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Charge and orbital ordering in Pr 0.5Ca0.5MnO3 studied by 17O NMR
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The charge and orbital ordering in Pr0.5Ca0.5MnO3 is studied for the first time by17O NMR. This local probe
is sensitive to spin, charge, and orbital correlations. Two transitions exist in this system: the charge and orbital
ordering atTCO5225 K and the antiferromagnetic~AF! transition atTN5170 K. Both are clearly seen in the
NMR spectra measured in a magnetic field of 7 T. AboveTCO there exists only one NMR line with a large
isotropic shift, whose temperature dependence is in accordance with the presence of ferromagnetic~FM!
correlations. This line splits into two parts belowTCO , which are attributed to different types of oxygen in the
charge-/orbital ordered state. The interplay of FM and AF spin correlations of Mn ions in the charge-ordered
state of Pr0.5Ca0.5MnO3 is considered in terms of the hole hopping motion that slows down with decreasing
temperature. The developing fine structure of the spectra evidences that there still exist charge-disordered
regions atTCO.T.TN and that the static (t.1026 s) orbital order is established only on approachingTN .
The charge-exchange~CE! type magnetic correlations develop gradually belowTCO , so that at first the AF
correlations between checkerboardab layers appear, and only at lower temperature do CE correlations within
the ab planes appear.

DOI: 10.1103/PhysRevB.67.064414 PACS number~s!: 75.30.Et, 76.60.Cq
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I. INTRODUCTION

Charge-ordering phenomena in hole-dopedR12xAxMnO3

(R is a trivalent rare-earth ion andA is a divalent alkaline-
earth ion! have been a subject of extensive studies due
intriguing interplay of the charge, orbital, and spin degrees
freedom. The charge-ordered~CO! state is formed due to
localization of the mobileeg holes.

AboveTCO theeg holes provide ferromagnetic~FM! cor-
relations between electron spins of neighboring mangan
ions through the double-exchange~DE! mechanism propose
by Zener.1 Pr12xCaxMnO3 (0.3<x<0.75) oxides are the
most suitable for investigation of the CO state since the
sets of the charge (TCO) and spin (TN) order are well sepa
rated in temperature. This doped oxide has an orthorhom
structure ~space groupPbnm! in a wide temperature an
magnetic-field (,20 T) range. It remains in the semicon
ducting state with no admixture of the FM metal phase,
opposed to Pr12xSrxMnO3, La12xCaxMnO3, and
La12xSrxMnO3.2,3 In the CO structure of Pr12xCaxMnO3

with x;0.5 the in-plane pattern of Mn31 and Mn41 ions
may be represented as a checkerboard related to the c
spondingtg

3eg
1 and tg

3 electronic configurations of Mn~Fig.
1!. The lobes of a certain number of occupiedeg orbitals are
ordered in the direction of the Mn312O2Mn41 bond to
maximize DE coupling, whereas the antiferromagnetic~AF!
superexchanget2g2t2g coupling is a dominating magneti
interaction for Mn41 and Mn31 whoseeg lobes are aligned
perpendicular to the Mn312O2Mn41 bond. At x;0.5 the
competition of these exchange couplings results in the
spin ordering of a charge-exchange~CE! type with TN
,TCO . The associated Jahn-Teller~JT! distortions of MnO6
octahedra double the unit cell along theb axis of the ortho-
rhombic (Pbnm) lattice. The ideal CE-type charge/orbit
0163-1829/2003/67~6!/064414~7!/$20.00 67 0644
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order implies a FM zigzag arrangement of the orde
eg(3x22r 2) and eg(3y22r 2) orbitals of Mn31 ions in the
ab plane. The neighboring zigzags are antiferromagnetic
coupled, and the ordering in thec direction is also antiferro-
magnetic.

Recent resonant x-ray scattering,4 electron microscopy,5

and neutron-diffraction6,7 studies of Pr0.5Ca0.5MnO3 have
shown that the orbital order~OO! below TN5170 K results
in an orbital domain state commensurate with the latti
This commensurate OO becomes metastable aboveTN . Its
melting is observed in diffraction studies as a commensur
incommensurate~C-IC! transition atTC2IC;(1802200) K
.TN . With further increase of temperature the partial orbi
disorder turns on the FM spin fluctuations which beco
©2003 The American Physical Society14-1
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dominating nearTCO'250 K.8 The C-IC transition was con
sidered in terms of theeg-orbital polarization soft mode. The
eg orbital completely polarized along the Mn-O bond corr
sponds to the amplitude of the wave at a given Mn31 ion6

and its wave vectorq5$0,1/22«,0% was considered as th
order parameter of the transition.

