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Anisotropic CE-type orbital correlations in the ferromagnetic metallic phase of Nd1Õ2Sr1Õ2MnO3
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We present hard x-ray scattering studies of the charge and orbital ordering in Nd1/2Sr1/2MnO3 together with
magnetization and thermal expansion measurements as a function of temperature and magnetic field. Super-
structure reflections corresponding to the orbital ordering belowTCO.160 K are observed in the ferromag-
netic metallic phase up to 200 K. The correlation length of the observed structural modulations is found to be
highly anisotropic; i.e., the correlations exist predominantly in theab planes. Moreover, the periodicity of the
superstructure modulations is the same above and belowTCO . As a consequence, the modulations found in the
ferromagnetic metallic phase are incommensurate to the average lattice structure. The results from hard x-ray
scattering, thermal expansion, and magnetization studies can be consistently interpreted in terms of short-range
orbital ordering in the ferromagnetic metallic phase of Nd1/2Sr1/2MnO3 .

DOI: 10.1103/PhysRevB.66.184407 PACS number~s!: 75.30.Vn, 64.75.1g, 71.30.1h, 71.27.1a
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I. INTRODUCTION

The doped manganites are fascinating examples of m
rials with strongly correlated electrons exhibiting a great
riety of intriguing phenomena. Their unusual physical pro
erties originate from the intimate coupling betwe
electronic, structural, magnetic, and orbital degrees
freedom1–3 which has been recently observed and intensiv
discussed. A very interesting example for the simultane
ordering of magnetic, charge, and orbital degrees of freed
is the insulating ground state of the half-doped perovs
manganites shown in Fig. 1. As a result of strong electro
correlations ferromagnetic charge- and orbital-ordered
zag chains are formed in theab planes which are couple
antiferromagnetically to each other, resulting in the so-ca
antiferromagnetic CE structure.4 In what follows we will re-
fer to this phase shortly as the CE phase and we call
corresponding ordering of the different degrees of freed
CE-type magnetic, charge, and orbital order, respectively

This particular type of ordering has been experimenta
observed in several half-doped perovskite manganites
Pr1/2Sr1/2MnO3,5 Pr1/2Ca1/2MnO3,6 La1/2Ca1/2MnO3,7

Nd1/2Sr1/2MnO3 ,8,9 and also in the layered compoun
La1/2Sr3/2MnO4.10 However, the CE phase o
Nd12xSrxMnO3 is only stable at low temperatures in the ve
narrow doping range 0.48,x,0.51.11 More specifically, al-
ready atx50.45 the system is a ferromagnetic metal~FMM!
at low temperatures whereas atx50.51 an A-type antiferro-
magnetic metallic~AFM! ground state is formed. The drast
doping dependence of the ground state aroundx50.5 can be
understood as follows: In the CE phase a gap opens a
Fermi level and similar to the lattice Peierls effect the el
tronic energy at half band filling is reduced.12 Therefore, it is
clear that deviations from half filling lead to a destabilizati
of the CE phase. Furthermore, it is known from band str
ture calculations that the energy difference between the
FMM, and AFM phases is very small~around 0.01
g
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eV/atom!.13 As a consequence, strong fluctuations and in p
ticular phase segregation are to be expected. Indeed, re
x-ray and neutron scattering results reveal the coexistenc
the AFM, FMM, and CE phases in Nd1/2Sr1/2MnO3 over a
large temperature range.14–17As phase segregation might b
of crucial importance for the colossal magnetoresistance
fect ~CMR effect! observed in manganites18,19 its investiga-
tion is not only of interest from a fundamental point of view
but may also be important for possible applications. Anot
interesting question concerns the origin of the CE pha
While the microscopic structure of this phase has been w
established, the mechanism of the ordering phenomena i
is still the subject of controversial discussions.20,21,12

In this paper we report hard x-ray scattering studies
short-range orbital correlations in Nd1/2Sr1/2MnO3 above
TCO along with measurements of the thermal expansion
magnetization as a function of temperature and magn

