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Field-controlled magnetic phase separation in„La0.25Pr0.75…0.7Ca0.3Mn18O3
probed by 55Mn NMR
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The influence of the16O-18O isotope substitutions on magnetic state of perovskite-type manganite
(La0.25Pr0.75)0.7Ca0.3MnO3 is studied by55Mn NMR. Successive cycling with an isochronal exposure at dif-
ferent magnetic fields up toH58T is used to study the field-induced transition from antiferromagnetic insu-
lating ~AFI! state to the ferromagnetic metal~FMM! one in the18O-enriched sample. After exposure atH
.Hcr; 5.3T the NMR spectrum of the18O sample provides evidence for a magnetic phase separation~PS!
into the coexisting AFI 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. AnomalousT dependence of the55Mn
nuclear spin-lattice relaxation rate is revealed in the FMM state of both16O- and 18O-enriched samples. The
possible influence of the Pr magnetic ordering atT;40 K on the spin-lattice relaxation is considered.
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I. INTRODUCTION

Perovskite-type manganitesR12xMxMnO3 (R5La, Pr is
a trivalent rare-earth ion! are subjected to extensive studi
after observation of a ‘‘colossal’’ negative magnetoresista
~CMR! effect for 0.2,x,0.4. The CMR effect is related
closely in physics to phase transition from the charge orde
antiferromagnetic insulating~CO AFI! state to the ferromag
netic metal ~FMM! one.1 Thermal hysteresis revealed
transport and magnetic properties of these compounds
dences the first-order transition accompanied by the ph
separation~PS! into CO AFI and FMM domains.2 An ionic
state of Mn determines unambiguously its spin configurati
The Mn41/Mn31 charge order is accompanied by substan
polaronic effects3 and the Jahn-Teller-type lattice distortion4

in the sublattice of the MnO6 octahedra and it defines i
many respects the microstructure of magnetic state in a l
temperature phase.

The (LayPr12y)0.7Ca0.3MnO3 manganite is one of the
most convenient systems for studying the PS phenome
Recently5,6 it was shown that the ground state of electr
system becomes extremely unstable aty;0.25 and even the
isotopic substitution of16O by 18O influences significantly
the transport and magnetic properties of this compound.
cooling down in zero external magnetic field~ZFC!, the
(La0.25Pr0.75)0.7Ca0.3MnO3 sample with16O isotope~referred
below as LPCMO16) shows the successive transitions to t
CO state atT,Tco5180 K, to the AF state belowTN
5150 K, and finally to the FMM one belowTc5120 K. On
the other hand, the18O-enriched sample (LPCMO18) re-
mains in the AFI state down to the very low temperatu
under ZFC conditions. However, this AFI ground state
extremely unstable and can be easily transformed to
FMM one with the same saturation magnetization as in
LPCMO16 by applying external magnetic field above th
critical valueHcr .
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The detailed magnetic phase diagram of LPCMO18 in a
wide range ofH andT has been reported as a result of ma
netization studies.7 It was shown that the AFI-FMM phas
composition in the PS region aboveHcr(T) is controlled by
magnetic field. Any prescribed ratio of AFI to FMM phase
can be obtained in the PS region and might be frozen by
decrease of the magnetic field below the critical valueHcr .
The new phase composition depends on neither time
magnetic-field variations belowHcr . The microscopic evi-
dence of the phase transition from AFI to FMM state
LPCMO18 was obtained from139La NMR studies at 5K.7

Two well-resolved139La NMR lines corresponding to AF
and FMM domains were clearly observed and their relat
intensities determine directly the fraction of both the pha
in the PS region.

However, 139La NMR spectra are not informative as t
the short-range CO of the Mn ions in the AFI phase. A loc
magnetic field139Hloc probed by the139La is mainly due to
the overlap of La~6s! and Mn(t2g) orbitals, so a contribution
of holes located at theeg orbital of Mn31 ions is greatly
reduced in the AFI state.8 Thus the position of the139La
NMR signal in the AFI state is not sensitive to a valen
state of the nearest Mn ions. In sharp contrast, one may
pect that 55Mn NMR study allows getting a more detaile
information about the charge and magnetic states of Mn i
in the AFI phase.