Further discussion of the CO state requires more deta
microscopic data related to the distribution of spin dens
and to its dynamic regime in the CO state of mangan
Studies of spatial fluctuations of charge/orbital order w
diffraction experiments6,7 are restricted to short correlatio
timestc,10212 s, whereas NMR experiments enable stud
ing time-dependent spin fluctuations at a much longertc .

In this work we have studied the spin correlations of t
neighboring Mn ions developed in the paramagnetic cha
ordered~PM CO! state of Pr0.5Ca0.5MnO3 by measuring the
17O NMR spectra. Oxygen atoms being placed between
Mn ions bring valuable information about the spin/orbi
configuration of the nearest Mn ions. As expected the nuc
spin of oxygen (17I 55/2) probes its magnetic state throug
the dipolar and transferred hyperfine magnetic fields that
pend on the spin/orbital configuration of the neighboring M
ions.9 The 55Mn nucleus is a less suitable NMR probe f
this task for the following reasons. First, the NMR spectru
of the Mn41 ion (tg

3-electron configuration! is available only
at low temperatures in the metastable CO AF phase. On
other hand, NMR of Mn31(tg

3eg
1) is hard to detect due to th

extremely high nuclear spin-spin relaxation rate appare
controlled by abnormal the low-frequency spin dynamic
the localizedeg electrons.

This 17O NMR report is focused on the study of the d
velopment of the charge/orbital ordering in Pr0.5Ca0.5MnO3.
The main result is that in Pr0.5Ca0.5MnO3 the CE-type mag-
netic correlations develop gradually belowTCO : first those
betweenab layers arise and only at lower temperature do
correlations within ab planes appear. The static (tc
.1026 s) orbital order is established only on approach
TN . Recently21 an alternative picture of ordering was su
gested for Pr0.6Ca0.4MnO3: from the single-crystal structura
data the authors21 concluded that instead of the convention
site-centered charge ordering of the checkerboard type, t
appears a bond-centered superstructure~Zener polarons! with
essentially equivalent Mn ions. Most of the existing data
half-doped manganites support the usual CE type
ordering22,23 and in the interpretation of our data we use th
picrure; our data are yet not sufficient to discriminate b
tween these two models~in both of them there will be sev
eral inequivalent oxygen sites, with rather similar prop
ties!. Nevertheless this question definitely deserves furt
study.

II. EXPERIMENT

We used a powder sample of Pr0.5Ca0.5MnO3 prepared by
traditional ceramic technology. The powder was enrich
with a 17O isotope up to'25%. The single-phase nature
the enriched sample was confirmed by the x-ray-diffract
and Raman-scattering studies at room temperature.
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17O NMR measurements were carried out on a pha
coherent NMR pulse Bruker spectrometer over the temp
ture range of 802330 K in magnetic field of 7 T. In this field
the onset of the CO and AF spin ordering was found to s
slightly down toTCO'225 K andTN'170 K compared to
reported data at zero field and in accordance with theH
dependence ofTCO reported in Ref. 3. NMR spectra wer
obtained for a loosely packed powder sample with point-
point frequency sweep measurements, with the intensity
the spin-echo signal formed with the pulse sequence (p/2)
2tdel2(p/2) echo measured. The width of thep/2-exciting
pulse wastp5(224.5) ms and the distance between puls
varied in the range oftdel5(40280) ms. For each fre-
quency, the amplitude of the exciting rf pulse was adjusted
order to optimize the echo signal intensity while keeping
pulse duration fixed. All the echo intensities were correc
to tdel'0 by measuring the rate of echo decay at differe
frequencies of the broad spectrum. All the spectra forT
,TCO were measured during cooling down from room te
perature to avoid the hysteresis uncertainties. The17O NMR
signal in H2O was used as a frequency reference to de
mine the shift of NMR line in our sample.

