Orbital order wave vectogoo=(0,6,0)
(closed symbolsand width (FWHM) of (2,—0.5,0) orbital order

are mixed in the system. This stage may be attributed to the
situation in which occasional discommensurations are intro-
duced to the system. According to high resolution lattice
) images, it is suggested that unpaired Wnstripes cause
peak(open symbols (c) Scattering vector of the (2,0,0) fundamen- iy mensuration$ In the second stage of the transi-

tal reflection.(d) Resistivity. In(b), the instrumental resolution is tion, the superlattice peak splits into two incommensurate
indicated as a dotted line. All data except the resistivity were mea- . . L
sured with heating. peaks. At the same tme, the lattice co.n_stants. show precipi-
tous changes, and the incommensurability varies quickly, al-
though the width recovers the loWwvalue. The decrease of
+0oo and (2,0,0-goo With |gool =0.445, respectively. the superlattice intensity abovig. ¢ indicates that the num-
From the scattering configuration, it is straightforward to seeber of the orbital-disordered Mn ions rapidly increases in
that the superlattice intensity results from the transverséhe system. Concomitantly, the local melting of the orbital
component of the lattice distortions induced by the orbitalordering triggers the rearrangement of the local Jahn-Teller
ordering because of thgQ- 5| term in the cross section, lattice distortions, and causes the change of lattice constants
wheren represents a displacement vector of constituent iong.Fig. 2(c)]. This rearrangement process also triggers the steep
Furthermore, an asymmetry of superlattice intensities reflectdecrease of the resistiviffFig. 2(d)]. In the third stage above
the difference of the structure factor of generic fundamental -,00, the charge ordering and quasi-long-range orbital or-
nuclear Bragg reflections, weak (21,0) and intense dering is destroyed, and their correlation lengths rapidly de-
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crease. ByTcooo, the local Jahn-Teller lattice distortions static AFM exchange paths, and gives rise to ferromagnetic
are Sufﬁcient]y relaxed, then a rapid Change of the latticeSpPIN fluctuations. In this sense, the C-IC orbital dlsorderlng

constants disappears abdlgyoo [Fig. 2(c)].

process is intimately related to the ferromagnetic spin fluc-

It should be noted that in a study of the CE-type orderingiuations.

the charge and orbital orderings are often considered to take
place at the same temperature, because the CE-type chaf

and orbital orders are strongly coupled and their transitio
temperatures are very close. By careful examination of th
melting process of the orbital ordering, however, we suc

ceeded in establishing that the anomalies in the StrUCturaaqeratureTc_,c. The incommensurate melting of the orbital

transport, and magnetic properties take place in the IC orbit
ordering state below the charge ordering temperaflire

~Tcoioo- The present results indicate that the importance o

distinguishing the gradual melting process of orbital orderin
from the collapse of charge ordering in order to understan

the nature of the physical properties in the CMR manganites

It is also noteworthy that the partial disordering of the

orbital order is consistent with the onset of ferromagnetic

spin fluctuations previously report@dKajimoto et al. re-

In summary, we have studied the melting process of the
bital ordering in PysCa sMnO; single crystal as a func-
on of T by neutron diffraction measurements. We success-
ully demonstrated that an incommensurate orbital ordering
Certainly exists in a bulk sample. The quasi-long-range or-

pital ordering persists well above the C-IC transition tem-

order induce the rearrangement of the lattice structure and

}he steep decrease of the resistivity due to partial disordering

of the orbital order, and also induce ferromagnetic spin fluc-

%uations which was reported in the previous neutron scatter-

ing study. This fact indicates that the drastic anomalies in
¢harge/orbital ordered manganites are caused by the change
of the orbital order rather than the charge order.
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