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NMR evidence of the magnetic phase separation in Pr0.5Ca0.2Sr0.3MnO3 manganite
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S. Krupička, J. Hejtma´nek, Z. Jirák, M. Maryško, and P. Nova´k
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The local ferromagnetism in Pr0.5Ca0.2Sr0.3MnO3 manganite was investigated by means of55Mn NMR for
temperatures up toTC5220 K. Below the ferromagnetic to antiferromagnetic transition NMR detects a mi-
nority ferromagnetic phase, which gives rise to two NMR lines having comparable amplitudes. One of these
lines is attributed to the volume, while the other to the boundary of the ferromagnetic microdomains. ForT
>TN another line corresponding to the bulk ferromagnetism appears, which coexists with the signal from the
minority ferromagnetic phase. All NMR signals display conspicuous thermal hysteresis of the amplitude,
reflecting the first-order character of the ferromagnetic↔ antiferromagnetic transition. In addition a hysteresis
of the frequency of the minority ferromagnetic phase signal was also observed. The results demonstrate a
specific case of the microscopic phase separation.
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Manganite perovskitesR12xAxMnO3 with x50.5 exhibit
a rich phase diagram, connected with the competition of
tiferromagnetic~AFM! superexchange, ferromagnetic~FM!
double exchange, charge ordering, Jahn-Teller effect
Mn31 ion, etc. For the same reason a strong tendency to
phase separation exists in these systems~see Ref. 1 for a
recent survey!. Using the high-resolution electron micro
copy it was shown recently that the FM-AFM transition
La0.5Ca0.5MnO3 is accompanied by a coexistence of inco
mensurate charge-ordered and ferromagnetic cha
disordered microdomains with a size of 20–30 nm.2 Fuku-
moto et al.3 found in Nd0.5Sr0.5MnO3 that the transition
process from the charge-ordered state to the FM one is c
acterized by the nucleation and growth of the FM meta
phase regions along the antiphase boundaries in the ch
ordered phase. On the other hand, NMR on55Mn in
Pr0.5Sr0.5MnO3 ~Ref. 4! suggests that the low-temperatu
magnetic state consists of microscopic ferromagnetic
mains with a very large surface to volume ratio, embedde
the AFM matrix. A number of papers on La0.5Ca0.5MnO3
have appeared, in which the139La and 55Mn NMR in was
studied.5–9 Most of the authors have observed comple
double-peaked line shape of spectra in the region of F
AFM transition, the origin of which is far from being clea
Papavassiliouet al. in their recent paper9 assigned these two
peaks to FM metallic and FM insulating regions, resp
tively. Dho et al.7 proposed two metallic FM phases, whic
are distinguished by density of mobileeg electrons. Finally,
in Ref. 8 two La sites experiencing different covalent co
figurations with respect to the nearest Mn ions, likely cau
by the charge-orbital ordering, were detected.

In this paper we study the temperature dependence
55Mn NMR in Pr0.5Ca0.2Sr0.3MnO3 manganite. The proper
ties of this material are very similar to those
La0.5Ca0.5MnO3. In particular, the low-temperature state
two systems is the same, i.e., the CE-type antiferrom
netism dominates. In the present compound we have dete
both the minority microscopic ferromagnetic regions at lo
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temperatures and the bulk ferromagnetism at elevated t
peratures. We show unambiguously that these two ferrom
netic phases are different in nature and they coexist in cer
temperature interval. On cooling, Pr0.5Ca0.2Sr0.3MnO3 first
undergoes a FM transition at 220 K, then follows a fir
order transition to AFM state atTN'160 K ~180 K on
warming!.10 At temperatures aboveTN comparatively large
magnetic moment'1.5mB per Mn ion is observed, corre
sponding to a macroscopic ferromagnetism. Residual m
netic moment'0.17mB is observed at low temperatures. Th
present NMR results were collected on the same polycrys
line sample, prepared as described in Ref. 10, where
results of magnetization, transport measurements, and
neutron diffraction were given.

