PHYSICAL REVIEW B 67, 064414 (2003

Charge and orbital ordering in Pr,Ca, sMnO; studied by 'O NMR
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The charge and orbital ordering ingREa, MnO; is studied for the first ime ByO NMR. This local probe
is sensitive to spin, charge, and orbital correlations. Two transitions exist in this system: the charge and orbital
ordering atT-o=225 K and the antiferromagnetié&F) transition atTy=170 K. Both are clearly seen in the
NMR spectra measured in a magnetic field of 7 T. Abdvg, there exists only one NMR line with a large
isotropic shift, whose temperature dependence is in accordance with the presence of ferrontBiybetic
correlations. This line splits into two parts beldw o, 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 PgCa sMnO; 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>Ty and that the statict{>10 ° s) orbital order is established only on approachiig
The charge-exchang€E) type magnetic correlations develop gradually bel®y, so that at first the AF
correlations between checkerboaiollayers appear, and only at lower temperature do CE correlations within
the ab planes appear.
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[. INTRODUCTION order implies a FM zigzag arrangement of the ordered
ey(3x?—r?) and ey(3y*—r?) orbitals of M#* ions in the
Charge-ordering phenomena in hole-dofgd ,A,MnO;  ab plane. The neighboring zigzags are antiferromagnetically
(R is a trivalent rare-earth ion an#l is a divalent alkaline- ~coupled, and the ordering in tiedirection is also antiferro-
earth ion have been a subject of extensive studies due ténagnetic.
intriguing interplay of the charge, orbital, and spin degrees of Recent resonant x-ray scatterihglectron microscopy,
freedom. The charge-orderd@O) state is formed due to and neutron-diffractich’ studies of PysCaysMnO; have
localization of the mobile.. holes. shown that the orbital ordg©OO) below Ty=170 K results
Above T¢o thee, holesgprovide ferromagneti&M) cor- in an orbital domain state commensurate with the lattice.
relations between electron spins of neighboring manganesg S commensurate OO becomes metastable abiquelts

- - Iting is observed in diffraction studies as a commensurate-
ions through the double-exchan@2E) mechanism proposed me "
by Zener Pr, ,CaMnO, (0.3<x<0.75) oxides are the incommensuratéC-IC) transition atT_ -~ (180-200) K

most suitable for investigation of the CO state since the On_>TN. With further increase of temperature the partial orbital

sets of the chargeTio) and spin Ty) order are well sepa- disorder turns on the FM spin fluctuations which become
rated in temperature. This doped oxide has an orthorhombic ‘ o PS

structure (space groupPbnn) in a wide temperature and "

magnetic-field €20 T) range. It remains in the semicon- @

ducting state with no admixture of the FM metal phase, as *"
opposed to Rr,SLMnO;, La_,CaMnO; and o

La; ,SrMn0O;.23 In the CO structure of Rr,CaMnO, ®
with x~0.5 the in-plane pattern of M and Mrf* ions

may be represented as a checkerboard related to the corr o1 p

spondingtje; andt; electronic configurations of MKFig. N |

1). The lobes of a certain number of occupiggorbitals are  oz03 +

ordered in the direction of the MA—O—Mn*" bond to "'

maximize DE coupling, whereas the antiferromagneAE) .

superexchangé,,—t,4 coupling is a dominating magnetic &

interaction for M+ and Mr?* whosee, lobes are aligned 04

perpendicular to the Mii —O—Mn"" bond. Atx~0.5 the FIG. 1. Charge- and orbital ordered Pr,sCaysMnO; with CE-

competition of these exchange couplings results in the AFtype magnetic structure: (@) Mn** jons; (@ @) Mn®* ions with
spin ordering of a charge-exchangéE) type with Ty occupied e, orbitals; () oxygen ions (O1-05). The CE type
<Tco-. The associated J_ahn'Te"@'T) dlStO_I’tIOI’lS of MnQ@ of spin correlation in the charge-ordered paramagnetic phase is
octahedra double the unit cell along thexis of the ortho-  shown by arrows directed up/down relative to the applied magnetic
rhombic (Pbnm) lattice. The ideal CE-type charge/orbital field Hjc.
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dominating neall co~250 K2 The C-IC transition was con- K (%)
sidered in terms of theg-orbital polarization soft mode. The 0 20 40 60
gy orbital completely polarized along the Mn-O bond corre- — T