III. RESULTS AND DISCUSSION

A. The charge-disordered paramagnetic state

Figure 2 shows the17O NMR spectra of Pr0.5Ca0.5MnO3
measured in the PM state. In the charge-disorder param

FIG. 2. 17O NMR spectra measured atH57 T in the paramag-
netic state of Pr0.5Ca0.5MnO3. The dashed line represents the fittin
curve of the line peak shift by the expressionK01a/(T2u) for
spectra measured aboveTCO .
4-2
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netic ~CD PM! state for T.TCO'225 K the main signal
(;95%) in the spectrum is a rather asymmetric line. It ha
positive and extremely large magnetic shift exceeding
even at the highest measured temperature,T5330 K, with
respect to those observed in nonmagnetic compounds
additional line of small intensity (;5%) is present at zero
NMR shift. It is supposed to originate from a small amou
of the Ca-based oxides, which arise as spurious precip
tions during the solid-state reaction synthesis. It’s w
known that a small concentration of spurious phase form
with light atoms such as Ca is hard to detect by x ray.

Let us now consider the quadrupolar and magnetic s
interactions of the oxygen nuclear spin with its environme
The oxygen atoms are located at the corners of octah
with Mn at the center. The noncubic local symmetry of ox
gen sites leads to the interaction of the17O electric quadru-
pole moment (eQ) with electric-field gradient (eVZZ). The
resulting17O NMR spectrum is expected to split into 2I 11
lines separated by the quadrupole frequencynQ
5(3e2Q)/@2I (2I 21)hVZZ# at HiOZ . Experimentally this
characteristic first-order quadrupole splitting has never b
observed. It shows that17nQ does not exceed the NMR line
width measured atT5330 K, i.e.,nQ,1.4 MHz in agree-
ment with Ref. 10. Thus the quadrupolar interaction w
only provide broadening effects on the observed pattern
NMR spectra, but these quadrupolar effects are small c
pared to the magnetic interaction effects~see below!.

The powder pattern spectrum of the Pr0.5Ca0.5MnO3 main
line in the CD PM state may be described assuming an a
symmetry of the magnetic shift tensor$K' ,K' ,K i%. The
subscript ‘‘'’’ or ‘‘ i’’ refers to the shift componentKa of
oxygen with the Mn-O bond directed perpendicular or par
lel to the external magnetic fieldH0, respectively. The analy
sis of the line leads toK'57.0% andK i511.5% at T
5295 K. The thermal variation of the shift is shown in Fi
3. With decreasing temperature the peak of the line is furt
shifted following the Curie-Weiss law withK5K01a/(T

FIG. 3. ~a! The line peak shiftK ~solid squares! and 17K' ~solid
circles! vs T plot. The dashed curve is the fit ofK data by the
expressionK01a/(T2u) with K0521.0(6)% andu5130~10! K
for spectra measured aboveTCO ; the solid line represents the fittin
curve of the line peak shift by the expressionK01a/(T2u). ~b!
Relative17O NMR line intensity of oxygens in the charge-disorder
regions of the PM phase.
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2u). The corresponding fit curve drawn by a dashed line
Figs. 2 and 3 results inK0521.0(6)% andu5130~20! K. A
close value ofu;150 K is obtained by fitting the magnetic
susceptibility ~x! data measured in the range ofT5250
4300 K in Ref. 6. The positive value ofu evidences that
FM spin correlations between neighboring Mn are the do
nating ones in the CD PM state aboveTCO . A similar con-
clusion about the prevalence of the FM spin correlations
tween Mn ions in the CD PM phase was inferred fro
the139La NMR line shift in La0.5Ca0.5MnO3, which becomes
a FM metal in the field of 4 T belowT'220 K.11

The slope of theK vs x plot corresponds to the loca
magnetic fieldHloc5mBDK/Dx'13104 Oe/mB ~thex data
are taken from Fig. 4 in Ref. 6!. It exceeds the magnitude o
the classic dipolar field (Hdip) induced at the oxygen ion by
the magnetic moments of the neighboring Mn ions:

Hdip5
2gemB^sz~Mn!&

r Mn– O
3

5
2xH

r Mn– O
3

. ~1!

At room temperatureHdip may be estimated asHdip
'1200 Oe wherex is defined per spin from Ref. 6. Th
corresponding estimated anisotropic contribution to the to
NMR line shift $20.8%,20.8%,1.6%% is much less than the
experimental value. Thus we assume that the classic di
interaction of the17O nucleus with effective magnetic mo
ments 2gemB^sz(Mn)& of the nearest Mn has no strong in
fluence on the total shape of the spectrum.