The NMR spectra were recorded by a two-pulse spin-e
method at temperatures between 77 and 220 K using a
coherent spectrometer with frequency sweep and boxcar
tector signal averaging. The lengtht of the pulses was
0.5 ms, the amplitude of the radiofrequency~rf! field for the
optimal spin-echo excitationBr f

opt was found to increase ap
proximately from 1.5 to 2 G, as the temperature of measu
ment was raised. Besides, in the temperature interval 1
170 K Br f

opt was found to change slightly through the NM
spectrum. The optimal value of the rf field was used to d
termine the enhancement factorh ~see, for example, Ref. 11!
for the 55Mn nuclei, which contribute to the spin-echo sign
at a given frequency:

h5
1

3t~g/2p!Br f
opt

, ~1!

where g/2p510.6 MHz/T for 55Mn. All the signals de-
tected come from the ferromagnetic regions as follows fr
the characteristic high values of the enhancement factoh
'300–400. Besides, the signal from the antiferromagn
regions relaxes too fast4 to be observed at temperatures
our measurements. In order to take into account the effec
545 ©2000 The American Physical Society
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the spin-spin nuclear relaxation on the NMR spectra,
each temperature the data were collected for several
intervals t between the exciting and refocusing rf pulse
starting fromtmin53ms. Having in mind that the relaxatio
rate may depend on the rf power,12 the excitation condition
was kept constant throughout the spectrum.

The NMR spectra at selected temperatures, taken on c
ing and warming fort53ms are displayed in Fig. 1. Th
spectra are complex, their line shape depends on the
perature and they exhibit a clear thermal hysteresis. For
following discussion the temperature interval of the measu
ment is divided into three parts. At low temperaturesT
<150 K on cooling, 160 K on warming! the spectrum is
decomposed in two Gaussian lines, which have similar a
plitude, but different spin-spin relaxation timeT2. We ar-
rived at this conclusion, because the form of the spectra
hibits a specific dependence on the time intervalt. As seen
in Fig. 2, the width of the spectrum first decreases wh
increasingt, then remains constant, however. The decre
of the width is accompanied by the frequency shift of t
center of gravity of the spectrum. This behavior may be
derstood if the spectrum consists of the two linesA1 , A2
having different NMR frequencies, the first line with slow
the second with fast spin-spin relaxation (T2

A1.T2
A2). For

each line the intensityI of the spin echo is expected to be

I 5I 0 exp~22t/T2!. ~2!

If t<T2
A1 ,T2

A2 is fulfilled, both lines contribute to the signa

observed, while for long enough delay time (t@T2
A2) only

FIG. 1. The temperature dependence of55Mn NMR spectra in
Pr0.50Ca0.20Sr0.30MnO3 taken at cooling~a! and warming~b!. The
spectra are decomposed into three lines~full curves! as described in
the text.
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the contribution of the slow relaxing lineA1 remains.
In the temperature interval 150–170 K the NMR spectru

qualitatively changes, as a new contribution~line B) gradu-
ally develops. The relaxation of the new line is still fast
comparing to the relaxation of lineA2 and due to its pro-
nounced thermal hysteresis the temperature at which it
pears on warming (T'160 K) differs markedly from the
temperature at which it disappears on cooling (T'150 K).
Figure 3 shows the spectra taken atT5155 K for different
time delayt together with corresponding decomposition
two ~warming! and three~cooling! lines, respectively.

Finally, for temperatures higher than'170 K the spec-
trum may be described as a superposition of the two lineB
andA1 only. The relative contribution of theB line gradually
increases and forT>197 K only the lineB is detected.