———r
sponds to the amplitude of the wave at a given:"'IVIn'\on6 "0 NMR
and its wave vectoq={0,1/2_—_e,0} was considered as the Pr, .Ca, MnO,
order parameter of the transition. H=7T

Further discussion of the CO state requires more detailed
microscopic data related to the distribution of spin density
and to its dynamic regime in the CO state of manganite.
Studies of spatial fluctuations of charge/orbital order with
diffraction experimenfs’ are restricted to short correlation
times7,<10 12 s, whereas NMR experiments enable study-
ing time-dependent spin fluctuations at a much longer

In this work we have studied the spin correlations of the
neighboring Mn ions developed in the paramagnetic charge- )
ordered(PM CO) state of PgCa sMnO; by measuring the /\ ,,...«-».-\\
1’0 NMR spectra. Oxygen atoms being placed between two
Mn ions bring valuable information about the spin/orbital

configuration of the nearest Mn ions. As expected the nuclear 185K
spin of oxygen ¢l =5/2) probes its magnetic state through A-line

the dipolar and transferred hyperfine magnetic fields that de- HO B-line C-line170K
pend on the spin/orbital configuration of the neighboring Mn . ﬁ . ey
ions? The ®*Mn nucleus is a less suitable NMR probe for 40 50 60 70

this task for the following reasons. First, the NMR spectrum
of the Mrf* ion (tg—electron configurationis available only

at low temperatures in the metastable CO AF phase. On the FIG. 2. 1’0 NMR spectra measured EHt=7 T in the paramag-
other hand, NMR of Mﬁ*(tgeé) is hard to detect due to the netic state of RysCa, MnO;. The dashed line represents the fitting
extremely high nuclear spin-spin relaxation rate apparentlgurve of the line peak shift by the expressisg+a/(T— 6) for
controlled by abnormal the low-frequency spin dynamic ofspectra measured aboVe .

the localizede, electrons.

This 1’0 NMR report is focused on the study of the de- 170 NMR measurements were carried out on a phase-
velopment of the charge/orbital ordering inyB€a gMNnO;.  coherent NMR pulse Bruker spectrometer over the tempera-
The main result is that in RECa gMnO; the CE-type mag-  ture range of 86330 K in magnetic field of 7 T. In this field
netic correlations develop gradually beldw: first those  the onset of the CO and AF spin ordering was found to shift
betweerab layers arise and only at lower temperature do thesjightly down to T¢o~225 K andTy~170 K compared to
correlations within ab planes appear. The statict( reported data at zero field and in accordance with khe
>10"°s) orbital order is established only on approachingdependence of oo reported in Ref. 3. NMR spectra were
Ty. Recently® an alternative picture of ordering was sug- obtained for a loosely packed powder sample with point-by-
gested for Ry¢Ca ,MnO;: from the single-crystal structural point frequency sweep measurements, with the intensity of
data the authof$ concluded that instead of the conventional the spin-echo signal formed with the pulse sequenel)
site-centered charge ordering of the checkerboard type, there r,,,— (7/2) echo measured. The width of thé2-exciting
appears a bond-centered superstrudieser polaronswith  pulse wast,=(2—4.5) us and the distance between pulses
essentially equivalent Mn ions. Most of the existing data forvaried in the range ofrye=(40—80) us. For each fre-
half-doped manganites support the usual CE type ofuency, the amplitude of the exciting rf pulse was adjusted in
ordering®**and in the interpretation of our data we use thisorder to optimize the echo signal intensity while keeping the
picrure; our data are yet not sufficient to discriminate bepulse duration fixed. All the echo intensities were corrected
tween these two model@ both of them there will be sev- to 74,~0 by measuring the rate of echo decay at different
eral inequivalent oxygen sites, with rather similar proper-frequencies of the broad spectrum. All the spectra Tor
ties). Nevertheless this question definitely deserves furthe 7., were measured during cooling down from room tem-
study. perature to avoid the hysteresis uncertainties. TileNMR

signal in HO was used as a frequency reference to deter-
mine the shift of NMR line in our sample.

