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A 55 M n N M R st udy of 1 6 O and 1 8 O conta inin g La 0: 33 N d0 : 33 C a0 : 3 4 MnO 3

is r eported . T he spin -echo spectra measured at 4. 2 K and zero Ùeld consist of
a dou ble exchange line corresp ondin g to the ferromagnetic metalli c regions.
T he line intensity is more than an order of magnitude low er for the 18 O
comp ound , w hich indicates an order of magnitude low er content of the fer-

romagnetic metallic phase in this comp ound. T he frequency dependence of
the spin {spi n relaxation time T 2 show s a pronounced minimum at the center
of the double exchange line of both comp ounds due to the Suhl{N akamura

interaction, w hich indica tes that the ferromagnetic metalli c regions are at
least 10 nm in size. T he results are discussed in terms of the inÛuence of
oxygen isotopic substituti on on phase segregation.

PACS numb ers: 76.60. {k, 75.47.Gk

1. I n t rod uct io n

Ma nganese perovski tes are of considerable interest owi ng to thei r m agneto re-
sisti ve properti es whi ch m ake them pro mising candi dates for appl icati ons in spin
electronics and data storage techno logy. They also exhi bi t a vari ety of di ˜erent
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electronic and m agneti c phasesdue to the stro ng com peti ti on between doubl e ex-
change (D E), superexchange (SE) and electron{ phonon intera cti ons. Such intera c-
ti ons can be easily inÛuenced by chemical substi tuti on, externa l pressure, m agneti c
Ùeld and isoto pi c exchange, whi ch in m anganese perovski tes were Ùrst studi ed in
the La 1 À x Cax Mn O 3 + y com pounds [1]. Al so in the (La 1 À x Ndx )2= 3Ca1= 3 MnO 3 se-
ri es the magneti c behavi or is trem endousl y sensiti ve to alkal ine earth dopi ng. For
x < 0 , there are para- ferrom agneti c and m etal { insul ator tra nsi ti ons, whereas for

there is no m etal { insul ato r tra nsi ti on and for , the sampl e is char-
acteri zed as charge ordered (CO) [2]. Ram an scatteri ng studi es in O com pound
showed the coexistence of the f erromagneti c (FM) and CO pha ses below 100 K
and below 50 K in the O sam ple [3].

The crysta l lographi c structure of the com pounds studi ed in the present work
belongs to the Pbnm space group. The O sam ple, whi ch conta ins oxyg en of the
natura l isotopi c abunda nce, i .e. 99.76% O, wa s prepared by conventi onal solid
state reacti on using La O , Nd O , Ca CO , and MnO . The powders were mixed,
ground, and calci ned in ai r at C for 15 h. Af terwa rds, the sam ples were
reground tho roughl y, pressed, and Ùred at 1250 C for 60 h wi th two interm ediate
gri ndi ngs. The oxygen isoto pe substi tuti on was carri ed out by a 48 h anneal ing
at C and O pressure of 1 bar. The sam pl e showed % of O [4].
Iba rra et al . [4] studi ed the isoto pic e˜ect in these systems: both com pounds, O
and O conta ini ng, segregate into a CO param agneti c phase and a ferrom agneti c
m etal l ic phase below 210 K and the relati ve percenta ge of both phasesdepends on
the isoto pe m ass. At low tem peratures the CO phase orders anti ferromagneti cal ly
(AFM), wherea s the rem aining phase orders f erromagneti cal ly.

The electri cal resisti vi ty at low tem peratures is two orders of magni tude
smal ler tha n at 200 K f or O conta ini ng compound [5]. Replacing O wi th O
increasesthe resistivi ty by Ùve orders of m agni tude at 70 K [4]. The m easurem ents
of the volum e therm al expansi on of the com pounds show tha t the O conta ini ng
sam ple reaches a com plete m etal l ic sta te at 30 kOe. For the O conta ining sampl e
i ts ground state is not ful ly metal l ic, but phase segregated at 30 kOe. Appl icati on
of a m agneti c Ùeld as high as 60 kOe to the O conta ini ng sam ple leads to a
compl ete metal l ic sta te at low tem peratures.

Neutro n di ˜ra cti on m easurem ents carri ed out at di ˜erent tem peratures
showed the presence of a ferrom agneti c phase below 200 K and a long-range AFM
order wi thi n the CO region below 170 K. The results suggested tha t a stro ng
electron{ pho non intera cti on, whi ch leads to charge local izati on, plays an im por-
ta nt ro le in weakeni ng the ferrom agneti c intera cti on. Thi s m ay cause a blocki ng
of electron (ho le) hoppi ng between the Mn cati ons and lead to the local izati on
of charge carri ers. It was theoreti cally predi cted tha t repl acing O wi th O de-
creases the Mn{ O bond length by about 0.025% at 0 K, whi ch can signi Ùcantl y
inÛuence physi cal properti es of the m ateri al [6]. A possible inaccuracy of the de-
term inati on of the oxyg en isoto pi c abunda nce has also to be accounted for [7].
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2. R esul t s

Thi s arti cle presents a Mn NMR study of the e˜ect of oxygen isoto pic
substi tuti on in (La : Nd : : Ca : MnO . The NMR m easurements were carri ed
out wi th a spin-echo techni que [8] at zero Ùeld and at 4.2 K. The NMR signal occurs
when the resonance condi ti on is m et; tha t is, , where is the resonant
frequency and is the nucl ear gyro magneti c rati o of the isoto pe. is the interna l
e˜ecti ve Ùeld at the nucl eus, whi ch is predom inantl y of hyp erÙne ori gin and is
kno wn as the hyp erÙne Ùeld (HFF).