Each of the linesA1 , A2 , B can be characterized by reso
nance frequencyF, amplitude I 0, relaxation timeT2 and
linewidth DF. We obtained these quantities by analyzing t
NMR spectra taken at different time delays at each sepa
temperature. The analysis is made easier by the fact tha
relaxation times of individual lines differ markedly, so th
~with only a few exceptions! for long t only line A1 with the
slowest relaxation survives. It is interesting to note that
linewidth obtained by the analysis is about the same for
three linesDF'27.5 MHz for T>140 K and slightly de-
creases with decreasing temperature toDF'25 MHz (T
577 K). The temperature dependences ofF and T2 are
shown in Fig. 4. Resonance frequency of the linesA1 andA2
exhibits a thermal hysteresis, while no such hysteresis
found forF of the lineB. Temperature dependences ofT2 are
different for different lines. A small thermal hysteresis of th
dependence was found for lineA2 only. T2

21(T) of line A1

has an exponential form, similar to the one found by us in

FIG. 2. NMR spectrum of55Mn at T5140 K ~cooling! taken
for different values oft. Spectra fort54.5, 6.5, 10.5, and 13ms are
increased by factor 1.5, 2.3, 6.4 and 13, respectively. The spe
are decomposed into two linesA1 and A2 with fixed frequencies
and linewidths.
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PRB 62 547NMR EVIDENCE OF THE MAGNETIC PHASE . . .
FIG. 3. NMR spectra of55Mn at T5155 K taken at warming
~a! and cooling~b! for different values oft. Spectra fort54 and
7 ms ~warning! are increased by factor 1.5 and 4.6, respective
Spectra fort54, 7, 9, and 11ms ~cooling! are increased by facto
1.5, 4.3, 8, and 17, respectively. The spectra are decompose
two ~warming! and three~cooling! lines, respectively.

FIG. 4. Temperature dependence the resonance frequencyF ~a!
and spin-spin relaxation rateT2

21 ~b! for lines A1 , A2, andB ob-
tained from a decomposition of the NMR spectra both for cool
(d, filled squares,n) and warming (s,h,3). The dashed curves
serve as a guide for eyes only.
metalliclike ferromagnetic manganites.12 The dependence o
the relaxation time of lineB is almost flat, while the one o
line A2 exhibits a more complex behavior.

In Figs. 5~a! and 5~b! the temperature dependence of re
tive volumes of the ferromagnetic phases, correspondin
the linesA1 , A2 , B, is displayed. The volumes were obtaine
from the area under the resonance lines after correcting t
for the temperature-dependent enhancement. Besides
took into account the 1/T dependence of the spin-echo inte
sity, which follows from the Curie law for the nuclear mag
netic moment.

Inspection of Fig. 5 reveals that above the Ne´el tempera-
ture the prevailing magnetic phase corresponds to the linB
and it is therefore to be associated with the bulk ferrom
netism existing betweenTN andTC . In this temperature in-
terval the frequencyFB @Fig. 4~a!#, which is proportional to
the local electronic magnetic moment, decreases by o
'4% with increasing temperature. In the same tempera
interval the volume of the phaseB changes dramatically
which points to the phase separation and redistribution of
phaseB with a nonferromagnetic phase~antiferromagnetic
below TN and likely paramagnetic forT→TC). Comparison
of our NMR results with the magnetic and neutro
diffraction data10 suggests that a fraction of phaseB is
considerable–at least 50% of the sample volume at the t
perature where it attains maximum. Nevertheless belowTC
the system remains semiconducting10 in distinction to ferro-
magnetic manganites with'30% concentration of Mn41

ions and similar Curie temperature, which exhibit transiti
to a metallic state nearTC .13 This points to a strong ten
dency of electrons in the present compound to localizat
and charge ordering. In the phase diagram of
Pr0.5Ca0.52xSrxMnO3 system,10 the paramagnetic charge o
dering temperature decreases from 250 K forx50 to 215 K

.

on

FIG. 5. Temperature dependence of relative volumes of the
romagnetic phases corresponding to the linesA1 , A2 ~a!, andB ~b!.
Filled symbols correspond to cooling while empty symbols cor
spond to warming. The curves serve as a guide for eyes only.
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548 PRB 62M. M. SAVOSTA et al.
for x50.2. By extrapolation, a formation of charge-order
regions within ferromagnetic Pr0.5Ca0.2Sr0.3MnO3 can be ex-
pected at'200 K. Indeed, the occurrence of such regio
below T5200 K has been evidenced in a direct way
reevaluation of the former neutron-diffraction data suppos
a coexistence of two crystallographic phases—the hi
temperature quasicubic phase and the charge-ordered
ragonally distorted one.14 The unusual ferromagnetism o
phaseB is reflected not only in the flat temperature depe
dence of corresponding NMR frequency but also in the
dependence of relaxation timeT2, which both differ qualita-
tively from those observed in the metalliclike mangani
with similar TC .12,15,16