In this paper, we present the results of the55Mn NMR
studies of the field-controlled PS i
(La0.25Pr0.75)0.7Ca0.3MnO3 with different oxygen isotope
content to get better insight in the microstructure of the A
ground state. The temperature dependence of nuclear s
lattice relaxation rate is studied in the FMM state with sp
cial care of finding the microscopic evidence for magne
ordering of Pr ions.

II. EXPERIMENT

The ceramic sample preparation and isotope enrichm
procedures for (La0.25Pr0.75)0.7Ca0.3MnO3 studied in this
©2003 The American Physical Society10-1
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work were described in detail in Ref. 5. Oxygen isotope c
tent in the samples prepared from the same starting p
was 16O-100% (LPCMO16) and 18O-85%;16O-15%
(LPCMO18). The NMR measurements were performed w
a home-built pulse phase-coherent NMR spectrometer o
ated in the frequency range up to 450 MHz using spin-e
technique. The NMR spectra were obtained by measurin
each frequency an intensity of the Hahn spin-echo sig
The width of ap/2 rf pulses does not exceed 1.5–2ms. The
amplitude of the exciting rf pulses was optimized for t
maximum of echo signal in measuring each individual line
the NMR spectrum. Any variations of the receiver gain
cluding rf coupling with resonant circuit were taken into a
count in measurement of the line intensity using an ad
tional calibration rf pulse with fixed amplitude formed in th
rf coil after echo signal at each frequency point. The origi
probe head designed for55Mn NMR allowed to measure
spectra in the range of 180–450 MHz using a single rf c
The 55Mn NMR spectrum measurements were performed
zero magnetic field~ZFNMR! and in external magnetic field
up to 8T at T51.5 K. The field-cycling~fc! procedure (ZF
→H f c→ZF) was performed as follows: after ZFC the exte
nal magnetic field was increased up toH f c and was kept
fixed for abouttexp; 20 min to exclude the transition effect
Then the magnetic field was switched off and the ZFNM
spectrum was measured.

III. RESULTS AND DISCUSSIONS

Figure 1~a! shows the55Mn ZFNMR spectra in the FMM
state in LPCMO16 after ZFC. It presents a single line peak
nearn'380 MHz. The line shows a strong rf enhanceme
h' 100 which is typical for ordered FM. On the other han
in the AFI state of the LPCMO18 sample after ZFC, the ob
served spectrum is quite different, as shown in Fig. 1~e!. The
main peak is observed around 317 MHz, where a larg
power is needed for the signal detection in contrast to
signals from the FMM state, while the small peak arou
380 MHz, with a large rf enhancement is also detected.
sides the rf enhancement factors the other characteristic
NMR signals for these two peaks are also completely diff
ent. Nuclear-spin-spin relaxation timeT2510(5)ms (T
51.5K) and nuclear spin-lattice relaxation timeT1
52.9 ms at the main peak are much shorter than the co
spondingT2;100ms andT1;1 s observed at the smalle
one. These short relaxation times are typical for AFI state
manganites. Thus, we attribute the peak around 380 MH
55Mn NMR in the FMM phase while that around 317 MHz
assigned to the AFI phase. The same lines with the s
assignment were reported earlier for the half-dop
La0.5Ca0.5MnO3 ~Ref. 9! and Pr0.5Sr0.5MnO3.10 It is interest-
ing that in the parent CaMnO3 slightly doped by Pr the pea
of FMM-line shifts down to 300 MHz as reported in Ref. 1