Frequency (MHz)

IIl. EXPERIMENT

We used a powder sample ofgR€a, sMnO; prepared by lll. RESULTS AND DISCUSSION
traditional ceramic technology. The powder was enriched
with a 'O isotope up to=25%. The single-phase nature of
the enriched sample was confirmed by the x-ray-diffraction Figure 2 shows thé’O NMR spectra of Ry<Ca, sMnO;
and Raman-scattering studies at room temperature. measured in the PM state. In the charge-disorder paramag-

A. The charge-disordered paramagnetic state
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—6). The corresponding fit curve drawn by a dashed line in
Figs. 2 and 3 results iKy=—1.0(6)% andd=13020) K. A
close value of9~150 K is obtained by fitting the magnetic-
susceptibility (y) data measured in the range @f=250
+300 K in Ref. 6. The positive value of evidences that
FM spin correlations between neighboring Mn are the domi-
nating ones in the CD PM state aboVgg. A similar con-
clusion about the prevalence of the FM spin correlations be-
tween Mn ions in the CD PM phase was inferred from
the'*®L.a NMR line shift in La, <Ca, sMnO3, which becomes
a FM metal in the field of 4 T beloW ~220 K.

- - - The slope of theK vs y plot corresponds to the local
200 = Sk magnetic fieldH o= ugAK/A x~1x 10* Oelug (the y data
T X) are taken from Fig. 4 in Ref.)6lt exceeds the magnitude of

FIG. 3. (a) The line peak shifk (solid squaresand 'K, (solid :Ee CIaSSICtdlpolar fleLdl-ﬂ‘?F#] mdupe;:)at_ thel\ﬁxy'gen. ion by
circles vs T plot. The dashed curve is the fit ¢ data by the e magnetic moments of the neighboring Mn ions:
expressiorKy+a/(T— 6) with Ko=—1.0(6)% andf=130(10) K
for spectra measured aboVg, ; the solid line represents the fitting H.o = 2gerp(SAMN)) _ 2xH (1)
curve of the line peak shift by the expressikig+a/(T— 6). (b) dip 3 '

3
s e . ) _ M'Mn-0 MMn-0
Relativd’O NMR line intensity of oxygens in the charge-disordered ]
regions of the PM phase. At room temperatureHg, may be estimated asiyp,

~1200 Oe wherey is defined per spin from Ref. 6. The
netic (CD PM) state forT>Tco~225 K the main signal corresponding estimated anisotropic contribution to the total
(~95%) in the spectrum is a rather asymmetric line. It has &NMR line shift {—0.8%-0.8%,1.6% is much less than the
positive and extremely large magnetic shift exceeding 6%experimental value. Thus we assume that the classic dipole
even at the highest measured temperatlire330 K, with  interaction of the'’O nucleus with effective magnetic mo-
respect to those observed in nonmagnetic compounds. Aments 2J.ug(S,(Mn)) of the nearest Mn has no strong in-
additional line of small intensity{5%) is present at zero fluence on the total shape of the spectrum.
NMR shift. It is supposed to originate from a small amount The most probable origin of the observed giant isotropic
of the Ca-based oxides, which arise as spurious precipitanagnetic shiftKiSOE(ZKL+K;|)/3 is the Fermi-contact in-
tions during the solid-state reaction synthesis. It's wellteraction of the nuclear spif’l with the transferred-spin
known that a small concentration of spurious phase formedensity of electrons participating both in the Mn-O-Mn
with light atoms such as Ca is hard to detect by x ray. bonding and in superexchange coupling of the neighboring

Let us now consider the quadrupolar and magnetic shifivin,

interactions of the oxygen nuclear spin with its environment. g
The oxygen atoms are located at the corners of octahedra ™
with Mn at the center. The noncubic local symmetry of oxy- Kiso:Tge”“B|¢23(0)|2fS<SZ(Mn)>
gen sites leads to the interaction of th® electric quadru-
pole moment ¢Q) with electric-field gradientéVy,). The

