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NMR evidence of the magnetic phase separation in BeCa, ,Sry sMnO ; manganite
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The local ferromagnetism in PgCa, ,St, ;MNO; manganite was investigated by means®in NMR for
temperatures up td-=220 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 microdomaifis. For
=Ty 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 ferromagneti@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.

Manganite perovskiteR; _,A,MnO; with x=0.5 exhibit  temperatures and the bulk ferromagnetism at elevated tem-
a rich phase diagram, connected with the competition of anperatures. We show unambiguously that these two ferromag-
tiferromagnetic(AFM) superexchange, ferromagnetieM)  netic phases are different in nature and they coexist in certain
double exchange, charge ordering, Jahn-Teller effect ofemperature interval. On cooling, J2C& -Srp aMNO5 first
Mn3" ion, etc. For the same reason a strong tendency to thendergoes a FM transition at 220 K, then follows a first-
phase separation exists in these systé¢se® Ref. 1 for a order transition to AFM state afy~160 K (180 K on
recent survey Using the high-resolution electron micros- warming.l° At temperatures abové, comparatively large
copy it was shown recently that the FM-AFM transition in magnetic moment=1.5ug per Mn ion is observed, corre-
Lag sCa gMNnO5 is accompanied by a coexistence of incom-sponding to a macroscopic ferromagnetism. Residual mag-
mensurate charge-ordered and ferromagnetic chargeetic moment=0.17ug is observed at low temperatures. The
disordered microdomains with a size of 20—-30 fifuku-  present NMR results were collected on the same polycrystal-
moto et al® found in NdySr,MnO; that the transition line sample, prepared as described in Ref. 10, where the
process from the charge-ordered state to the FM one is charesults of magnetization, transport measurements, and the
acterized by the nucleation and growth of the FM metallicneutron diffraction were given.
phase regions along the antiphase boundaries in the charge- The NMR spectra were recorded by a two-pulse spin-echo
ordered phase. On the other hand, NMR 6MMn in  method at temperatures between 77 and 220 K using a non-
PrysSr,sMnO; (Ref. 4 suggests that the low-temperature coherent spectrometer with frequency sweep and boxcar de-
magnetic state consists of microscopic ferromagnetic dotector signal averaging. The lengthof the pulses was
mains with a very large surface to volume ratio, embedded i®.5 us, the amplitude of the radiofrequengy) field for the
the AFM matrix. A number of papers on §&aMnO;  optimal spin-echo excitatioB%"" was found to increase ap-
have appeared, in which thE%.a and °®Mn NMR in was  proximately from 1.5 to 2 G, as the temperature of measure-
studied®™® Most of the authors have observed complex,ment was raised. Besides, in the temperature interval 150—
double-peaked line shape of spectra in the region of FM4170 K B°"' was found to change slightly through the NMR
AFM transition, the origin of which is far from being clear. spectrum. The optimal value of the rf field was used to de-
Papavassilioet al. in their recent papérassigned these two termine the enhancement factpi(see, for example, Ref. 11
peaks to FM metallic and FM insulating regions, respec<or the ®®Mn nuclei, which contribute to the spin-echo signal
tively. Dho et al.” proposed two metallic FM phases, which at a given frequency:
are distinguished by density of mobitg electrons. Finally,
in Ref. 8 two La sites experiencing different covalent con- 1
figurations with respect to the nearest Mn ions, likely caused n=—),
by the charge-orbital ordering, were detected. 3t(y/2m)BoP!

