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We present a detailed La NMR and magnetization study of ¢, 75 o 7Ca sMnO; manganite, in which
an insulator-metal transition can be induced by magnetic field and also by oxygen isotope substitution. NMR
results demonstrate directly the presence of magnetic phase separation at a local level. The microscopic
magnetic structure of the sample depends on cooling condifivaamely, zero field coolingZFC) or field
cooling (FC)] and can be continuously controlled through the phase separation range by magnetic field and
temperature. The magnetic phase diagrams of the sample have been obtained in a wide ranges of fields and
temperatures for both ZFC and FC cases.

I. INTRODUCTION =150 K and the FM one af.=120 K. The isotope substi-
tuted material with'®0 retains the AFM ordering beloWy
Rare-earth manganites with a perovskite structurdill the lowest temperatures after zero field cooli@@g-C). At
R;_,M,MnO; demonstrate, in addition to the well known the same time we have shown that at low temperatures after
colossal magnetoresistan¢éEMR), a rich variety of physi- filed cooling (FC) (at H=7 T) this sample is practically
cal phenomena such as metal-insulator transitibhT), identical to the completely saturated FM sample wif.
charge orderingCO), and phase separatigPS. The last SO, (L&24PT.790.Ca Mn'®0; ensures the attainment of
one is probably the most interesting aspect of dopedPOth magnetic ground states depe_nding on the cooling down
manganite§ being an intrinsic feature of many systems pr(_)cedures(ZFC or FQ thus offering an excellent model
with strongly correlated electrodsThe PS phenomenon was OPiect for a PS study.
extensively studied and well established xn1/2 substi-
tuted compositions LaCaysMnO; and Pp Sty sMnO3,°8 Il. EXPERIMENTAL

which represent the boundary between competing fermo- e ceramic sample preparation and isotope enrichment
(FM) and antiferromagneti¢AFM) ground states. At the ,r4cequres were described in detail in Ref. 13. Powder x-ray
same time, the compositions of lower doping level with thegitfraction measurements at room temperature indicate that
strongest CMR-effect, especially those with Pr and Ndihe investigated material was single phase without detectable
which are very sensitive to external magnetic field have atimpurity. Magnetization was measured by a SQUIQuan-
tracted less attentioE?T.ll It is worth emphasizing that PS in tum Des|g|) magnetometer in the temperature range 2-300
these materiallCMR manganites as suchas a large length K at fields up to 7 T. NMR was performed in both zero
scalé (~0.5 um) in a sharp contrast with the nanoscale magnetic fieldZFNMR) and in magnetic fields up to 8.3 T
length in Lg <Ca, sMnO;,® which probably means a different with a home built field-sweep spectrometer by spin-echo
origin of the PS. technique.

Magnetization measurements provide a very fast, conve-
nient and sensitive but indirect tool for detecting inhomoge- IIl. RESULTS AND DISCUSSION
neous states. A reliable identification of PS can be obtained
only by the local techniques such as electron microsCopy, Figure ¥a) shows the examples o (H) plots measured
neutron diffractiont”*>and NMR® The advantage of NMR at 5 K for the ZFC and FC7 T) samples. Two ranges of the
consists in a possibility to obtain the quantitative déda  field could be separated clearly for the ZFC case with a very
compared to electron diffractiorand to distinguish clearly different magnetization behavior. In the first range, below
between the FM and canted AFM momefighich makes a the critical field H,~5.3 T at 5 K, a field-reversible mag-
problem for neutron diffraction Thus the joint magnetiza- netic state is observed withl independent on time. Above
tion and La NMR study makes use of advantages of bottH. the sample turns into a new state which is characterized
techniques and allows one to obtain an accurate and reliabley a logarithmic M versus time dependend# (ncreases by
information concerning a PS in manganites. about 2% per hour il=7 T atT=5 K) and by a hysteresis

In this paper we present an investigation of the PS inM(H) behavior. It should be noted that the field diminishing
(Lag 25P1g 7510 T sMNO;3, in which MIT is extremely sensi- below H, allows one to fix an additional magnetic moment
tive to magnetic field, pressure and oxygen isotopean the sample, which depends on the maximum field during
substitution*>'® The material with %0 shows a charge- the cycle, this new magnetic state being again time-
ordering transition afT.,=180 K, AFM ordering atTy  independent below. .
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4.0 ings of the circuit instead of continuous field sweep. The
magnetic phase composition of the sample was changed by a
3.5 short term field sweep abovd, (to the PS rangeand a
- i subsequent decrease of the field down to the stable area with
= 3.0 a new magnetic state frozésee Fig. 13)].
N -

The examples of La NMR spectra in our sample at 5 K
are shown in Fig. (b). The virgin ZFC sample demonstrates
an intensive line centered &t=4.1 T (the Larmor field is
H=4.8 T for our operating frequengywith a small
rf-enhancement and short spin-lattidg € 10 msg and spin-
spin (T,=50 us) relaxation times, which are typical for the
AFM state in manganite3At the low-field tail of the line
(aroundH=2 T) another signal with very different optimal
registration parameters could be separated. The intensity and
position of this small peak with a much larger
rf-enchancement and longer relaxation tim&gs=€500 ms,
T,=200 us) could be estimated only roughl{l5% of the
maximum intensity due to the overlapping of the lines and
the different registration parameters. It is worth noting that
the obtained NMR spectrum is independent of any field
variations belowH,.