In Fig. 6 the total volume of the ferromagnetic phases,
seen by NMR, is shown as function of temperature. In
same figure the temperature dependencies of the mag
moment, determined by superconducting quantum inter
ence device measurement at 0.75 T and by the neut
diffraction data,10 are displayed. The data collected in Fig.
demonstrate that the temperature variation of the magn
moment, observed by magnetic measurements and neu
diffraction, is mainly due to the variation of the volume
the ferromagnetic phases, the variation of the local electro
magnetic moments being relatively small, at least forTN
,T,TC @Fig. 4~a!#. At low temperatures, the ferromagnet
volume and magnetic moment dependences agree fairly w
At higher temperatures the NMR data suggest faster decr
of the ferromagnetic volume compared to the magnetic m
surements. A possible explanation of this difference may
that asT approachesTC , part of the nuclei relaxes too fast t
be detected in the present NMR experiment. It should be
noted that asT→TC the NMR determination of the ferro
magnetic volume becomes less and less precise.

FIG. 6. Temperature dependence of the total volume of the
romagnetic phases as seen by NMR~a!, compared with the mag
netic moment determined by neutron diffraction~b, taken from Ref.
10! and magnetization measurement~c!.
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Perhaps the most intriguing feature of our results is tha
the temperature region where the ferromagnetic phasB
dominates, another FM phase corresponding to the lineA1
appears. This phase persists well belowTN , thus coexisting
with the majority antiferromagnetic phase. At about the N´el
temperature an additional lineA2 appears in the NMR spec
trum and it accompanies theA1 line in the whole temperature
range where the antiferromagnetism exists. Temperature
pendences of the resonance frequencies of linesA1 and A2
have very similar form, which indicates that both signa
originate from the nuclei with physically similar surround
ing. The key to understanding the origin of linesA1 andA2
should be sought in the data of Fig. 5~a!. Below TN the
amplitudes of theA1 and A2 lines are comparable, despit
their very pronounced~by one order of magnitude! depen-
dence on temperature. This correlation suggests that l
A1f and A2 originate from the spatially connected regio
having comparable volumes. It is tempting to attribute t
two lines to the microscopic ferromagnetic regions and to
boundary between the ferromagnetic regions and the A
matrix, respectively. Such assignment is further supported
the thermal hysteresis of frequencies for linesA1 and A2
@Fig. 4~a!# and also thermal hysteresis ofT2 for line A2 @Fig.
4~b!#. This hysteresis suggests~see also Ref. 6! nanoscopic
rather than mesoscopic FM domains in Pr0.5Ca0.2Sr0.3MnO3.

We note that recent NMR studies on Pr0.5Sr0.5MnO3 in
external magnetic field provide additional information on t
character of ferromagnetic microdomains in the low te
perature AFM phase.4 There, two FM lines in the NMR
spectrum of 55Mn at 1.3 K were observed. Based on th
experimentally observed magnetic shift, the first line at 3
MHz was identified with nuclei in the inner part of ferroma
netic domains, while the second line at 290 MHz was
cribed to nuclei at the domain boundaries with the AF
matrix. They are therefore analogs of our linesA1 and A2.
Similarly to the present study, the intensity ratio of the tw
lines was found to be close to one. The difference in
frequency of the lineA2, attributed to the FM domain bound
aries in both systems, may be understood if we take i
account that the antiferromagnetic arrangement
Pr0.5Sr0.5MnO3 is of the A-type, while it is of the CE-type in
Pr0.5Ca0.2Sr0.3MnO3. As A2 corresponds to the boundary b
tween FM and AFM regions, it is to be expected that
frequency depends on the type of the AFM ordering.