In this paper we study the temperature dependence of
%Mn NMR in Pry £Ca, ,SIp sMNO; manganite. The proper- where y/27=10.6 MHz/T for *Mn. All the signals de-
ties of this material are very similar to those of tected come from the ferromagnetic regions as follows from
Lay Ca sMnOs. In particular, the low-temperature state of the characteristic high values of the enhancement fagtor
two systems is the same, i.e., the CE-type antiferromag~300-400. Besides, the signal from the antiferromagnetic
netism dominates. In the present compound we have detecteegions relaxes too fdsto be observed at temperatures of
both the minority microscopic ferromagnetic regions at lowour measurements. In order to take into account the effect of
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FIG. 1. The temperature dependence®@in NMR spectra in
Pry.5dCa 2050 3gVINO5 taken at cooling@ and warming(b). The
spectra are decomposed into three liffel curves as described in
the text.

the contribution of the slow relaxing lin&; remains.
In the temperature interval 150-170 K the NMR spectrum
qualitatively changes, as a new contributigine B) gradu-
the spin-spin nuclear relaxation on the NMR spectra, forally deyelops. The relaxa}tion of.the new line is ;till faster
each temperature the data were collected for several timgPmparing to the relaxation of lind, and due to its pro-
intervals 7 between the exciting and refocusing rf pulses,nounced thermal hysteresis the temperature at which it ap-
starting fromr,,;,= 3us. Having in mind that the relaxation Pe€ars on warmingT~160 K) differs markedly from the
rate may depend on the rf pow#rthe excitation condition temperature at which it disappears on cooliig<(150 K).
was kept constant throughout the spectrum. Figure 3 shows the spectra takenTat 155 K for d|ffe_r_ent
The NMR spectra at selected temperatures, taken on codlime delay together with corresponding decomposition on
ing and warming forr=3us are displayed in Fig. 1. The two (warming and threg(cooling lines, respectively.
spectra are complex, their line shape depends on the tem- Finally, for temperatures higher than170 K the spec-
perature and they exhibit a clear thermal hysteresis. For thUm may be described as a superposition of the two lhes
following discussion the temperature interval of the measure2ndA; only. The relative contribution of thB line gradually
ment is divided into three parts. At low temperaturds ( increases and foF=197 K only the lineB is detected.
<150 K on cooling, 160 K on warmingthe spectrum is Each of the line#\;, A,, B can be characterized by reso-
decomposed in two Gaussian lines, which have similar ampance frequencyr, amplitudelo, relaxation timeT, and
plitude, but different spin-spin relaxation tin®,. We ar- linewidth AF. We obtained these quantities by analyzing the
rived at this conclusion, because the form of the spectra eXNMR spectra taken at different time delays at each separate
hibits a specific dependence on the time intervahs seen temperature. The analysis is made easier by the fact that the
in Fig. 2, the width of the spectrum first decreases wherelaxation times of individual lines differ markedly, so that
increasingr, then remains constant, however. The decreas@vith only a few exceptionsfor long 7 only line A, with the
of the width is accompanied by the frequency shift of theSlowest relaxation survives. It is interesting to note that the
center of gravity of the spectrum. This behavior may be unlinewidth obtained by the analysis is about the same for all
derstood if the spectrum consists of the two lines, A, three linesAF~27.5 MHz forT=140 K and slightly de-
having different NMR frequencies, the first line with slow , creases with decreasing temperatureAt6~25 MHz (T
the second with fast spin-spin relaxatiof,¢>T5?). For =77 K). The temperature dependencesFoiand T, are

each line the intensity of the spin echo is expected to be ShO.WT‘ in Fig. 4. Resonance_frequ:_ency of the lm@i‘ndA?
exhibits a thermal hysteresis, while no such hysteresis was

found forF of the lineB. Temperature dependencesiofare
different for different lines. A small thermal hysteresis of this
dependence was found for life, only. T2‘1(T) of line A;

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

| =1gexp —27/T,). 2)