Figures 1~b,c,d! show theH f c dependence of the55Mn
ZFNMR spectrum measured with the field cycling meth
described above. As shown in the figures, with increas
H f c , the peak around 317 MHz originated from the A
phase gradually disappears, while a relative intensity of
peak around 380 MHz~FMM phase! grows up. Finally, the
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spectrum in the LPCMO18 after exposing toH f c58 T @Fig.
1~b!# becomes very similar to that in the FMM state of th
LPCMO,16 Fig. 1~a!. From the comparison of FMM signa
intensities between the virgin~ZFC! and the final~exposing
to H f c58T) states, the minor FMM phase in the virgi
LPCMO16 sample can be estimated at most a few perce
In the estimation of the AFI/FMM line intensities, the fo
lowing points were taken into account. We found unchang
both the rate of the55Mn echo decayT2 and the rf enhance
ment factor for the corresponding lines after applying fie
cycling at differentH f c . Moreover, only intensities, not the
resonance, frequencies, of the peaks changed during
field-cycling procedure. So in our spin-echo experime
with the fixed optimal bothp/2 rf-pulse and the rf power
gain, one proves that only the change in concentrations of
two defined magnetic phases were traced.

FIG. 1. 55Mn ZFNMR spin-echo spectra of LPCMO18 ~solid
circles! and LPCMO16 ~open circles!. Spectra were measured at th
polycrystalline powder after primary ZFC cooling down toT
51.5 K and subsequent isochronal magnetic-field circlingH50
→H f c→H50 with H f c50T—~a! and ~e!, 8T—~b!, 7T—~c!,
5.5T—~d!.
0-2
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The amount of AFI or FMM phases is proportional
intensity of the corresponding ZFNMR line measured aT
51.5 K after subsequent field cycling at differentH f c . The
relative intensities of the AFI(d) or FMM(s) lines normal-
ized to their maximum are shown in Fig. 2 for the virg
~ZFC! LPCMO18. With increase inH f c , the amount of AFI
domains increases slightly belowH f c; 5T, then starts to
decrease nearly to zero atH f c58T. On the other hand, the
amount of FMM domains increases strongly aboveH f c
; 5T and saturates atH f c; 7T. In the region between
; 5.5T and 7T, the AFI and FMM domains coexist in
LPCMO18, indicating the microscopically inhomogeneo
magnetic phase separation. These55Mn-NMR results pro-
vide a microscopic confirmation of the inhomogeneous PS
LPCMO18 in the region where a detailed balance of the v
ume fractions of the AFI and the FMM phases can be c
trolled by external magnetic field. The present results
consistent withH-T magnetic phase diagram obtained
magnetization measurements and139La NMR studies.7

In order to shed light on more details of the electronic a
magnetic states of Mn ions in FMM phase, we have inve
gated the external magnetic-field dependence of the55Mn
NMR spectra. Figure 3 shows theH dependences of55Mn
NMR spectrum measured in LPCMO16 at T54K ~open
circles! and of the spectrum for saturated FMM LPCMO18

corresponding to Fig. 1~b!. With increase inH the peak fre-
quencies for both the samples shift to lower frequency
cording to the relationDn(MHz);10.1H(T) as shown in
the inset of Fig. 3. This value is in agreement with the gy
magnetic ratio of 55Mn nucleus (55g/2p510.50 T/MHz)
within our experimental accuracy. Since the hyperfine fi
Hh f at the Mn sites is mainly originated from the cor
polarization contribution, its direction is opposite to that
the Mn spin moment. This result suggests that all the
spin moments in the FMM state aligned along theH direc-
tion without any canting.Hh f is proportional toAh f^S&,
where Ah f is a hyperfine coupling constant and^S& is the
spin moment. Combining the experimental value ofHh f

FIG. 2. The relative intensity of55Mn ZFNMR line in the AFI
domains (n;317 MHz, solid circles! and the FMM domains (n
;380 MHz, open circles! measured atT51.5 K for LPCMO18 af-
ter subsequent isochronal magnetic-field cycling atH f c . The inten-
sities are normalized to the corresponding maxima. The correct
for the transverse relaxation and enhancement factor are taken
account as explained in the text.
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536T, Ah f'2100 kOe/mB ~Ref. 12! and the magnetization
data measured in the same sample LPCMO16, the average
magnetic moment on the Mn site is estimated as 3.6mB . This
value suggests that the valence of Mn ions in the FMM st
can be given to Mn3.61 in high spin states in ionic approxi
mation; namely, some averaged value between Mn41 (S
53/2) and Mn31 (S52). This in turn suggests that the ele
tronic state of 0.6 electrons on theeg orbitals in FMM state
must be responsible for metallic conductivity. It should
pointed out that the observation of only one component
the Mn NMR spectrum in the FMM state indicates that t
inverse of the lifetime of the electron spins is higher than
NMR frequency@in the exchange narrowing limit betwee
Mn41 (S53/2) and Mn31 (S52)].