FIG. 1. View of theab plane in the magnetic, charge, and o
bital ordered ground state of R1/2A1/2MnO3 ~solid circles, Mn41;
grey lobes, Mn31). Theab plane consists of ferromagnetic zigza
chains which are antiferromagnetically coupled to each other.
©2002 The American Physical Society07-1
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field. We observe (h,k60.5,0) superstructure reflection
~throughout this paper all reflections are indexed in
orthorhombicPbnm setting! characteristic for CE-type or
bital order in the FMM phase up to 200 K. These correlatio
start to develop predominantly in theab plane (jab
.500 Å) while the orbital order between successiveab
planes is only weakly correlated (jab.80 Å). Moreover, the
observed structural modulations are incommensurate
the mean lattice structure of the ferromagnetic metallic ph
having the periodicity of the low-temperature phase. The
fore, our results lead to the conclusion that large CE-ty
orbital-ordered areas persist in the FMM phase
Nd1/2Sr1/2MnO3. Furthermore, the field-dependent measu
ments show that these CE-type orbital-ordered areas
strongly influenced by applied magnetic fields.

II. EXPERIMENTAL TECHNIQUES

The Nd1/2Sr1/2MnO3 single crystals were grown using th
traveling floating zone method and characterized by mag
tization, resistivity, and x-ray powder diffraction. The lattic
constants as well as the observed macroscopic prope
agree well with measurements reported in literature.11,14The
magnetization measurements have been performed usi
vibrating sample magnetometer described elsewhere.22 For
the thermal expansion measurement a capacitance dila
eter was utilized which allows a very accurate study of cr
tal length changes.23 Hard x-ray scattering experiments we
performed at the beamline BW5 at the HASYLAB in Ham
burg using hard x rays with photon energies of 120 keV. D
to the high penetration depths at this energy (;1 mm), sur-
face effects have only a minor influence on the detected
nal. Therefore, this radiation allows us to investigate the b
properties of the sample.

We performed triple-axis diffraction in horizontal Lau
geometry utilizing the ~111! reflection of a Si/Ge-
monochromator and Si/Ge-analyzer crystal with mosaici
of 609. With this setup and the sample used the longitudi
resolution was 0.009 Å21 @full width at half maximum
~FWHM!# and the transversal resolution was 0.015 Å21

~FWHM! at the orthorhombic~220! position. The signal was
detected by a solid-state Ge detector with a resolution of
eV at 100 keV allowing electronical suppression of high
harmonics in the beam. For temperature-dependent mea
ments between 8 K and 300 K the sample was mounted
the coldfinger of a closed-cycle cryostat which itself w
fixed on a standard Huber Eulerian cradle. The meas
ments in magnetic fields up to 4 T were carried out utilizi
a liquid helium cryostat equipped with a superconduct
magnet.

III. EFFECTS OF TWINNING

In this study we are mainly concerned with superstruct
reflections around the~220! Bragg peak. However, as th
investigated samples were twinned in all three directions
the underlying cubic perovskite, the^110& direction of one
type of twin domains coincides with thê001& direction of
another type of domain. Therefore, the (2620) and~004!
18440
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reflections are observed around the same position, ha
slightly different scattering angles 2Q. As thec parameter is
elongated while thea andb parameters are shortened atTCO
upon heating it is possible to discriminate betwe
(2620) and~004! reflections.

