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The influence of the'®0-'%0 isotope substitutions on magnetic state of perovskite-type manganite
(Lag »5Pr 790 7Cap sMNO; is studied by®>*Mn NMR. Successive cycling with an isochronal exposure at dif-
ferent magnetic fields up tBl=8T is used to study the field-induced transition from antiferromagnetic insu-
lating (AFI) state to the ferromagnetic metd#MM) one in the *0-enriched sample. After exposure Ht
>H_.,~ 5.3T the NMR spectrum of thé®0 sample provides evidence for a magnetic phase sepaf@®n
into the coexisting AFl and FMM domains. Further increase of exposing field leads to a progressive growth of
the FMM phase at the expense of AFI domains. Its relative fraction can be controlled by external magnetic field
and the resulting magnetic structure in the PS region is discussed. Anonfaldesendence of th&Mn
nuclear spin-lattice relaxation rate is revealed in the FMM state of Bk and ®0-enriched samples. The
possible influence of the Pr magnetic orderingrat40 K on the spin-lattice relaxation is considered.
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I. INTRODUCTION The detailed magnetic phase diagram of LPC¥® a
wide range ofH and T has been reported as a result of mag-
Perovskite-type manganitéy,_,M,MnO; (R=La, Pris netization studie$.It was shown that the AFI-FMM phase

a trivalent rare-earth ionare subjected to extensive studies COMposition in the PS region abot#,(T) is controlled by
after observation of a “colossal” negative magnetoresistanc&h@gnetic field. Any prescribed ratio of AFI to FMM phases
(CMR) effect for 0.2<x<<0.4. The CMR effect is related can be abtained in the PS region and might be frozen by the
closely in physics to phase transition from the charge ordere ecrease of the magnetic field below the critical vaiie.

. o . he new phase composition depends on neither time nor
antiferromagnetic insulatingCO AFI) state to the ferromag- magnetic-field variations below, . The microscopic evi-

netic metal (FMM) one: Thermal hysteresis revealed in gence of the phase transition from AFI to FMM state in
transport and magnetic properties of these compounds evi-pCcMO'® was obtained from'3®La NMR studies at 5K.
dences the first-order transition accompanied by the phasgvo well-resolved'*® .a NMR lines corresponding to AFI
separationPS into CO AFI and FMM domaind.An ionic  and FMM domains were clearly observed and their relative
state of Mn determines unambiguously its spin configurationintensities determine directly the fraction of both the phases
The Mrf*/Mn®" charge order is accompanied by substantialin the PS region.

polaronic effecsand the Jahn-Teller-type lattice distortidns  However, **L.a NMR spectra are not informative as to
in the sublattice of the Mn@octahedra and it defines in the shortrange CO of the Mn ions in the AFI phase. A local

i~ fialgl3 39 4 i -
many respects the microstructure of magnetic state in a lowhagnetic field *Hioc probed by the'*La is mainly due to
temperature phase the overlap of L&s) and Mn(t?g) orbitals, so a C(_)ntrlbutlon
The (LaPr,_,) ' MnO. manganite is one of the of holes located at the, orbital of Mr** ions is greatly
gPn_y)o7LCaMnO; g reduced in the AFI staeThus the position of the"*%La
most convenient systems for studying the PS phenomenorla\lMR signal in the AFI state is not sensitive to a valence
Recently® it was shown that the ground state of electron

state of the nearest Mn ions. In sharp contrast, one may ex-
system becomes extremely unstableg at0.25 and even the pect that5Mn NMR study allows getting a more detailed

isotopic substitution of\°0 by *°0 influences significantly information about the charge and magnetic states of Mn ions
the transport and magnetic properties of this compound. Ofy the AFI phase.