The most probable origin of the observed giant isotro
magnetic shiftKiso[(2K'1K i)/3 is the Fermi-contact in-
teraction of the nuclear spin17I with the transferreds-spin
density of electrons participating both in the Mn-O-M
bonding and in superexchange coupling of the neighbor
Mn,

Kiso5
8p

3
gemBuf2s~0!u2f s^sz~Mn!&

5
1

17g\
a~2s! f s^sz~Mn!&. ~2!

Here gemB^sz(Mn)&5xH, a(2s)517g\HFC(2s)
50.15 cm21 is the isotropic hyperfine coupling constant f
the oxygen ion.12,13HFC is the corresponding hyperfine mag
netic field due to the Fermi-contact interaction with electr
located on the 2s orbital with wave functionc2s(r ). Follow-
ing Refs. 14 and 9, the corresponding isotropic spin den
transferred at the oxygen ion from neighboring Mn ions m
be defined in terms of the factorf s5Hloc,iso/2HFC(2s). This
quantity estimated from Eq.~2! results in a rather large mag
nitude of the effective fractional occupancy of O(2s) orbitals
by unpaired spins. We foundf s50.01 for the insulating PM
state of Pr0.5Ca0.5MnO3. For comparison the local-densit
approximation1U band-structure calculation results inf s
50.00320.007 for the FM ordered state of LaMnO3.15

Another possible isotropic hyperfine interaction is t
core-polarization term which providesHloc.33104 Oe,16

when assuming that the doped electron is fully localiz
within the oxygen 2p orbital. But this is not the case abov
4-3
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TCO in Pr0.5Ca0.5MnO3. Thus this interaction may be ne
glected for the light oxygen atom.

The noncubic local symmetry of oxygen sites gives rise
an anisotropic part of the magnetic shift tensorKax5(K i
2K')/3. The most reasonable contribution toKax is the
magnetic dipole-dipole hyperfine interaction of17I with elec-
trons on 2psp, orbitals, whose ‘‘up-’’ and ‘‘down-’’ spin oc-
cupancies become different through the polarizing inter
tions with neighboring manganese. The correspond
magnetic shift tensorKdip may be expressed through th
fractional spin-density transferf a^sz(Mn)& on the O 2pa
orbital from the paramagnetic neighboring Mn ion9 as

K i~2ps!522K'~2ps!5
4

5
^r 23&2pf sx~Mn!, ~3!

with K i(2ps) @K'(2ps)# defined forH0 parallel ~perpen-
dicular! to the Mn-O bond, respectively. The resulting dip
lar contribution toKax is thus determined by the differenc
of transferred spin density (f s2 f p)^sz(Mn)& for different O
2p orbitals from the neighboring Mn ion:9

Kax5
2

5
^r 23&2p~ f s2 f p!x~Mn!. ~4!

Taking ^r 23&2p54.97 a.u.~Ref. 13! for the neutral oxygen
atom we obtain a rather large positive value (f s2 f p)
'0.04. The direct observation of the positive value of (f s

2 f p) proves that theps orbital directed along the Mn-O
bond is more polarized than the two otherpp orbitals.

We showed before that the17O NMR line position in the
CD PM state is mainly determined by the isotropic tran
ferred hyperfine coupling, arising from the hybridization
Mn(3d) and O(2s) orbitals. In the idealPbnm structure
there is no overlap of Mn(t2g)2O(2s) orbitals due to their
orthogonality, whileeg orbitals of Mn have a rather stron
overlap with thes orbital of neighboring oxygen as shown
Fig. 1. Hereafter we restrict ourselves to the effects of ov
lap and covalency between Mn(eg) and O(2s) orbitals.

B. The charge-ordered paramagnetic state

Just belowTCO the 17O NMR spectrum is substantiall
broadened. It splits into two parts as shown in Fig. 2. T
low-frequency spectrum in the range ofK5(224110)%
is asymmetric (A line!. Its width decreases gradually as th
temperature approachesTN . The high-frequency spectrum i
approximately twice larger in intensity and forms a rath
complicated pattern whose center of gravity is shifted to
tremely large positiveK.20%. At T5170 K.TN it splits
into two broad lines (B andC lines! of about equal intensity
and peak atKB'40% andKC'55%, respectively.