Figure 2 displays the lattice spacings derived from
temperature dependence of the two observed scatte
angles 2Q. Both curves show a clear anomaly atTCO : Upon
heating the upper curve decreases atTCO as expected for the
~110! lattice plane spacing and the lower curve increa
corresponding to the~002! planes. Moreover, the derived la
tice spacings are in good agreement with the ones reporte
literature.11

The results given above show that contributions of^110&-
as well aŝ 001&-oriented domains have to be taken into a
count. In particular, we observe superstructure reflection
(h,k6 1

2 ,0) and (h6 1
2 ,k,0) due to^110& domains with in-

terchangeda andb directions. Furthermore, it is important t
note that thê001&-oriented domains do not contribute to th
intensity at (h6 1

2 ,k,0) and (h,k6 1
2 ,0): For example, the

(26 1
2 , 2, 0) reflection of â001& domain corresponds to th

(6 1
4 ,7 1

4 ,246 1
2 ) reflection of a^110& domain. Thus the

superstructure reflections of̂110& and ^001& domains
emerge at different positions. Therefore we can conclude
a radial scan through a (h,k6 1

2 ,0) or a (h6 1
2 ,k,0) reflec-

tion probes the orbital correlations in theab plane. More-
over, thel direction which is common for all̂110& domains
is well defined.

IV. TEMPERATURE-DEPENDENT MEASUREMENTS

In Fig. 3 temperature dependences of the magnetizat
electrical resistivity, and integrated intensity of the~2,3/2,0!
superstructure reflection are compared. In the tempera
range between 270 K and 4.2 K two phase transitions can
observed. The first transition takes place atTC5249.5 K
where the pronounced increase of the magnetization sig
the onset of ferromagnetic order. In accordance with
double-exchange model, the electrical resistivity is redu
and shows a metallic characteristic in the temperature ra
of increased magnetization. Therefore, this phase is o
called the ferromagnetic metallic phase, although it has to

FIG. 2. Temperature dependence of the lattice plane spac
d110 and d002 as deduced from 2Q. Explanations are given in the
text.
7-2
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ANISOTROPIC CE-TYPE ORBITAL CORRELATIONS IN . . . PHYSICAL REVIEW B66, 184407 ~2002!
noted that the resistivity is still about three orders of mag
tude larger than that of a typical metal. The second ph
transition takes place atTCO

down.150.5 K upon cooling. At
this temperature the macroscopic magnetization is stron
reduced and the resistivity increases by about three orde
magnitude. Moreover, the observation of the~2,3/2,0! super-
structure reflection signals the doubling of the orthorhom
unit cell. These observations can be attributed to the de
opment of the CE antiferromagnetic, charge- and orbi
ordered ground state~Fig. 1!, which has been established b
numerous experimental and theoretical investigations.
what follows we will refer to this transition as the CO/O
transition.

Focusing on the CO/OO transition a pronounced temp
ture hysteresis is observed in all three measurements (TCO

up

.160 K, TCO
down.150.5 K) indicating the first-order charac

ter of the transition. In particular, the temperature hystere
of the resistivity and the integrated intensity at the~2,3/2,0!
position correspond nicely to each other, showing that b
measurements characterize the same ordering phenom
However, the temperature dependence of the magnetiza
displays a remarkable behavior: First, the temperature h

FIG. 3. Top: normalized integrated intensity of the~2,3/2,0! su-
perstructure reflection measured in zero field. Middle: zero-fi
resistivity of the same sample as a function of temperature o
logarithmic scale. Bottom: magnetization vs temperature in an
plied magnetic field of 0.05 T.
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teresis extends up to 230 K and, second, the tempera
dependence betweenTCO andTC deviates considerably from
that expected for a simple ferromagnet. More specifically,
magnetization starts to decrease already around 200 K u
cooling, suggesting the development of antiferromagne
correlations. Note that we also observe an analogous fea
of suppressed magnetization in elevated magnetic fie
around 4 T~Fig. 10!, excluding effects due to magnetic do
mains. Furthermore, this observation is in agreement w
recent neutron scattering experiments where the onse
A-type antiferromagnetic correlations at 200 K has be
observed.15 An unusual hysteretic behavior similar to th
observed in the magnetization is also found in the mac
scopic length changesdL/L shown in Fig. 4 (L: macro-
scopic sample length!. In particular,dL/L also displays a
nonsymmetric temperature hysteresis and, moreover, the
set of anomalous contributions can be observed around
K. As thedL/L measurement is a highly sensitive probe f
the investigation of structural changes the comparison w
the magnetization measurements shows that the onset o
tiferromagnetic correlations in the FMM phase is connec
to structural distortions.