COOling down in zero external magnetic fle{é[FC), the In this paper, we present the results of tmn NMR

(Lag 291079 0.Ca IMNO; sample with O isotope(referred  studies ~ of  the field-controlled ~ PS  in
below as LPCM®?) shows the successive transitions to the(Lag ,4Pry 790 Cay MNO;  with different oxygen isotope
CO state atT<T.,=180 K, to the AF state belowly  content to get better insight in the microstructure of the AFI
=150 K, and finally to the FMM one below.=120 K. On  ground state. The temperature dependence of nuclear spin-
the other hand, the'®0-enriched sample (LPCM@® re- lattice relaxation rate is studied in the FMM state with spe-
mains in the AFI state down to the very low temperaturecial care of finding the microscopic evidence for magnetic
under ZFC conditions. However, this AFI ground state isordering of Pr ions.
extremely unstable and can be easily transformed to the

FMM one with the same saturation magnetization as in the

LPCMO!'® by applying external magnetic field above the The ceramic sample preparation and isotope enrichment
critical valueH,, . procedures for (LgydPry.790.7Ca MnO; studied in this

Il. EXPERIMENT
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work were described in detail in Ref. 5. Oxygen isotope con- LI B B L B B '.; LI L
tent in the samples prepared from the same starting pellet 0.

was 190-100% (LPCMG3®% and %0-85%:1°0-15% LPCMO"™® Y (b)
(LPCMO'®). The NMR measurements were performed with ° ‘.

a home-built pulse phase-coherent NMR spectrometer oper- ® ®

ated in the frequency range up to 450 MHz using spin-echo H =8T [ 4 0'."'..
technique. The NMR spectra were obtained by measuring at fe

each frequency an intensity of the Hahn spin-echo signal. o L4

The width of aw/2 rf pulses does not exceed 1.5+2 The ° (c)
amplitude of the exciting rf pulses was optimized for the ®
maximum of echo signal in measuring each individual line in H =1T ° © ...0’ °
the NMR spectrum. Any variations of the receiver gain in- fe "" G
cluding rf coupling with resonant circuit were taken into ac- (]
count in measurement of the line intensity using an addi- °

tional calibration rf pulse with fixed amplitude formed in the o o® (d)
rf coil after echo signal at each frequency point. The original o ®
probe head designed foMn NMR allowed to measure ch= 55T @
spectra in the range of 180—450 MHz using a single rf coil.
The %Mn NMR spectrum measurements were performed in *’

zero magnetic fieldZFNMR) and in external magnetic field ) S (e)
up to 8T at T=1.5 K. The field-cycling(fc) procedure (ZF i

—H;.—ZF) was performed as follows: after ZFC the exter- °®

nal magnetic field was increased up kg, and was kept
fixed for aboutte,;~ 20 min to exclude the transition effects.
Then the magnetic field was switched off and the ZFNMR {
spectrum was measured. g0

Ill. RESULTS AND DISCUSSIONS

Figure Xa) shows the>>Mn ZFNMR spectra in the FMM ZEC N
state in LPCMG@® after ZFC. It presents a single line peaked ° %
nearv~380 MHz. The line shows a strong rf enhancement

n=~ 100 which is typical for ordered FM. On the other hand,
in the AFI state of the LPCM& sample after ZFC, the ob- 250 300 350 400 450