The rise of magnetic field abo\é, results in the progres-
sive decrease of the high-field line centerediat4.1 T and
the increase of the low-field line &=1.9 T. After cycling
the field up to the maximum valuéd(=8.3 T) the high-field
line practically disappeared and the low-field one achieved
its maximum intensityFig. 1(b)]. It is important that only
intensities but not the line positions changed during this evo-
lution which proves that only concentrations of the two well
defined magnetic phases were changed.

The attribution of the two observed NMR lines is unam-
biguous and based on differerft-enchancement factors and
line positions as discussed in Ref. 5. The low-field line with
the largerf-enchancement is originated from the FM phase,

Magnetic Field (T) where 8 nearest Mn neighbors create the local field of about
3 T at the La site. This internal field value agrees well with

FIG. 1. (@) A hysteresis behavior oM (H) at 5 K invarious  the ZENMR line position measured in the same sanpée

field cycles.(b) The examples of field-sweep La NMR spectra at 5¢at in Fig. 1b)]. The high-field line with a smaller

K for virgin ZFC sample(open circle sample cycled to maximum ¢ _onchancement and internal fieltl €0.7 T) corresponds
H=7 T (open and filled diamondsand for the FC H=8.3 T) to the AFM phase.

sample(filled circles. In the inset the ZFNMR spectrum of FC " 0 5 Gemonstrates the relative intensities of the two
sample at 5 K ishown; thin lines represent a double Gaussian fit to . . : .
the spectrum. _La NMR lines atT=5 K as a function of _the maximum field

in the cycle. The plots show a progressive growth of the FM

A similar magnetic behavior was first observed in Ref. 14phase abovéd, from a minority phase in the AFM matrix

for Pry Ca, ;MnO5 and later in Ref. 15 for the sample with belowH, to a nearly single FM phase at the maximum field
the same nominal composition as olftét was proposed in  with less than 5% of the minor AFM phase contribution. The
Ref. 15 that the observed “shifted hysteresis” and time re-normalized intensities were obtained by dividing the data to
laxation behavior oM was ascribed to magnetic PS in the the intensity of the AFM line in the ZFC virgin sample and
sample. To get a more reliable microscopic proof we underto the intensity of the FM line in the FGH=8.3 T) sample
took a detailed study including traditional magnetometrywhich is in a completely saturated FM state. A competition
(SQUID) and La NMR investigation which allowed us to between the two phases in the PS range can best be appreci-
separate unambiguously the signals from the FM and AFNMated from the parametric plot, where the concentration of the
phases in the sample. Taking into account a time relaxatioRM phase is plotted versus that of the AFM phase.
of M aboveH, (i.e., in the proposed PS rangand very Thus, the La NMR spectra offer a reliable microscopic
broad La NMR lines in manganites, we used the followingevidence of magnetic PS in our sample at 5 K. Meanwhile, a
specific measuring procedure. NMR spectra were measurddMR experiment is rather complicated and time consuming,
at a fixed operating frequency of 29 MHz while sweeping theespecially at higher temperatures. That is why we took NMR
magnetic field belowH.. To avoid a possible line shape data at 5K as a microscopic calibration and used mainly
distortions due to NMR circuit detuning by the sample mag-SQUID data for the construction of magnetic phase dia-
netization(it was important below~1.5 T) we used point- grams. Keeping in mind our NMR results, tM(H) depen-
by-point field sweegin 200 Oe stepswith the periodic tun-  dence at fixedrl in the ZFC samplésee Fig. 1a)] could be
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FIG. 3. (a) Magnetization of the (LgydPr 790 7Ca MneO,

sample as a function of the external field at different temperatures.
All the plots were obtained when the field was swept frbins 0

after ZFC to the prescribed temperatugiel Magnetization of the
sample as a function of temperature at various fields. All the plots
were obtained in a warming up process after RC=<7 T) and
decreasing field to the prescribed value at 5 K.

stroys a virgin (mainly AFM) ground state in the ZFC
sample and transforms it into the FM state. A reverse situa-