The onset of orbital ordering in the FMM phase provid
a natural explanation for the unusual behavior found in theM
anddL/L measurements, but such a microscopic origin c
not be clarified from the macroscopic behavior. Howev
recent neutron scattering experiments performed by Kaw
and co-workers15 revealed the existence of almost tw
dimensional magnetic fluctuations corresponding to
A-type antiferromagnetic ordering. Moreover, Kiryukhinet
al.14 investigated the same samples used in the present s
utilizing x-ray scattering as a probe for structural fluctu
tions. Although the ferro-orbital ordering of the A-type an
ferromagnetic phase does not lead to additional superst
ture reflections due to a larger unit cell, the authors fou
indications for almost two-dimensional fluctuating structu
domains of a second phase aboveTCO and argued that thes
domains exhibit A-type orbital order. The two-dimension
character of the magnetic and structural correlations foun

d
a

p-

FIG. 4. Temperature hysteresis of the macroscopic len
changesdL/L in zero field.dL/L shows a similar hysteretic behav
ior as the magnetization measurement displayed in Fig. 3.
7-3
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J. GECKet al. PHYSICAL REVIEW B 66, 184407 ~2002!
the two scattering experiments has been explained by
underlying A-type orbital order, which builds a two
dimensional orbital network ofdx22y2 orbitals inside theab
planes.1 Therefore, the results from the investigation of t
macroscopic and microscopic properties can easily be un
stood in terms of short-range A-type orbital correlations
the FMM phase which couple to the magnetism as well a
the structure.

Next, we discuss the results of the hard x-ray scatter
experiments. In Fig. 5 the intensity distribution in the vici
ity of the orthorhombic~220! reflection is shown. A broad
and anisotropic peak is observed centered around
~2.5,1.5,0! position, which merges into the strong anisotrop
diffuse scattering around the~220! reflection. Note, that the
intensity at the~2.5,1.5,0! position can be attributed to th
~221! reflection of a different twin domain. These results a
in agreement with the observations of Kiryukhinet al. men-
tioned above, indicating the presence of A-type orbital ord
But moreover, we do also observe CE-type orbital corre
tions: Unlike the A-type orbital order, the CE-type orbit
order gives rise to a larger unit cell, because its leads
doubling along theb direction ~Fig. 1!. Therefore, this type
of orbital order can be observed in a more direct way usin
rays by investigating the corresponding additional sup
structure reflections. In particular, we used hard x-ray s
tering to investigate the temperature dependence of
~2,3/2,0! superstructure reflection aboveTCO . As demon-
strated in Fig. 6, intensity can be observed at the~2,3/2,0!
position up to about 200 K upon heating. Above 200 K t
intensity of the superstructure peak lies below a strong
fuse background centered at the~220! Bragg reflection,
which can be attributed to the scattering from uncorrela
Jahn-Teller-polarons.1,14,24,25This is further illustrated in Fig.
7 where the temperature dependence of the radial andl
scan through the~2,3/2,0! reflection are compared. Note th
the measurements have been performed with decreasing

FIG. 5. Intensity distribution in the vicinity of the~220! reflec-
tion at T5185 K. A broad peak centered at~2.5,1.5,0! can clearly
be observed. The intensity around the~2.5,1.5,0! position merges
into the strong anisotropic diffuse scattering around the~220! re-
flection.
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perature so that the CO/OO transition takes place atTCO
down