served spectrum is quite different, as shown in Fig).IThe v (MHz)
main peak is observed around 317 MHz, where a large rf _ _
power is needed for the signal detection in contrast to the FIG. 1. *Mn ZFNMR spin-echo spectra of LPCM& (solid
signals from the FMM state, while the small peak aroundardeg and.LPCMd (open cwcle}s Spectra were measured at the
380 MHz, with a large rf enhancement is also detected. BeP0ycrystalline powder after primary ZFC cooling down
sides the rf enhancement factors the other characteristics f+:> K an_d sub_sequen_t isochronal magnetic-field circlihg 0
NMR signals for these two peaks are also completely diﬁer-;:rfia')_' =0 with H=0T—(@ and (), 8T—(b), 7T—(c),
ent. Nuclear-spin-spin relaxation tim&,=10(5)us (T ' '
=1.5K) and nuclear spin-lattice relaxation tim&,
=2.9 ms at the main peak are much shorter than the correspectrum in the LPCM& after exposing td;.=8 T [Fig.
spondingT,~100us andT;~1 s observed at the smaller 1(b)] becomes very similar to that in the FMM state of the
one. These short relaxation times are typical for AFI state il.PCMO,® Fig. 1(a). From the comparison of FMM signal
manganites. Thus, we attribute the peak around 380 MHz tatensities between the virgifZ FC) and the finallexposing
55Mn NMR in the FMM phase while that around 317 MHz is to H{.=8T) states, the minor FMM phase in the virgin
assigned to the AFI phase. The same lines with the samePCMO'" sample can be estimated at most a few percents.
assignment were reported earlier for the half-dopedn the estimation of the AFI/FMM line intensities, the fol-
Lay Ca, MnO; (Ref. 9 and PpsSry sMnO,. 2% It is interest-  lowing points were taken into account. We found unchanged
ing that in the parent CaMngslightly doped by Pr the peak both the rate of the®Mn echo decayf, and the rf enhance-
of FMM-line shifts down to 300 MHz as reported in Ref. 11. ment factor for the corresponding lines after applying field
Figures 1b,c,d show theH;. dependence of thé°Mn  cycling at differentH;.. Moreover, only intensities, not the
ZFNMR spectrum measured with the field cycling methodresonance, frequencies, of the peaks changed during this
described above. As shown in the figures, with increasindield-cycling procedure. So in our spin-echo experiments
H:., the peak around 317 MHz originated from the AFI with the fixed optimal bothz/2 rf-pulse and the rf power
phase gradually disappears, while a relative intensity of thgain, one proves that only the change in concentrations of the
peak around 380 MHZFMM phase grows up. Finally, the two defined magnetic phases were traced.
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domains ¢~317 MHz, solid circles and the FMM domains ¥
~380 MHz, open circlesmeasured aT=1.5 K for LPCMO'® af-
ter subsequent isochronal magnetic-field cyclinglat. The inten-
sities are normalized to the corresponding maxima. The corrections
for the transverse relaxation and enhancement factor are taken into
account as explained in the text. —e—in"0

;
|
]
'
|
]
FIG. 2. The relative intensity 0°Mn ZFNMR line in the AFI '
]
'
]
:

The amount of AFI or FMM phases is proportional to
intensity of the corresponding ZFNMR line measuredTat .
=1.5 K after subsequent field cycling at different.. The i
relative intensities of the AF®) or FMM(O) lines normal- i H=0T
ized to their maximum are shown in Fig. 2 for the virgin ==
(ZFC) LPCMO*8, With increase irHy., the amount of AFI in'®0  ZEC=H=0T
domains increases slightly belot.~ 5T, then starts to T T
decrease nearly to zero Ht.=8T. On the other hand, the 250 300 350 400 450
amount of FMM domains increases strongly abadde,
~ 5T and saturates at;.~ 7T. In the region between v(MHz)

- 5501%”0.' ZT t.he AhFI and FMM. dcl)lma!mhs coexist in FIG. 3. H-dependence of®Mn spin-echo spectra measured at
LPCMO™, indicating the microscopically in OMOGENEOUS +_ 4k for FMM phase of LPCM®® (open circley and LPCMJ?®

magneti(_: phase _Separz_;ltion._ The@Mn-_NMR results pro- _(solid circle3 samples. The ZFC LPCM® sample was trans-
vide a microscopic confirmation of the inhomogeneous PS iy med to EMM state by exposing &t,.=8T. The line is a guide

LPCMO™ in the region where a detailed balance of the Vol-for eye. The inset shows the frequency of the NMR line peals
ume fractions of the AFI and the FMM phases can be cony, a slope of solid fitting line corresponds ta »/AH
trolled by external magnetic field. The present results are-10.1 MHz/T.
consistent withH-T magnetic phase diagram obtained by
magnetization measurements ahil.a NMR studies. =36T, Api~—100 kOejug (Ref. 12 and the magnetization