On the other hand, for the CO AFI phase, we would e
pect two55Mn NMR signals from Mn41 (S53/2) and Mn31

(S52) ions, becauseeg electrons of Mn31 are expected to
localize in the AFI state. However, we observed only o
signal around 317 MHz corresponding toHh f; 30.2T. The
magnetic moment of the Mn ions in the AFI state is su

ns
nto

FIG. 3. H-dependence of55Mn spin-echo spectra measured
T54K for FMM phase of LPCMO16 ~open circles! and LPCMO18

~solid circles! samples. The ZFC LPCMO18 sample was trans-
formed to FMM state by exposing atH f c58T. The line is a guide
for eye. The inset shows the frequency of the NMR line peakn vs
H, a slope of solid fitting line corresponds toDn/DH
510.1 MHz/T.
0-3
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gested to be smaller than that of the Mn3.61 ions in the FMM
state. Furthermore, the value ofHh f; 30.2T is well consis-
tent with a theoretical estimation13 of the on-site hyperfine
magnetic field for the Mn41 ion in the crystal field of octa-
hedron symmetryHh f (Mn41)530.5T. Hence, thus this sig
nal can be assigned to Mn41 ions in the CO AFI phase.

As for the NMR signals from Mn31 ions in the CO AFI
state, we have not succeeded to find them in the freque
range of 320–450 MHz even with the shortest available
lay time (5 ms) between rf pulses. This might be due to
much shorterT2,1ms for Mn31 ions compared toT2
;10ms for Mn41 ions in the CO AFI state. A similar nega
tive result was obtained in the55Mn NMR spin-echo studies
of the CO AFI state of La0.5Ca0.5MnO3 ~Ref. 9! and
Pr0.5Sr0.5MnO3.10

Finally, we consider peculiarities of the55Mn nuclear
spin-lattice relaxation rate (T1

21) probing the fluctuations o
local magnetic fields in the FMM ordered state of LPCMO16

~ZFC! and LPCMO18 ~FC at 8 T! samples. TheT1 measure-
ments were performed by saturation-recovery technique
the magnetic fieldsH51;2T related to the nearly saturate
FM spin order of manganese.7 The recovery of nuclear mag
netizationMz(t) was found nonexponential. It was reveal
that theMz(t) data are not dependent on the parameters
the saturating comb of pulses, so an effect of the restric
spectral spin diffusion on the shape of nuclear magnetiza
recovery was excluded from consideration. An intrinsic m
croscopic magnetic inhomogeneity of multicomponent ox
is another source giving rise to a spatial distribution ofT1
~Refs. 14,15! and is resulting in additional term of th
stretched exponential form forMz(t) under condition of the
broad-band excitation of the spin system. In ourT1 measure-
ments, only a small part of total55Mn nuclear spins contrib-
uting to the broad FMM line near its peak was available
flip by applying the saturating comb with the pulse durati
of 1 –2 ms. So we consider that nuclei contributing to t
echo signal belong to the species with approximately
same static and fluctuating parts of the local magnetic fi
and we restrict ourselves in fitting ofMz(t) data by the fol-
lowing standard multiexponential expression given by R
16 for magnetic relaxation of the initially excited centr
transition in the spin system (I 55/2) with nonequidistantly
quadrupole splitted energy spectrum:

Mz~`!2Mz~ t !

Mz~`!
5

1

35
expS 2

t

T1
D1

8

45
expS 2

6t

T1
D

1
50

63
expS 2

15t

T1
D . ~1!