Fi gures 1 and 2 present NMR spectra of O and O conta ining com pounds,
respect ively. The spectra ta ken at a smal l pul se separati on exhi bi t a single line,
whi ch, simi larl y to a m etal l ic La : Ca : MnO [9], is attri buted to the D E dri ven
hoppi ng of electron (hole) between adj acent Mn and Mn sites vi a oxygen an-
ti bondi ng orbi ta ls. Thi s parti cul ar electro n (hole) hoppi ng leads to ferrom agneti c
coupl ing of manganese ions of di ˜erent nominal valency and gives rise to m etal -
l ic behavi or. Thi s is the clear evidence of the presence of ferrom agneti c m etal l ic
reg ions in the compounds. The existence of a single l ine indi cates tha t the char-
acteri stic ti m e of electron (ho le) hoppi ng is much smal ler tha n the period of the
La rm or precession of Mn nucl ear spins (cha racteri stic ti m e for DE is found to
be smal ler tha n 10 ps). For both com pounds the hyp erÙne Ùelds, , were ob-
ta ined. They am ount to { 36.24 T for O conta ining sam ple and { 36.26 T for O
substi tuted com pound.
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As the pul se separati on increases, a dip at the center of the resonance l ine
app ears. Thi s feature is also observed in the 5 5 Mn spectra of metal l ic ferrom ag-
neti c m angani tes [10], and is attri buted to the Suhl { Na kamura intera cti on [11, 12]
between neighbori ng nucl ear spins. Thi s intera cti on ori ginates from an indi rect
spi n{ spin coupl ing mediated by vi rtua l spi n wa ves. The nucl ear spin, whi ch sees
the electro nic spi n on i ts own ion thro ugh the hyp erÙne coupl ing, exci tes a spin
wa ve thro ugh thi s coupl ing, and another nucl ear spin causes it to be reabsorbed
thro ugh i ts hyp erÙne coupl ing [12]. The observed dependence of the spectra on
the pul se separati on m eans tha t nucl ear spi ns, whi ch precess at or near the cen-
tra l frequency, reveal a faster spin{ spin relaxati on tha n spi ns contri buti ng to the
wi ngs of the resonance l ine. As the center of the DE resonance l ine originates
m ainly from the spi ns inside the D E regions, a m inimum at the l ine center denotes
tha t the neighbori ng m anganese ions are m agneti cal ly equiv alent whi ch m akes the
Suhl { Nakamura intera cti on e˜ecti ve. It is m uch less e˜ecti ve at the boundari es of
D E regions where m anganeseneighbors di ˜er in term s of m agneti c m om ent values
and di recti ons, whi ch prevent the exchange of vi rtua l spi n waves and resul ts in a
slower spin{ spi n rel axati on. Foll owing the evaluati on of the e˜ecti ve range of the
Suhl { Nakamura intera cti on presented in [10] we can conclude tha t the DE regions
in our com pounds have thei r avera ge size com parable or larger tha n 10 nm .

Opti m al pul se lengths for both sam ples are of the same value whi ch m eans
tha t the NMR enhancement factor, ² , is the same in both com pounds. Thi s is
another pro of tha t the size of the ferrom agneti c regions is comparable in both
compounds. Thus, at the same m ass of the sam ples, the signal intensi ty can be
considered as a m easure of the ferrom agneti c meta l lic (FMM) phase content. The
absolute intensi ty of the D E l ine in the 1 6 O conta ining La0 : 33Nd 0 : 33Ca0 : 34MnO 3

i s twen ty ti m es larger tha n tha t of the 1 8 O conta ini ng com pound (Fi g. 3). Thi s
indi cates tha t the content of the FMM phase in the 1 6 O conta ining compound is
an order of m agni tude higher tha n in the 1 8 O conta iningcom pound. There is no
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cl ear evidence of a signal from the CO insulati ng AFM phase in the Mn spectra,
whi ch m ay be due to a fast nucl ear spin{ spin relaxati on in such a phase.

Fi gure 4 shows the frequency dependence of Mn spin{ spin relaxa ti on ti m e,
, for the com pounds wi th di ˜erent oxygen isoto pe substi tuti on. One can see

a characteri stic mini mum of at the frequency correspondi ng to the center
of the resonant l ine. The pl ot i l lustra tes quanti ta ti vely the contri buti on of the
Suhl { Nakamura intera cti on to the spin{ spin relaxa ti on. Sim il ar values and fre-
quency dependences of for both compounds (e.g. for MHz, is 58 s
and 60 s for O and O conta ining com pounds, respecti vely) also suggests tha t
the size of FMM regions in both sampl es is com parabl e and/ or much larger tha n
the Suhl { Na kamura intera cti on length.

Sum mari zing, our results show tha t the Mn NMR spectra of O and O
conta ining La : Nd : Ca : MnO com pounds exhi bi t a DE l ine whi ch corre-
sponds to the existence of FMM regions in both com pounds. The spectra and
the frequency dependence of reveal the e˜ect of the Suhl { Na kamura intera c-
ti on and al low the estim ati on of the mini mum size of the DE regions at 10 nm
for both com pounds. A much larger absolute intensi ty of the NMR signal in the

O conta ini ng compound indi cates tha t the contri buti on of the D E phase is an
order of magni tude larger tha n in the O conta ining compound. The results show
tha t oxyg en isoto pi c substi tuti on inÛuences the pha se segregati on at low tempera-
tures by decreasing considerably the relati ve am ount of the FMM phase upon O
substi tuti on by O.
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