In order to shed light on more details of the electronic anddata measured in the same sample LPCRiGhe average
magnetic states of Mn ions in FMM phase, we have investimagnetic moment on the Mn site is estimated ag3.6This
gated the external magnetic-field dependence of Mn  value suggests that the valence of Mn ions in the FMM state
NMR spectra. Figure 3 shows th¢ dependences of°Mn  can be given to MA®" in high spin states in ionic approxi-
NMR spectrum measured in LPCM®at T=4K (open  mation; namely, some averaged value betweerf"M@S
circles and of the spectrum for saturated FMM LPCMO =3/2) and MA™ (S=2). This in turn suggests that the elec-
corresponding to Fig.(b). With increase irH the peak fre- tronic state of 0.6 electrons on tleg orbitals in FMM state
quencies for both the samples shift to lower frequency acmust be responsible for metallic conductivity. It should be
cording to the relatiom »(MHz)~10.1H(T) as shown in pointed out that the observation of only one component of
the inset of Fig. 3. This value is in agreement with the gyro-the Mn NMR spectrum in the FMM state indicates that the
magnetic ratio of ®*Mn nucleus °y/27=10.50 T/MHz) inverse of the lifetime of the electron spins is higher than the
within our experimental accuracy. Since the hyperfine fieldNMR frequency[in the exchange narrowing limit between
Hp¢ at the Mn sites is mainly originated from the core- Mn** (S=3/2) and Mi™ (S=2)].
polarization contribution, its direction is opposite to that of  On the other hand, for the CO AFI phase, we would ex-
the Mn spin moment. This result suggests that all the Mrpect two**Mn NMR signals from MA* (S=3/2) and M ™"
spin moments in the FMM state aligned along thelirec-  (S=2) ions, becausey electrons of MA* are expected to

tion without any cantingHy is proportional toA,«S), localize in the AFI state. However, we observed only one
where A is a hyperfine coupling constant af8) is the  signal around 317 MHz corresponding k¥~ 30.2T. The
spin moment. Combining the experimental value Hbf; magnetic moment of the Mn ions in the AFI state is sug-
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gested to be smaller than that of the ¥t ions in the FMM oo
state. Furthermore, the value df,;~ 30.2T is well consis- 1000
tent with a theoretical estimatibhof the on-site hyperfine
magnetic field for the MA" ion in the crystal field of octa- -
hedron symmetr,,; (Mn**)=30.5T. Hence, thus this sig- [ &
nal can be assigned to M ions in the CO AFI phase. I @
As for the NMR signals from M#' ions in the CO AFI
state, we have not succeeded to find them in the frequency 100 E
range of 320—450 MHz even with the shortest available de- ;
lay time (5 us) between rf pulses. This might be due to a
much shorterT,<1us for M®" ions compared toT,
~10us for Mn** ions in the CO AFI state. A similar nega-
tive result was obtained in th®Mn NMR spin-echo studies s
of the CO AFI state of LaCaMnO; (Ref. 9 and 10¢ ® in "0 at H = 2T
Pr0.55r0_5|\/|n03.10 E | (FC = 87')
Finally, we consider peculiarities of thé®Mn nuclear - o
spin-lattice relaxation ratequ) probing the fluctuations of [ off o in' H= T-
local magnetic fields in the FMM ordered state of LPCMO - o% in "OatH =177
(ZFC) and LPCMQ@?8 (FC at 8 T) samples. Thd@,; measure- 1k © a in O at H =2T |
: (ZFCI)

1/T, 1
@
L
2]

@

ments were performed by saturation-recovery technique in ;
the magnetic field$1=1;2T related to the nearly saturated e T
FM spin order of manganegélhe recovery of nuclear mag- 1 10 100
netizationM,(t) was found nonexponential. It was revealed T(K)

that theM,(t) data are not dependent on the parameters of . )
the saturating comb of pulses, so an effect of the restricted FIG. 4. Temperature dependence BMn nuclear-spin-lattice

g LT o - -1 :
spectral spin diffusion on the shape of nuclear magnet|zat|0ﬁ""axatc';)lg rateT, © measured in theMFjéMM state of LPCMPand
recovery was excluded from consideration. An intrinsic mi--PCMO™ samples. The ZFC LPCMO sample was measured in

— 8 H
croscopic magnetic inhomogeneity of multicomponent oxidel =1T(0) and 2T(®), the LPCMG® one was FC in § and T,

is another source giving rise to a spatial distributionTgf measurements were performedHn=2T(M).
(Refs. 14,15 and is resulting in additional term of the
stretched exponential form favl ,(t) under condition of the
broad-band excitation of the spin system. In @ymeasure-  jnfuenced by oxygen isotope substitution.