According to x-ray and neutron-diffraction studies,6 the
charge order and OO of the CE type become commensu
in the CO PM phase only nearTN . If the domain structure of
the OO~Refs. 4 and 6! is ignored, one finds four groups o
the oxygen atoms differentiated by the charge and/or by
direction of occupiedeg orbital of the nearest-neighborin
Mn ions. The first and the second groups are formed
apical oxygen located between two Mn31 ions ~O1 site,
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shown in Fig. 1! or between Mn41 ~O2/O3 sites!, respec-
tively. Note that thesz projections of electron spins are AF
correlated for neighboring Mn from adjacentab planes. A
third group is formed by oxygen~O4! in theab plane, which
participates in the AF coupling of neighboring Mn41, Mn31

from adjacent zigzags. The last group~O5! is formed by
oxygen in theab plane located between two FM couple
Mn41 and Mn31 ions inside a zigzag. The concentration
each type of oxygen atom obeys the ‘‘structural’’ rat
1:1:2:2.

In order to assignA2C lines measured in the CO PM
phase we analyze first the spectra nearTN with resolved
structure. We compare the ‘‘structural’’ ratio with the expe
mental ‘‘NMR line intensity’’ ratio, which is close to 2:2:2
We also take into account that the local magnetic fields
different oxygen sites are formed through the Mn-O-Mn e
change interactions which are short range in space. In the
PM phase the effective magnetic moment of Mn~shown in
Fig. 1 by arrows! is defined by its projectiongemB^sz& on the
direction of the external magnetic field. In turn it controls t
sign of the corresponding17O NMR shift contributed by
each of the two neighboring Mn.

The A line is attributed to the apical~O1, and O2/O3!
sites, whereas theB and C lines to the in-plane ones. Th
magnetic shift of theA line is small, and the local field at th
corresponding17O is comparable in magnitude to the class
dipolar field estimated above~1!. At these apical sites the
hyperfine magnetic shifts~2–4! are greatly reduced sinc
both neighboring Mn ions are in the same valence state
their effective magnetic momentsgemB^sz& are AF, corre-
lated in the CO PM phase of the CE type.

Let us now consider the high-frequency part of the sp
tra. TheC line demonstrating the largest positive shift m
be attributed to oxygen positioned in O5 sites, whereas thB
line is presumably due to oxygen located in O4 sites. Ind
for oxygen in the O5 site the transferreds-wave spin density
is maximal since within the zigzag the lobe of the partia
occupiedeg(ml50) orbital of the Mn31 ion points toward
the neighboring oxygen. Furthermore the two neighbor
Mn ions are ferromagnetically correlated. For O4 we de
nitely expect a rather large transferred hyperfine field for
following reason. Although the spins of Mn in adjacent zi
zags are antiparallel, the O4 oxygen is ‘‘sandwiched’’ b
tween Mn31 and Mn41 ions with different spin values and
different orbital occupations, i.e., with different covalenc
so that the transferred polarization from these two Mn io
should not compensate as they do for the apical oxygen~O1,
O2/O3!. This should again result in a substantial shift,
though smaller than for O5. Moreover the transferreds-wave
polarization from the Mn41 ion is expected to be negativ
due to effects of covalent mixing with the emptyeg
orbitals.17 As reviewed in Ref. 18 the charge transfer fro
the occupied O 2s orbital to the emptyeg orbital is spin
dependent. It is regulated by the intra-atomic exchange c
pling with electrons ontg orbitals.

Thus in the CO PM phase the statics-wave polarization is
directed alongH, and the isotropic shift at the O5 site ma
be expressed similarly to Eq.~2! through the corresponding
4-4
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transferred spin densities f s,31^sz(Mn31)& or
f s,41^sz(Mn41)& of the neighboring Mn~with f s,31.0 and
f s,41,0):

Kiso~O5!5
8p

3
gemBuc2s~0!u2$ f s,31^sz~Mn31!&

1 f s,41^sz~Mn41!&%. ~5!

The effective magnetic moments of neighboring Mn fro
adjacent zigzags are antiferromagnetically correlated and
obtain forKiso(O4) the following expression:

Kiso~O4!5
8p

3
gemBuc2s~0!u2$0.25f s,31^sz~Mn31!&

2 f s,41^sz~Mn41!&%. ~6!