30

charge disordered phase fraction

2
=}

resulting’O NMR spectrum is expected to split intd 21 o a(2s)f5(s,(Mn)). (2)
lines separated by the quadrupole frequen
=(3e?Q)/[21(21 —1)hV;,] at H|O,. Experimentally this Here Jemp(S;(Mn))=xH, a(2s)="yhHec(25)

characteristic first-order quadrupole splitting has never beerr0.15 cm * is the isotropic hyperfine coupling constant for
observed. It shows thdf'v does not exceed the NMR line- the oxygen iort>**Hp¢ is the corresponding hyperfine mag-
width measured alT =330 K, i.e.,»o<1.4 MHz in agree- netic field due to the Fermi-contact interaction with electron
ment with Ref. 10. Thus the quadrupolar interaction will located on the & orbital with wave functiong,s(r). Follow-
only provide broadening effects on the observed pattern oing Refs. 14 and 9, the corresponding isotropic spin density
NMR spectra, but these quadrupolar effects are small contransferred at the oxygen ion from neighboring Mn ions may
pared to the magnetic interaction effe¢sge below. be defined in terms of the factbg=H o iso/2Hrc(2S). This
The powder pattern spectrum of the, B2a, sMnO; main  quantity estimated from E@2) results in a rather large mag-
line in the CD PM state may be described assuming an axialitude of the effective fractional occupancy of Gjrbitals
symmetry of the magnetic shift tens¢K, ,K, ,K}. The by unpaired spins. We fount{=0.01 for the insulating PM
subscript “L” or “ ||" refers to the shift componenk, of  state of P§sCasMnO;. For comparison the local-density
oxygen with the Mn-O bond directed perpendicular or paral-approximation-U band-structure calculation results in
lel to the external magnetic field,, respectively. The analy- =0.003-0.007 for the FM ordered state of LaMg®®
sis of the line leads t&K, =7.0% andK;=11.5% atT Another possible isotropic hyperfine interaction is the
=295 K. The thermal variation of the shift is shown in Fig. core-polarization term which provided,.=3x10* Oe!®
3. With decreasing temperature the peak of the line is furthewhen assuming that the doped electron is fully localized
shifted following the Curie-Weiss law witlK =K,+a/(T  within the oxygen » orbital. But this is not the case above
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Tco in PrysCa MnO;. Thus this interaction may be ne- shown in Fig. 1 or between MA" (02/03 site} respec-
glected for the light oxygen atom. tively. Note that thes, projections of electron spins are AF,
The noncubic local symmetry of oxygen sites gives rise tacorrelated for neighboring Mn from adjaceab planes. A
an anisotropic part of the magnetic shift tensog,= (K| third group is formed by oxyge(D4) in the ab plane, which
—K)/3. The most reasonable contribution ko, is the participates in the AF coupling of neighboring #n Mn®*
magnetic dipole-dipole hyperfine interactiondf with elec-  from adjacent zigzags. The last groyP5) is formed by
trons on 3, orbitals, whose “up-" and “down-" spin oc-  oxygen in theab plane located between two FM coupled
cupancies become different through the polarizing interacmn** and M ions inside a zigzag. The concentration of
tions with neighboring manganese. The correspondingach type of oxygen atom obeys the “structural” ratio
magnetic shift tensoKg;, may be expressed through the 1:1:2:2.
fractional spin-density transfefr,(s,(Mn)) on the O 2, In order to assignA—C lines measured in the CO PM
orbital from the paramagnetic neighboring Mn faxs phase we analyze first the spectra n@ar with resolved
4 structure. We compare the “structural” ratio with the experi-
Ki(2p,)=—2K,(2p,) = g(r‘3>2png(Mn), (3)  mental “NMR line intensity” ratio, which is close to 2:2:2.
We also take into account that the local magnetic fields at
with K (2p,,) [K,(2p,)] defined forH, parallel (perpen-  different oxygen sites are formed through the Mn-O-Mn ex-
diculan to the Mn-O bond, respectively. The resulting dipo- change interactions which are short range in space. In the CO
lar contribution toK,, is thus determined by the difference PM phase the effective magnetic moment of Ksmown in
of transferred spin densityf (—f )(s,(Mn)) for different O  Fig. 1 by arrowsis defined by its projectiogeug(s,) on the

2p orbitals from the neighboring Mn ioh: direction of the external magnetic field. In turn it controls the
) sign of the corresponding’O NMR shift contributed by
KaX:§<r*3>2p(flr_fﬂ)X(Mn). (4)  each of the two neighboring Mn.