5150.5 K. The radial scans in the left part of Fig. 7 cons
of two contributions.

One very broad intensity distribution around 2Q.
23.15 ° and another sharp and strongly temperatu
dependent peak at 2Q.23 ° which can be identified as th
~2,3/2,0! superstructure reflection. Obviously, the~2,3/2,0!
reflection merges into the diffuse scattering, which limits t
observation of the superstructure peak at high temperatu
But besides this, the radial scans reveal that the FWHM
the ~2,3/2,0! reflection (D (2,3/2,0)) is almost constant and
moreover, comparable to the FWHM of the neighbori
~220! Bragg peak (D (220)) which represents the experiment
resolution. At the same time thel scans taken at the positio
of the sharp superstructure reflection show a pronoun
broadening with increasing temperature. This anisotro
broadening of the~2,3/2,0! reflection is further illustrated in
Fig. 8~a! which shows the temperature dependence
D (2,3/2,0)/D (220) for the radial andl scans. The compariso
clearly shows that the~2,3/2,0! superstructure reflection
aboveTCO is considerably broadened in thel direction, while
it stays sharp in the radial direction. This indicates that ab
TCO short-range CE-type orbital correlations exist predom
nantly in theab plane whereas the correlations between
ab planes are weak. More specifically, our measureme
show that on cooling the in-plane correlation length of t
orbital ordering around 180 K is already about 500 Å, wh
the correlation length in the perpendicular direction is on
about 80 Å. Another remarkable observation concerns
lattice constants of the short-range orbital-ordered ar
which differ from those of the mean lattice.

This can be seen in Fig. 8~b! which shows the temperatur

FIG. 6. Zero-field temperature dependence of the integrated
tensity aboveTCO taken at increasing temperature. The inset sho
an enlarged view of the high-temperature regime above 180
Above 200 K the intensity of the~2,3/2,0! superstructure reflection
merges into the diffuse background originating from the~220!
Bragg reflection.
7-4
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FIG. 7. Comparison of the
temperature dependencies o
served in the radial~left! and thel
scan ~right!. Successive scan
have been taken in zero field o
cooling.
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dependence ofDd/d, whered is lattice plane spacing corre
sponding to the~220! and ~2,3/2,0! reflections, respectively
Approaching TCO from below, Dd/d for the ~220! and
~2,3/2,0! lattice planes display a rather similar behav
which is expected from the temperature dependence of
lattice parameters. AtTCO the lattice plane spacing corre
sponding to the~220! reflection changes drastically, due
the structural phase transition. The relative changeDd/d.
24.531023 agrees well with the changes of the lattice p
rameters reported in previous literature.11 These changes o
the mean lattice structure are not reflected by the lattice p
spacing corresponding to the~2,3/2,0! reflection. In particu-
lar, the lattice plane spacing corresponding to the~2,3/2,0!
reflection shows the opposite behavior aboveTCO , as it in-
creases again to zero. This demonstrates that the period
18440
he

-

ne

ity

of the structural modulations decouples from the mean lat
structure approaching again its low-temperature value. It
be concluded that the lattice spacings in the short-ra
orbital-ordered areas differ from those of the mean latt
structure, thus being incommensurate. Incommensu
short-range charge and orbital order has also been obse
in Pr0.5Ca0.5MnO3 and La0.5Ca0.5MnO3 using neutron and
x-ray scattering techniques.24,26,27

To summarize so far, the above results obtained from
hard x-ray scattering experiments reveal the existence
short-ranged structural modulations betweenTCO and 200 K.
The corresponding correlation length is highly anisotrop
i.e., the correlation length in theab plane is about 6 times
larger than in the perpendicular direction. These short-ra
correlations aboveTCO are incommensurate with the mea
-
FIG. 8. ~a! Comparison of the temperature de
pendencies ofD (2,3/2,0)/D (220) for the radial andl
scans in zero magnetic field.~b! Comparison of
the temperature dependencies ofDd/d for the
~220! and ~2,3/2,0! reflections in zero field.
7-5



il
ly
yp

th
in
e
on
r.
th

e
ic

nd
tu
2
n
ng

ld
ld

f
r
o
th
ib
g

u

gl

ges
d to

or-
ich

ro-
is

ap-

ic
l to
is

ag-
-
ing
nsi-

ial.

ting
ion.
ic

on
rro-
the

e in
11,
the

ion
he
CE
tud-

.
ion

J. GECKet al. PHYSICAL REVIEW B 66, 184407 ~2002!
lattice structure and, moreover, have lattice spacings sim
to the CE phase belowTCO . Therefore, these results strong
indicate the presence of almost two-dimensional CE-t
orbital-ordered areas betweenTCO and 200 K in theab plane
which are weakly correlated along thec direction.