The characteristics of linesA1 and A2 lead to following
conclusions:~i! we are dealing with a very small clusters, th
volume and surface area of which are comparable;~ii ! the
temperature evolution of the phase volumeA1 , A2 in Fig.
5~a! is due to the change in number of clusters rather tha
their size. The ferromagnetic signalA1 appears just atT
5200 K when the charge ordering starts to develop
stated above. Physically, it can be associated with the fe
magnetic inclusions in the form of very thin slabs or nano
cale clusters inside the charge-ordered domains, which
necessarily linked to defects in the charge order like
tiphase boundaries.3 The appearance of antiferromagnetis
at TN changes the magnetic state in the neighborhood
ferromagnetic regions and their surface layers become
some way coupled to the antiferromagnetically ordered m
netic moments. This coupling gives rise to the addition
signalA2 at about the Ne´el temperature.
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Recently, Dhoet al.7 reported a detailed investigation o
the temperature dependence55Mn NMR in La0.5Ca0.5MnO3,
which agrees in general with the results presented in
work. In particular, their line I is an analog of lineB found
by us. They were not able, however, to resolve the comp
ity of the ferromagnetic phase corresponding to the line
(A1 andA2 in the present work! as well as the variation o
spin-spin relaxation times throughout the NMR spectra. T
may originate likely from the difference in samples. On t
other hand, it is clear that the precise NMR experiments
required for theA1 ,A2 decomposition.

The NMR measurements on several other mangan
containing 50% of Mn41 are in progress. In calcium riche
compound Pr0.5Ca0.35Sr0.15MnO3 only the minority ferro-
magnetic phase~linesA1 andA2) was detected in agreeme
i,

n,

v.

ng
is

x-
I

is

re

es

with the absence of the bulk ferromagnetism, as reported
us earlier.10 Similar NMR spectra, with linesA1 andA2 only,
were observed also in our sample La0.5Ca0.5MnO3 character-
ized by negligible net magnetic moment.

In conclusion, the present NMR study demonstrates t
the charge ordering in the half-doped mangan
Pr0.5Ca0.2Sr0.3MnO3 is accompanied by a separation of an
ferromagnetic and specific ferromagnetic phases. The fe
magnetic species, coexisting at low temperatures with
majority CE-type antiferromagnetism, are clearly disti
guished from the bulk ferromagnetism which appears ab
TN .
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B.
1A. Moreo, S. Yunoki, and E. Dagotto, Science283, 2034~1999!.
2S. Mori, C.H. Chen, and S-W. Cheong, Phys. Rev. Lett.81, 3972

~1998!.
3N. Fukumoto, S. Mori, N. Yamamoto, Y. Moritomo, T. Katsufuj

C.H. Chen, and S-W. Cheong, Phys. Rev. B60, 12 963~1999!.
4G. Allodi, R. De Renzi, M. Solzi, K. Kamenev, G. Balakrishna

and M.W. Pieper, Phys. Rev. B61, 5924~2000!.
5G. Papavassiliouet al., Phys. Rev. B55, 15 000~1997!.
6G. Allodi, R. De Renzi, F. Licci, and M.W. Pieper, Phys. Re

Lett. 81, 4736~1998!.
7J. Dho, I. Kim, and S. Lee, Phys. Rev. B60, 14 545~1999!.
8Y. Yoshinari, P.C. Hammel, J.D. Thompson, and S-W. Cheo

Phys. Rev. B60, 9275~1999!.

,

9G. Papavassiliouet al., Phys. Rev. Lett.84, 761 ~2000!.
10S. Krupička, M. Maryško, Z. Jirák, and J. Hejtma´nek, J. Magn.

Magn. Mater.206, 45 ~1999!.
11M. Matsuura and H. Yasuoka, J. Phys. Soc. Jpn.17, 1147~1962!.
12M.M. Savosta, V.A. Borodin, and P. Nova´k, Phys. Rev. B59,

8778 ~1999!.
13H.Y. Hwang, S-W. Cheong, P.G. Radaelli, M. Marezio, and

Batlogg, Phys. Rev. Lett.75, 914 ~1995!.
14Z. Jirák et al. ~unpublished!.
15M.M. Savosta, V.A. Borodin, P. Nova´k, Z. Jirák, J. Hejtmánek,
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