ments, only a small part of totaPMn nuclear spins contrib- As expected at elevated temperatures ffearthe critical
uting to the broad FMM line near its peak was available t0gnhancement of magnetic fluctuations at the Larmor fre-
flip by applying the saturating comb with the pulse durationquency of 55Mn nuclei is responsible for a rather strong
of 1-2 us. So we consider that nuclei contributing to the rowth of (I-l—l)NT3_ On the other handTl’l behavior at

echo S|gn_al belong to t_he species with apprommatgly _th ow temperature is quite different compared to the exponen-
same static and fluctuating parts of the local magnetic flelqiaI rise 55T 1~exp(aT) (Refs. 9,17 observed for several
1 - I,

E)r\;sirllvesizit(;g: doﬁﬁﬁ:giscl)rr:eﬁr?tlig?:ﬂzﬁé)sgiif bizl/gr:ebfc’;efFM manganites with concentration of mobile holes covering
9 P P 9 y the CMR region of coexisting FM order and metallic con-

16 fo_r_ magnetic rglaxatlon of the |n!t|ally exmtggj central ductivity. Similar hump in the temperature dependence of
transition in the spin systend £5/2) with nonequidistantly 1307 -1 . #a
quadrupole splitted energy spectrum: 1 was alsp revealed in measurements of a
nuclear-spin-lattice rate performed below 100 K for the FM
Mz(o)—Mz(t) 1 t\ 8 6t line of **L.a of the LPCMG® sample FC at 8.*% It is in-
— = 5eXP — = | tzexp — = structive to note that in ferromagnetic metals, the dominating
Mz() 35 T, 45 T, . A 1 .
spin-wave contribution td'; - via the two-magnon scattering

that low-frequency fluctuating parts of the local magnetic
fields at the Mn sites in the FMM state are not noticeably

50 15t process should lead to the power-law depende‘hf:é(T)
+ 6_36XF( - -|-_1> (1) ~T# with B ranging from 2.5 to 1.5 with an increase of the
magnon damping®
Expression(1) was used for fitting the obtained ,(t) data. These observations demonstrate a presence of additional

The T dependence of T4 for both ZFC LPCMG®  magnetic-field fluctuations, which contribute to nuclear-spin-
(circles and LPCMG? (solid squaressamples cooled down [attice rate of both’3%La and Mn in FMM state of the
atH=8T is presented in Fig. 4. It is seen that in the FMM studied material. We suppose that the anomalgusehavior
state the temperature behavior of 14s similar for both the  at low temperatures is originated from the fluctuating local
samples. With increasing, T; * increases strongly up 6 magnetic field transferred from Pr ion, which should strongly
=20 K, have a plateau in the range ©=20-50 K, and increase around the Pr magnetic ordering temperature. Ac-
increases again on approaching the transition from the FMMording to theH — T phase diagrafmand neutron-diffraction
to the AFI state aff.=120K. This finding clearly indicates studie$ reported for (Lg.4Pr7007Ca MNO; with the
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very same chemical composition, the magnetic ordering in Pof external magnetic field aboué;,~5T, the field-induced
sublattice occurs &l p,(H=0)~40 K, this value being in phase transition develops through the nucleation of the FMM
a good agreement with the observed plateatt 20 K at the  phase at the expense of AFI domains. An upper boundary of
1/T; plot. the AFI-FMM phase separation region is established in the
The experimental dependence Bf ' shown in Fig. 4 field-cycled NMR experiments and equals to 7.5t T
could be presented as a superposition of two temperature= 1.5 K. The >**Mn NMR spectrum of the LPCM& sample
dependent relaxation mechanisms, one corresponds, roughfigoled in the higher magnetic field shows that its magnetic
to the activated behavior of the FM ordered Mn momentsstate is just the same as for LPCMDi.e., a long-range
and the second being induced by freezing of the Pr moment&MM. Finally, it is proposed that transferred magnetic cou-
In fact, this 5T, * result can be considered as an additionalpling between the Mn and Pr spins should be involved into
local evidence of the Pf magnetic ordering around 40 K. cons_ideration qf the unusual low-temperature phase diagram
An absence of divergent-like behaviorBf * and a presence ©f this manganite.
of rather broad plateau are in favor of the influence of atomic
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