As the CE-type orbital ordering also takes place inside
ab planes building nearly one-dimensional zigzag cha
~Fig. 1! along theb direction it is natural to assume that th
planar character of the observed structural modulati
is the result of the underlying CE-type orbital orde
Furthermore, we mention, again, that the coexistence of
A, CE, and FMM phases aboveTCO is in agreement with
the fact that these phases are nearly degenerate in en
which has been proved by experimental and theoret
investigations.11,13,16,17

Finally, we mention again that the development of A- a
CE-type short-range orbital ordering in the FMM phase na
rally explains the anomalous behavior observed between
K and TCO in the magnetization and thermal expansio
since the orbital ordering couples to the magnetic excha
interactions as well as to the structure.

V. FIELD-DEPENDENT MEASUREMENTS

Next, we discuss the influence of applied magnetic fie
on the CO/OO transition. Figure 9 compares two zero-fie
cooled warming measurements28 of the thermal expansion
coefficient a which is the first temperature derivative o
dL/L discussed in the previous section. The first measu
ment has been performed in zero field and the second
was done in an applied magnetic field of 8 T. Focusing on
zero-field measurement, the onset of anomalous contr
tions is observed around 230 K. These anomalous len
changes are connected to the unusual hysteresis ofdL/L
shown in Fig. 4. The structural phase transition atTCO is
signaled by a pronounced anomaly ina around 160 K. This
anomaly is shifted about 76 K in an external field of 8 T. B
moreover, the anomalous contributions toa are also shifted
to lower temperatures by a similar amount. This stron

FIG. 9. Comparison of a field-cooled~FC! and a zero-field-
cooled~ZFC! measurement ofa taken at increasing temperature
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supports our conclusion that the anomalous length chan
observed in the thermal expansion are directly connecte
orbital ordering processes, because the A- and CE-type
bital ordering induces antiferromagnetic interactions wh
are destabilized in applied magnetic fields.

The destabilization of the long-range-ordered antifer
magnetic CE phase by the application of a magnetic field
shown in Fig. 10. In this figure a magnetization versus
plied magnetic field curve taken at 150 K,TCO is shown.
Starting from the zero-field-cooled state atB50 T the mag-
netizationM below 1.2 T shows a typical antiferromagnet
behavior, i.e., a small magnetization which is proportiona
the applied magnetic field. As the CO/OO transition
shifted to lower temperatures by the application of a m
netic field ~see Fig. 9! the transition from the antiferromag
netic CE to the FMM phase is induced by further increas
the magnetic field strength. This field-induced phase tra
tion is signaled by the strong increase ofM between 1.2 and
3 T. However, the field dependence ofM above 3 T deviates
considerably from that expected for a ferromagnetic mater
In particular, between 3 and 10 TM increases slowly and lies
well below the saturation value of about 3.5mB /Mn. Further-
more, a pronounced field hysteresis is observed, manifes
once again the first-order character of the CO/OO transit
Note that in this field regime it is very unlikely that magnet
domains are responsible for the reduced magnetizationM
,3.5mB /Mn. Therefore, the field-dependent magnetizati
measurement strongly indicates the presence of antife
magnetic correlations even at high magnetic fields within
ferromagnetic majority phase.