The signs ‘‘1’’/‘‘ 2’’ in Eqs. ~5! and~6! take into account the
fact that FM/AF spin correlations of the neighboring Mn31

and Mn41 ions are considered as static in the time inter
which is much longer that the inverse splitting of theB andC
lines (;1028 s) of the spectrum atT5170 K'TN , when
charge order and OO are completely formed in the PM st
This agrees with the fact that the O(2s) polarization is pro-
vided predominantly by thes overlap with theeg orbitals of
Mn, and Pauli blocking of part of theeg orbitals in Mn31

gives stronger polarization than in the case of Mn41, where
both 2s↑ and 2s↓ electrons of O2 may virtually hop to
Mn41 so that the net oxygen polarization due to covalen
with Mn41 will be smaller, than for the Mn31 neighbor, and
negative. For a crude estimate of the transferreds-spin
density we have assumed in Eqs.~5! and ~6! that the s
overlap of theeg(ml50) orbital of Mn31 with the 2s or-
bital of O5 in zigzag of the CE-type of charge- and orbi
ordered phases is twice as large as the overlap with
corresponding 2s orbital of oxygen~O4! located between
the neighboring zigzags in theab plane. ~Of course under
detailed consideration it should depend on interatomic
tance and on the bending of the Mn312O bond in the tilted
and JT distorted MnO6 octahedra.! Inserting the value of
the peak position of theB line (Kiso540%) andC line
(Kiso555%) into expressions~6! and ~5!, respectively we
get that the transferreds-wave polarization from the Mn31

ion is positive and its absolute value exceeds by about
times the corresponding negative polarization transfer
from Mn41u f s,41^sz(Mn41)&u.

The large difference in spin densities transferred from
Mn31/Mn41 ions indicates a substantial delocalization of t
‘‘ eg hole’’ within the hybridized eg(Mn31)22ps(O)
orbital.19 It shows that a pure ionic approach where theeg
hole is completely localized at the Mn31 ion is a very rough
approximation to describe in detail the charge order and
in doped manganite.

In the given interpretation of the17O NMR spectra we
follow to the picture of the conventional site-center
charge ordering. Regarding our data to another scenari
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charge ordering of the bond-ordered structure of Zener
larons as suggested by Daoud-Aladineet al.,21 we can say
the following:

In both models we expect antiferromagnetic correlatio
betweenab layers~if the charge ordering between layers is
phase, which seems to be the case in both models of ch
ordering!. Consequently, we should expect a signal due
apical oxygens at zero NMR shift~line A) in both models.
As explained above we expect in the conventional check
board model that belowTN there would be two different
types of oxygens in the basal plane. In the model of Ze
polarons, on the other hand, there will be three~or even four,
depending on detailed magnetic ordering! different oxygens
in plane and one type between planes. However, to mak
definite choice between these pictures, special, more deta
study is needed, and at the moment we can only pose
question but not answer it.

Unfortunately the spatial distribution of the Fermi-conta
hyperfine fields results in a large broadening of the sepa
NMR lines in the spectrum measured atT,TCO . It masks
the anisotropy of the magnetic shift tensor and does not
mit to trace the transfer of the 2p spin density at oxygen in
the CO PM phase, i.e., to address the orbital order m
directly by studying polarization of a givenp orbital.

C. The antiferromagnetic state

Different local fields for apical oxygen in O1 and~O2/O3!
sites are expected only in the spin-ordered phase belowTN .
In the AF phase the AF moment canting takes place whe
rather high magnetic field~7 T! is applied. The canted mo
ment of Mn in adjacentab planes will create at the apica
oxygen an additional local field dependent on the vale
state of neighboring Mn. At O1 sites the neighboring Mn31

ions create a larger isotropic magnetic shift than do Mn41

ions at O2/O3 sites. Indeed, as shown in Fig. 4 atT
5100 K the A line splits into two lines of roughly equa
intensity. A loosely packed powder sample in a stro
enough external field may be considered as partially orien
with ciH. It should be noted that the observed splitting~4
MHz! is not a result of the classic dipolar fields of the neig
boring Mn ions since the difference in their effective ma
netic moments is too small (me f f52.7mB for Mn31 and
2.2mB for Mn41 as estimated from Fig. 4 in Ref. 6!.