The A line is attributed to the apicalO1, and O2/0O8

Taking (r‘3>2p=4.97 a.u.(Ref. 13 for the neutral oxygen sites, whereas thB and C lines to the in-plane ones. The
atom we obtain a rather large positive valug,€f.) magnetic sr_nft of the‘\ line is smal!, and thg local field at thg
~0.04. The direct observation of the positive value bf ( C0rresponding”’O is comparable in magnitude to the classic
—f_) proves that thep, orbital directed along the Mn-O dipolar field estimated abovél). At these apical sites the
bond is more polarized than the two otiy orbitals. hyperfine magnetic s_h|ft$2—4)_ are greatly reduced since
We showed before that thEO NMR line position in the both nelghp0r|ng Mn ions are in the same valence state and
CD PM state is mainly determined by the isotropic trans-N€ir effective magnetic momentg,ug(s,) are AF, corre-
ferred hyperfine coupling, arising from the hybridization of latéd in the CO PM phase of the CE type.
Mn(3d) and O(%) orbitals. In the idealPbnm structure Let us now consider the high-frequency part of the spec-
there is no overlap of Mrigg) —O(2s) orbitals due to their tra. Th_eC line demonstratmg the Igrgest positive shift may
orthogonality, whilee, orbitals of Mn have a rather strong be attributed to oxygen positioned in O5 sites, wherea8the

overlap with thes orbital of neighboring oxygen as shown in line is presumably due to oxygen located in O4 sites. Indeed

Fig. 1. Hereafter we restrict ourselves to the effects of overfor oxygen in the O5 site the transferredvave spin density

lap and covalency between and O(2) orbitals. is maximal since within the zigzag the lobe of the partially
P y M) (2) occupiedey(m;=0) orbital of the Mr* ion points toward

the neighboring oxygen. Furthermore the two neighboring
Mn ions are ferromagnetically correlated. For O4 we defi-
Just belowT g the 1O NMR spectrum is substantially nitely expect a rather large transferred hyperfine field for the
broadened. It splits into two parts as shown in Fig. 2. Thefollowing reason. Although the spins of Mn in adjacent zig-
low-frequency spectrum in the range Kf=(—2+ +10)%  zags are antiparallel, the O4 oxygen is “sandwiched” be-
is asymmetric A line). Its width decreases gradually as the tween Mrt* and Mrf* ions with different spin values and
temperature approach&g . The high-frequency spectrum is different orbital occupations, i.e., with different covalency,
approximately twice larger in intensity and forms a ratherso that the transferred polarization from these two Mn ions
complicated pattern whose center of gravity is shifted to exshould not compensate as they do for the apical oxy@dn
tremely large positiveK>20%. At T=170 K=Ty it splits ~ 02/03. This should again result in a substantial shift, al-
into two broad linesB andC lines) of about equal intensity though smaller than for O5. Moreover the transfesedave
and peak aKg~40% andK-~55%, respectively. polarization from the Mfi* ion is expected to be negative
According to x-ray and neutron-diffraction studfeshe due to effects of covalent mixing with the empig,
charge order and OO of the CE type become commensuratebitalsl’ As reviewed in Ref. 18 the charge transfer from
in the CO PM phase only nedy, . If the domain structure of the occupied O 2s orbital to the empgy orbital is spin
the OO(Refs. 4 and Bis ignored, one finds four groups of dependent. It is regulated by the intra-atomic exchange cou-
the oxygen atoms differentiated by the charge and/or by theling with electrons on orbitals.
direction of occupiedey orbital of the nearest-neighboring Thus in the CO PM phase the stagigvave polarization is
Mn ions. The first and the second groups are formed bylirected alongH, and the isotropic shift at the O5 site may
apical oxygen located between two Rinions (O1 site, be expressed similarly to E¢R) through the corresponding

B. The charge-ordered paramagnetic state
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transferred spin densities fs'3+<sz(|\/|n3+)> or charge ordering of the bond-ordered structure of Zener po-
fsy4+<sz(|\/|n4+)> of the neighboring Mr(with .3, >0 and larons as suggested by Daoud-Aladieteal,? we can say
far <0): the following:

In both models we expect antiferromagnetic correlations
betweerab layers(if the charge ordering between layers is in
phase, which seems to be the case in both models of charge
ordering. Consequently, we should expect a signal due the
4 apical oxygens at zero NMR shiftine A) in both models.