If 7$T21,T§2 is fulfilled, both lines contribute to the signal
observed, while for long enough delay time?(T?z) only
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FIG. 3. NMR spectra ofMn at T=155 K taken at warming FIG. 5. Temperature dependence of relative volumes of the fer-
(@) and cooling(b) for different values ofr. Spectra forr=4 and  romagnetic phases corresponding to the liagsA, (a), andB (b).
7 us (warning are increased by factor 1.5 and 4.6, respectively.Filled symbols correspond to cooling while empty symbols corre-
Spectra forr=4, 7, 9, and 11us (cooling are increased by factor spond to warming. The curves serve as a guide for eyes only.
1.5, 4.3, 8, and 17, respectively. The spectra are decomposed on
two (warming and threg(cooling lines, respectively.

metalliclike ferromagnetic manganitésThe dependence of
the relaxation time of lind3 is almost flat, while the one of
line A, exhibits a more complex behavior.

In Figs. 5a) and Jb) the temperature dependence of rela-

875 ‘. a ' tive volumes of the ferromagnetic phases, corresponding to
i Q\\x\i\ the linesA,, A,, B, is displayed. The volumes were obtained
350 I A, e Wy from the area under the resonance lines after correcting them
“\gﬁi\ﬂ}} for the temperature-dependent enhancement. Besides we
oos | g "o took into account the T/ dependence of the spin-echo inten-
I 325 3., mau _ : pende b
= i LSy sity, which follows from the Curie law for the nuclear mag-
-0 \‘323;% A, netic moment.
300 o T Inspection of Fig. 5 reveals that above theeNeempera-
i S5%a4 ture the prevailing magnetic phase corresponds to theRine
275 - b pn B and it is therefore to be associated with the bulk ferromag-
‘ e E— netism existing betweeiy and T . In this temperature in-
100 150 200 terval the frequency¥g [Fig. 4(@)], which is proportional to
1E t':) ' ' the local electronic magnetic moment, decreases by only
i ant 4 et ~4% with increasing temperature. In the same temperature
051 AexztT " B
L o interval the volume of the phase changes dramatically,
—Boe=T ] K . K L .
. Sfeewt ¥ 5 which points to the phase separation and redistribution of the
"g 02 r !" phaseB with a nonferromagnetic phagantiferromagnetic
= P l.a“ below Ty and likely paramagnetic fof —T:). Comparison
R A 2,/ " of our NMR results with the magnetic and neutron-
e ‘,i’ diffraction datd® suggests that a fraction of pha®e is
0051 e considerable—at least 50% of the sample volume at the tem-
" perature where it attains maximum. Nevertheless belpw
002 ———t—+——— 1 —— the system remains semiconductihin distinction to ferro-
100 150 200 . ) . ) N
T magnetic manganites with=30% concentration of M

FIG. 4. Temperature dependence the resonance freqle(®y
and spin-spin relaxation rangl (b) for linesA;, A,, andB ob-

ions and similar Curie temperature, which exhibit transition
to a metallic state neafc.*® This points to a strong ten-
dency of electrons in the present compound to localization

tained from a decomposition of the NMR spectra both for coolingand charge ordering. |n0 the phase diagram of the
(@, filled squaresA) and warming O,J, X ). The dashed curves Py sCay s SKLMnO; systent.’ the paramagnetic charge or-

serve as a guide for eyes only.

dering temperature decreases from 250 Kx¥er0 to 215 K
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Perhaps the most intriguing feature of our results is that at
the temperature region where the ferromagnetic pHase
dominates, another FM phase corresponding to the Aipe
appears. This phase persists well belbyy, thus coexisting
with the majority antiferromagnetic phase. At about theNe
temperature an additional lin%, appears in the NMR spec-
trum and it accompanies ti#g line in the whole temperature
range where the antiferromagnetism exists. Temperature de-
pendences of the resonance frequencies of lkesnd A,
have very similar form, which indicates that both signals
originate from the nuclei with physically similar surround-
ing. The key to understanding the origin of lin&s andA,
L A , should be sought in the data of Fig(ab Below Ty the
100 150 200 amplitudes of theA; and A, lines are comparable, despite
wof - T T ] their very pronouncedby one order of magnitudedepen-

[ / 9 ] dence on temperature. This correlation suggests that lines
/I,” o/ N ] A;f and A, originate from the spatially connected regions
f VP % ] having comparable volumes. It is tempting to attribute the
VAR * 1 two lines to the microscopic ferromagnetic regions and to the
o-9—0--88500% | % boundary between the ferromagnetic regions and the AFM
100 150 200 matrix, respectively. Such assignment is further supported by
T (K) the thermal hysteresis of frequencies for linksg and A,
[Fig. 4@] and also thermal hysteresis B for line A, [Fig.