The only slight additional broadening of the NMR spec
even aroundTN/2 evidences that the line shift is mainly de
termined by the short-range charge order and OO which h
been completely formed in the CO PM phase atT→TN .
Below 110 K it appears that the optimal rf-pulse durati
increases about twofold from the low- to the high-frequen
part of theA line as illustrated in Fig. 5. The same featu
was found for the high-frequency spectrum when theB and
C lines are resolved. This striking effect of the nonmagne
ligand atom on the echo formation may be related to a ra
strong isotropic hyperfine interaction between17O nuclear
spin and the Mn electron-spin system with long-range
spin order. The detailed analysis of the spectra measu
below TN requires additional studies which are now
progress.
4-5
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D. Development of charge and orbital ordering

Based on the site assignment considered above we
pose the following picture of the development of spin cor
lation in the Pr0.5Ca0.5MnO3 CO PM phase as seen by17O
NMR. In the low-temperature part of the CO PM phase
NMR spectrum represents the spin-density distribution
oxygen ions. Its value is determined not just by the Mn
fective magnetic moment but, to a greater extent, by the t
of spin correlations of the neighboring Mn atoms. The pr
ence of several lines in the NMR spectrum, which can
attributed to the various oxygen sites in the lattice, sho
that the corresponding spin correlations and effective m
netic moment of the neighboring cations do not change at
time scalet>10/(Dv)'1026 s (Dv is line splitting!.20 The
thermally activated hopping ofeg holes seems to be the ma
mechanism changing the charge state of the ion (Mn31

2Mn41) and the spin correlations between the neighbor
ions, which results in the ‘‘melting’’ of OO in the CO PM
phase. With increasing temperature the fine structure of
spectrum is smeared as the corresponding correlation
(tc) of the specific hopping becomes comparable w
(Dv)21. As a result the various spin configurations are
more distinguishable at higher temperature.

The splitting of the NMR spectrum just belowTCO into
theA and (B1C) lines may be explained as follows. As ha
been mentioned above the oxygen nuclei responsible for
A line are located between two antiferromagnetically cor
lated Mn ions from the adjacentab plane whereas those re
sponsible for (B1C) line have two neighboring Mn ions in
the sameab plane. The resolution of theA line shows that
just belowTCO the correlation time of the antiferromagne

FIG. 4. 17O NMR spectra measured atHext57 T in the AF
phase of Pr0.5Ca0.5MnO3.
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cally correlated spin of the neighboring Mn from adjacentab
planes becomes long compared to the NMR time scale.
contrast, the (B1C) line is still unresolved just belowTCO .
Thus in the first stage of the charge ordering the thr
dimensional motion ofeg electrons transforms preferentiall
into a two-dimensional hopping within theab planes. Such
an ordering phase transition may be considered as the nu
ation of antiferromagnetically ordered clusters which grow
the expense of the CD PM phase which dominates ab
TCO . Furthermore as the temperature decreases and the
resolved (B1C) line is shifted toward high frequency
shoulder appears on the low-frequency part~see spectra for
T'200 K in Fig. 2!. The temperature dependence of th
signal follows the same Curie-Weiss law as the peak in
CD PM phase~dashed line in Figs. 2 and 3!. Its relative
intensity decreases with temperature and becomes neglig
only nearTN . This may indicate that almost down toTN
traces of the CD PM phase remain in the CO PM phase

The proposed NMR interpretation of the ordering in t
CO PM phase is in good agreement with the main results
the resonant x-ray4 and neutron-diffraction studies.6–8 It
should be noted that the time scales required to get a qu
static picture of charge distribution in NMR (tnmr.1026 s)
and in neutron-diffraction (tnd;10212 s) experiments are
very different. Both methods confirm the presence of F
correlations between Mn ions as dominant spin fluctuati
in the CD PM phase which reduce in intensity belowTCO .

In the neutron-scattering experiments the short-range
correlations are considered as static whereas they are
still as a low-frequency dynamic phenomenon in the NM
spectra. In conclusion, the distribution of spin density a
the development of the charge and orbital ordering in
paramagnetic state of Pr0.5Ca0.5MnO3 were studied by mean
of 17O NMR. It is shown that the main interaction of oxyge
is the isotropic hyperfine Fermi-contact interaction with t

FIG. 5. Evolution of the echo-spectra shape of theA line mea-
sured with different rf-pulse durations (tp) at T5100 K in the AF
phase.
4-6
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s-electron spin density transferred from the neare
neighboring Mn ions. The resulting magnetic line shift
very sensitive to both the electronic configuration of t
neighboring cation (Mn13/Mn41) and to their specific spin
pair correlations that develop on cooling in the charge- a
orbital ordered PM phase. It is shown that with increas
temperature the melting of the orbital ordering first develo
within theab plane whereas the AF correlations between M
ions in adjacent layers are more stable and disappear
whenT approachesTCO .
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