The destabilization of the long-range-ordered CE phas
applied magnetic fields is also demonstrated in Fig.
where the field dependence of the integrated intensity at
~2,7/2,0! position at 140 K is presented. The strong reduct
of the integrated intensity with increasing field reflects t
collapse of the long-range charge- and orbital-ordered
phase. However, similar to the temperature-dependent s

FIG. 10. Hysteresis loop of the macroscopic magnetizat
taken atT5150 K,TCO . The strong increase~decrease! of the
magnetization with increasing~decreasing! field signals the phase
transition between the CE and FMM phases.
7-6
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ANISOTROPIC CE-TYPE ORBITAL CORRELATIONS IN . . . PHYSICAL REVIEW B66, 184407 ~2002!
ies, not all of the intensity vanishes above the critical fie
Moreover, we again observe that the FWHM of the rad
scan is nearly unchanged across the phase transition as
onstrated in Fig. 12. Obviously, the integrated intensity of
~2,7/2,0! reflection is reduced by a factor of 140, while th
FWHM stays almost constant across the field-induced ph
transition.29 Furthermore, it can be seen in Fig. 12 that t
position of the~2,7/2,0! reflection is also almost unchange
across the phase transition; i.e., the periodicity of the str
tural modulation does not change. Unfortunately, we co
not observe the broadening in thel direction due to experi-
mental restrictions.30 However, the results strongly indicat
that the same short-range orbital ordering phenome
which has also been observed aboveTCO in zero field takes

FIG. 11. Field dependence of the integrated intensity of
~2,7/2,0! reflection taken at 140 K,TCO in the FMM phase. The
inset displays the field hysteresis of the integrated intensity at
~2,7/2,0! position.
18440
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place above the critical field. Indeed, the ferromagnetic or
in the FMM phase produces considerable internal fie
which act in a similar way as applied magnetic fields.

The field-dependent measurements ofa, M, and the
~2,7/2,0! reflection strongly indicate the existence of antife
romagnetic correlations in the field-induced FMM pha
which are connected to structural modulations. Again,
presence of short-range A- and CE-type orbital correlati
in the FMM phase provides a natural explanation for t
experimental observations given above.

VI. SUMMARY AND CONCLUSION

We have presented magnetization, thermal expansion,
hard x-ray scattering studies on Nd1/2Sr1/2MnO3 as a function
of temperature and magnetic field. The hard x-ray stud
indicate the presence of incommensurate and highly an
tropic CE-type short-range orbital correlations in the FM
phase which can naturally explain the anomalous featu
found in the magnetization and thermal expansion meas
ments: The onset of A- and CE-type orbital ordering ins
theab planes leads to a reduction of the macroscopic sam
length in thec direction which is observed in the therm
expansion.31 Furthermore, the orbital correlations induce a
tiferromagnetic interactions in agreement with the magn
zation measurements. As the presence of A-type correlat
has already been reported in the previous literature14,15 it is
very likely that betweenTCO and 200 K three phases coexis
namely, the A-, CE-type, and FMM phases. The coexiste
of three phases is further indicated by numerous experim
tal and theoretical investigations which show that these th
phases are nearly degenerate in energy.13,16We conclude that
at TCO the long-range charge- and orbital-ordered CE ph
collapses and phase segregation occurs betweenTCO and
230 K. In this temperature regime short-range A- and C

e

e

f
e

-
d
ts
-

FIG. 12. Field dependence o
the radial scans taken at th
~2,7/2,0! position at 140 K. The
width and position of the super
structure reflection are nearly fiel
independent. The measuremen
have been performed with increas
ing field.
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type orbital correlations persist in the FMM phase. It is im
portant to note that the large-scale phase separation indic
by the hard x-ray results is in agreement with the fact that
three coexisting phases have similar charge carrier con
trations. In this case long-range Coloumb interactions do
prevent the large-scale phase segregation.18 Finally, we dem-
onstrated that long-range CE-type orbital ordering collap
at a critical magnetic field. Above this critical field the sho
range CE-type orbital correlations exist and are continuou
reduced with further increasing field. We argue that sho
range orbital order can persist in the ferromagnetic meta
phase or in applied magnetic fields by strongly reducing
correlations between successiveab planes and thereby re
.
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18440
-
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e
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ducing the antiferromagnetic interactions between them.
results given above show that phase segregation and pe
lative effects are of fundamental importance for the CM
effect of this compound.
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