Expression~1! was used for fitting the obtainedMz(t) data.
The T dependence of 1/T1 for both ZFC LPCMO16

~circles! and LPCMO18 ~solid squares! samples cooled down
at H58T is presented in Fig. 4. It is seen that in the FM
state the temperature behavior of 1/T1 is similar for both the
samples. With increasingT, T1

21 increases strongly up toT
520 K, have a plateau in the range ofT520–50 K, and
increases again on approaching the transition from the F
to the AFI state atTc5120K. This finding clearly indicates
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that low-frequency fluctuating parts of the local magne
fields at the Mn sites in the FMM state are not noticea
influenced by oxygen isotope substitution.

As expected at elevated temperatures nearTc , the critical
enhancement of magnetic fluctuations at the Larmor
quency of 55Mn nuclei is responsible for a rather stron
growth of (T1

21);T3. On the other hand,T1
21 behavior at

low temperature is quite different compared to the expon
tial rise 55T1

21;exp(aT) ~Refs. 9,17! observed for severa
FM manganites with concentration of mobile holes cover
the CMR region of coexisting FM order and metallic co
ductivity. Similar hump in the temperature dependence
139T1

21 was also revealed in measurements of the139La
nuclear-spin-lattice rate performed below 100 K for the F
line of 139La of the LPCMO18 sample FC at 8T.18 It is in-
structive to note that in ferromagnetic metals, the dominat
spin-wave contribution toT1

21 via the two-magnon scatterin
process should lead to the power-law dependenceT1

21(T)
;Tb with b ranging from 2.5 to 1.5 with an increase of th
magnon damping.19

These observations demonstrate a presence of addit
magnetic-field fluctuations, which contribute to nuclear-sp
lattice rate of both139La and 55Mn in FMM state of the
studied material. We suppose that the anomalousT1 behavior
at low temperatures is originated from the fluctuating lo
magnetic field transferred from Pr ion, which should strong
increase around the Pr magnetic ordering temperature.
cording to theH2T phase diagram7 and neutron-diffraction
studies6 reported for (La0.25Pr0.75)0.7Ca0.3MnO3 with the

FIG. 4. Temperature dependence of55Mn nuclear-spin-lattice
relaxation rateT1

21 measured in the FMM state of LPCMO16 and
LPCMO18 samples. The ZFC LPCMO16 sample was measured i
H51T(s) and 2T( % ), the LPCMO18 one was FC in 8T andT1

measurements were performed inH52T(j).
0-4
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very same chemical composition, the magnetic ordering in
sublattice occurs atTc,Pr(H50);40 K, this value being in
a good agreement with the observed plateau 20;50 K at the
1/T1 plot.

The experimental dependence ofT1
21 shown in Fig. 4

could be presented as a superposition of two temperat
dependent relaxation mechanisms, one corresponds, rou
to the activated behavior of the FM ordered Mn mome
and the second being induced by freezing of the Pr mome
In fact, this 55T1

21 result can be considered as an additio
local evidence of the Pr31 magnetic ordering around 40 K
An absence of divergent-like behavior ofT1

21 and a presence
of rather broad plateau are in favor of the influence of atom
disorder in the Pr/La sublattice on the magnetic ordering
to a rather large distribution of the exchange parameters
tween the localized electron spins of Pr.

In conclusion, the 55Mn NMR spectra of
(La0.25Pr0.75)0.7Ca0.3MnO3 show at a microscopic level tha
the AF order among Mn ions in the LPCMO18 sample at low
temperatures is a metastable magnetic state. After a cyc
B

-
-
nd

.

ng

v.
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of external magnetic field aboveHcr;5T, the field-induced
phase transition develops through the nucleation of the FM
phase at the expense of AFI domains. An upper boundar
the AFI-FMM phase separation region is established in
field-cycled NMR experiments and equals to 7.5T at T
51.5 K. The 55Mn NMR spectrum of the LPCMO18 sample
cooled in the higher magnetic field shows that its magne
state is just the same as for LPCMO16, i.e., a long-range
FMM. Finally, it is proposed that transferred magnetic co
pling between the Mn and Pr spins should be involved i
consideration of the unusual low-temperature phase diag
of this manganite.
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