+ s (S (MN* 1))} ®  As explained above we expect in the conventional checker-
board model that below there would be two different
The effective magnetic moments of neighboring Mn fromtypes of oxygens in the basal plane. In the model of Zener
adjacent zigzags are antiferromagnetically correlated and wgolarons, on the other hand, there will be thfeeeven four,
obtain forK;s,(O4) the following expression: depending on detailed magnetic ordejimlifferent oxygens
in plane and one type between planes. However, to make a
definite choice between these pictures, special, more detailed
Kioo(O4)= 8_77 | as(0)|2{0.25F ¢ 5, (S,(MN3™)) study is needed, and at the moment we can only pose this
Iso 3 YetelV2s NG question but not answer it.
Unfortunately the spatial distribution of the Fermi-contact

87 2 3+
Kiso(OS): ?geﬂBWIZS(O)l {fs,3+<sz(Mn )>

_ 4+
fsat(s(Mn""))}. 6) hyperfine fields results in a large broadening of the separate

NMR lines in the spectrum measured &t Tco. It masks
The signs “+"/* —"in Egs. (5) and(6) take into account the the anisotropy of the magnetic shift tensor and does not per-

fact that FM/AF spin correlations of the neighboring ¥n  mit to trace the transfer of thep2spin density at oxygen in
and Mrf" ions are considered as static in the time intervalthe CO PM phase, i.e., to address the orbital order more
which is much longer that the inverse splitting of 8andC  directly by studying polarization of a givemorbital.
lines (~10 8 s) of the spectrum af=170 K~Ty, when
charge order and OO are completely formed in the PM state.
This agrees with the fact that the Gf)2polarization is pro-
vided predominantly by the- overlap with thee, orbitals of Different local fields for apical oxygen in O1 a@2/03
Mn, and Pauli blocking of part of they orbitals in Mr?*  sites are expected only in the spin-ordered phase b&lpw
gives stronger polarization than in the case of*Mnwhere  In the AF phase the AF moment canting takes place when a
both 2sT and | electrons of O2 may virtually hop to rather high magnetic fiel@7 T) is applied. The canted mo-
Mn** so that the net oxygen polarization due to covalencyment of Mn in adjacentb planes will create at the apical
with Mn** will be smaller, than for the MH" neighbor, and oxygen an additional local field dependent on the valence
negative. For a crude estimate of the transfersespin  state of neighboring Mn. At O1 sites the neighboring®in
density we have assumed in Ed$) and (6) that theo  ions create a larger isotropic magnetic shift than do*Mn
overlap of theey(m;=0) orbital of Mr?* with the 25 or-  jons at 02/0O3 sites. Indeed, as shown in Fig. 4Tat
bital of O5 in zigzag of the CE-type of charge- and orbital =100 K the A line splits into two lines of roughly equal
ordered phases is twice as large as the overlap with thiatensity. A loosely packed powder sample in a strong
corresponding & orbital of oxygen(O4) located between enough external field may be considered as partially oriented
the neighboring zigzags in thab plane. (Of course under with ¢|H. It should be noted that the observed splitti@g
detailed consideration it should depend on interatomic disMHz) is not a result of the classic dipolar fields of the neigh-
tance and on the bending of the #n-0O bond in the tilted  boring Mn ions since the difference in their effective mag-
and JT distorted Mn@ octahedra. Inserting the value of netic moments is too smallu(¢i=2.7ug for Mn®* and
the peak position of the8 line (Kis,=40%) andC line  2.2ug for Mn*" as estimated from Fig. 4 in Ref).6
(Kiso=55%) into expressiongs) and (5), respectively we The only slight additional broadening of the NMR spectra
get that the transferrestwave polarization from the My even aroundr/2 evidences that the line shift is mainly de-
ion is positive and its absolute value exceeds by about foutermined by the short-range charge order and OO which have
times the corresponding negative polarization transferretbeen completely formed in the CO PM phaseTat Ty .
from Mn**|f¢ 4, (S(Mn*1))]. Below 110 K it appears that the optimal rf-pulse duration
The large difference in spin densities transferred from théncreases about twofold from the low- to the high-frequency
Mn3*/Mn** ions indicates a substantial delocalization of thepart of theA line as illustrated in Fig. 5. The same feature
“ey hole” within the hybridized eg(Mn3+)—2pU(O) was found for the high-frequency spectrum when Ehand
orbital1° It shows that a pure ionic approach where the Clines are resolved. This striking effect of the nonmagnetic
hole is completely localized at the Mh ion is a very rough ligand atom on the echo formation may be related to a rather
approximation to describe in detail the charge order and OGtrong isotropic hyperfine interaction betweéf© nuclear
in doped manganite. spin and the Mn electron-spin system with long-range AF
In the given interpretation of thé’O NMR spectra we spin order. The detailed analysis of the spectra measured
follow to the picture of the conventional site-centeredbelow Ty requires additional studies which are now in
charge ordering. Regarding our data to another scenario gfrogress.