FIG. 2. Relative intensities of the FM and AFM peaks of La tion is observed in the FC sample demonstrating a field in-
NMR spectrum at 5 K for the ZFC sample versus the maximumdependent FM state at low T, which can be transformed

field in the cycle(left and bottom axisdemonstrating the progres-

gradually into the AFM state at a warming up process. Fig-

sive transformation of the AFM phase to the FM one in a PS stateire 3b) shows theM(T) plots for the FC(at H=7 T)

aboveH.. The parametric plofconcentration of the FM phase
versus that of the AFM ones also showr(right and top axes

interpreted in the following way. The initial nonlinear in-
crease ofM below ~1 T is a consequence of a minor FM

sample warmed up in various fields. The part of the plot with
a steep decrease bf corresponds to the PS range, which is
supported by our ZFNMR data. It should be noted that the
specific features of PS in the ZFC sample, namely, time re-
laxation ofM and a possibility to fix the intermediate phase

phase with a concentration of about 15—20 %, which is 'ncomposition(by the temperature decrease in this gome

agreement with the NMR dat@ee abovg It is well seen

observed for the FC sample as well.

that the concentration of this FM phase decreases with the Figures 4a) and 4b) show the ground-state magnetic

T-rise. As the field increases abovel T the FM phase
saturates and thil (H) plot has a linear increase as a result
of the AFM moment canting. AH=4.1 T, which corre-

sponds to the La NMR line of the AFM phase, this canted

moment accounts for 20% of the saturatdd value in the
FM state. This moment should create a local field Hbf
=0.6 T at the La nuclei in the AFM phase. Taking into
account a small dipole-dipole contribution ©f0.07 T one

has an excellent agreement with the position of the AFM line 4t

in Fig. 1(b).
As has already been noted, the linear paig¢iH) below

phase diagrams of our sample constructed from the La NMR
and magnetization data measured over wide field and tem-
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H. implies only an increase of the canted moment in the
AFM phase, with concentrations of the main AFM and mi-
nor FM phases being field independent. The situation
changes drastically abovid. where an additional rise of
M(H) means the field stimulated increase of the FM phase
concentration at the cost of the AFM one. Eventually, in high
fields the virgin AFM phase is nearly suppressed and the
sample is completely FM. #A5 K we observed such a satu-
ration of NMR intensity inH=8.3 T and at 40 K it is well
seen even iH=7 T on theM(H) plot [Fig. 3a@)].

The important feature of the PS in our sample is a possi-
bility to control the phase composition by magnetic field. To
fix the obtained phase composition one needs just to decrease
the field belowH.. Here, in the range of stability, the new

phase composition depends on neither time nor magnetic FIG.
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4, Magnetic phase diagrams of

field variations. In principle, in our sample one can obtain(Lay ,dr, 799 Ca sMN80; sample after the ZFGa) and FC(b)

and stabilize any prescribed phase composition.

procedures constructed from the results of magnetizatopen

As described above, a magnetic field progressively deeircles and NMR (filled circles measurements.
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perature ranges. The data in Figéa)4and Fig. 4b) refer to  presence of two FM phases with various dofihgr with
the ZFC and FC sampld€igs. 3a) and 3b)], accordingly. different orbital ordering® Unfortunately, neither of these
For the ZFC case the main part of the sample is in a virgirmodels explains a strong influence of the external magnetic
AFM phase belowH. . In the shaded area an irreversible PSfield on the line asymmetry. It is seen from Figb}, that the
state is observed where the AFM and FM phases stronglgsymmetry practically disappears in a rather small magnetic
compete. Above this area the magnetic state is nearly satfield. The authors of Ref. 19 assigned this effect to the sup-
rated FM. For the FC case a virgin FM state is observegression of the AFM-CO state by magnetic field. But in our
below T., which is transformed into the PS state in thecase the effect is observed in the saturated FM phase which
shaded area. At higher temperatures the FM phase is coris not sensitive to magnetic field. To our mind the nature of
pletely destroyed and the sample is in the AFM state. Théhese additional La sites is still an open question.
nature of the AFM phase which rather easily converts into
the FM metallic phase by magnetic field seems toxbe IV. CONCLUSION
=1/2-type CO phase as has been proposed in RefTie
AFM state of LaMnQ is completely insensitive to magnetic ~ In summary, the joint La NMR and magnetization study
field Ref. 17) It seems interesting that the minimum of of (Lag»sPry 75 0.7C8 sMNO; manganite sample enriched in
H¢(T) corresponds to the minimum @t(H)~40 K, which, ~ 20 has revealed a specific phase separation behavior con-
in turn, agrees with the Curie temperature for Pr magnetidrolled by magnetic field and temperature. The ground-state
ordering in our sampl& The recent magnetothermal study phase diagrams have been obtained for both virgin magnetic
of Pry Ca, s;MnO3 (Ref. 18 has given an evidence that the states(nearly AFM after ZFC and FM after BCSome de-
coupling of the ordered Pr and Mn spins is essential foitails of the phase separation behavior demonstrate the pos-
better insight into the very high sensitivity of the insulator- sible influence of the coupling between the ordered Pr and
metal transition in the Pr-containing doped manganites tdvin spins on the insulator-metal transition.
various external parameters.

Finally, we discuss a very asymmetric line shape of the
ZFNMR spectrum in our FC sample. This spectrlsee in- ACKNOWLEDGMENTS
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