C. The antiferromagnetic state
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HO FIG. 5. Evolution of the echo-spectra shape of fkne mea-
) ,l 2T sured with different rf-pulse durations,j at T=100 K in the AF
1 I I 1
40 50 60 70 phase.
Frequency (MHz)

cally correlated spin of the neighboring Mn from adjacabt

FIG. 4. YO NMR spectra measured &t.,=7 T in the AF  planes becomes long compared to the NMR time scale. By
phase of Py:Ca, :MnO;. contrast, the B+ C) line is still unresolved just beloWqg .

Thus in the first stage of the charge ordering the three-
dimensional motion oé, electrons transforms preferentially

Based on the site assignment considered above we pr@to a two-dimensional hopping within theb planes. Such
pose the following picture of the development of spin corre-an ordering phase transition may be considered as the nucle-
lation in the Pg<Ca,sMNnO; CO PM phase as seen 3@  ation of antiferromagnetically ordered clusters which grow at
NMR. In the low-temperature part of the CO PM phase thethe expense of the CD PM phase which dominates above
NMR spectrum represents the spin-density distribution oflco. Furthermore as the temperature decreases and the un-
oxygen ions. Its value is determined not just by the Mn ef-resolved B+ C) line is shifted toward high frequency a
fective magnetic moment but, to a greater extent, by the typshoulder appears on the low-frequency fage spectra for
of spin correlations of the neighboring Mn atoms. The pres-T~200 K in Fig. 2. The temperature dependence of this
ence of several lines in the NMR spectrum, which can besignal follows the same Curie-Weiss law as the peak in the
attributed to the various oxygen sites in the lattice, showsCD PM phase(dashed line in Figs. 2 and).3lts relative
that the corresponding spin correlations and effective magintensity decreases with temperature and becomes negligible
netic moment of the neighboring cations do not change at thenly nearTy. This may indicate that almost down @,
time scalet=10/(Aw)~10 % s (Aw is line splitting.?° The  traces of the CD PM phase remain in the CO PM phase.
thermally activated hopping & holes seems to be the main ~ The proposed NMR interpretation of the ordering in the
mechanism changing the charge state of the ion ¥Mn CO PM phase is in good agreement with the main results of
—Mn**) and the spin correlations between the neighboringhe resonant x-rdyand neutron-diffraction studiés? It
ions, which results in the “melting” of OO in the CO PM should be noted that the time scales required to get a quasi-
phase. With increasing temperature the fine structure of thstatic picture of charge distribution in NMR {,,>10° s)
spectrum is smeared as the corresponding correlation timend in neutron-diffraction t(4~10 2 s) experiments are
(7.) of the specific hopping becomes comparable withvery different. Both methods confirm the presence of FM
(Aw)~ 1. As a result the various spin configurations are nocorrelations between Mn ions as dominant spin fluctuations
more distinguishable at higher temperature. in the CD PM phase which reduce in intensity beldw, .

The splitting of the NMR spectrum just beloW g into In the neutron-scattering experiments the short-range FM
the A and B+ C) lines may be explained as follows. As has correlations are considered as static whereas they are seen
been mentioned above the oxygen nuclei responsible for th&fill as a low-frequency dynamic phenomenon in the NMR
A line are located between two antiferromagnetically corresspectra. In conclusion, the distribution of spin density and
lated Mn ions from the adjacenmt plane whereas those re- the development of the charge and orbital ordering in the
sponsible for B+ C) line have two neighboring Mn ions in paramagnetic state of ¥Ca sMnO; were studied by means
the sameab plane. The resolution of tha line shows that of ‘O NMR. It is shown that the main interaction of oxygen
just belowTq the correlation time of the antiferromagneti- is the isotropic hyperfine Fermi-contact interaction with the

D. Development of charge and orbital ordering
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