FIG. 6. Temperature dependence of the total volume of the ferd(b)]. This hysteresis suggestsee also Ref. 6nanoscopic
romagnetic phases as seen by NNHR, compared with the mag- rather than mesoscopic FM domains in Ba, »Sr sMnOs.
netic moment determined by neutron diffractidm taken from Ref. We note that recent NMR studies ongB®r, sMnOj; in
10) and magnetization measuremeok external magnetic field provide additional information on the

character of ferromagnetic microdomains in the low tem-
for x=0.2. By extrapolation, a formation of charge-orderedperature AFM phas.There, two FM lines in the NMR
regions within ferromagnetic PeCa, .St MnO; can be ex-  spectrum of >°Mn at 1.3 K were observed. Based on the
pected at~=200 K. Indeed, the occurrence of such regionsexperimentally observed magnetic shift, the first line at 370
below T=200 K has been evidenced in a direct way by MHz was identified with nuclei in the inner part of ferromag-
reevaluation of the former neutron-diffraction data supposingietic domains, while the second line at 290 MHz was as-
a coexistence of two crystallographic phases—the higheribed to nuclei at the domain boundaries with the AFM
temperature quasicubic phase and the charge-ordered tetatrix. They are therefore analogs of our links and A,.
ragonally distorted on¥ The unusual ferromagnetism of Similarly to the present study, the intensity ratio of the two
phaseB is reflected not only in the flat temperature depen-lines was found to be close to one. The difference in the
dence of corresponding NMR frequency but also in the flafrequency of the liné\,, attributed to the FM domain bound-
dependence of relaxation tinTe, which both differ qualita- aries in both systems, may be understood if we take into
tively from those observed in the metalliclike manganitesaccount that the antiferromagnetic arrangement in
with similar T 121516 P, sSIp sMNO; is of the A-type, while it is of the CE-type in

In Fig. 6 the total volume of the ferromagnetic phases, a®1, Ca, ,SIp 3MnO3. As A, corresponds to the boundary be-
seen by NMR, is shown as function of temperature. In theween FM and AFM regions, it is to be expected that its
same figure the temperature dependencies of the magnefiequency depends on the type of the AFM ordering.
moment, determined by superconducting quantum interfer- The characteristics of line&; and A, lead to following
ence device measurement at 0.75 T and by the neutroronclusions(i) we are dealing with a very small clusters, the
diffraction datat’ are displayed. The data collected in Fig. 6 volume and surface area of which are comparabig;the
demonstrate that the temperature variation of the magneti@mperature evolution of the phase volurg, A, in Fig.
moment, observed by magnetic measurements and neutr@da) is due to the change in number of clusters rather than in
diffraction, is mainly due to the variation of the volume of their size. The ferromagnetic sign&l; appears just af
the ferromagnetic phases, the variation of the local electronie=200 K when the charge ordering starts to develop as
magnetic moments being relatively small, at least T  stated above. Physically, it can be associated with the ferro-
<T<Tc [Fig. 4a)]. At low temperatures, the ferromagnetic magnetic inclusions in the form of very thin slabs or nanos-
volume and magnetic moment dependences agree fairly weltale clusters inside the charge-ordered domains, which are
At higher temperatures the NMR data suggest faster decreasecessarily linked to defects in the charge order like an-
of the ferromagnetic volume compared to the magnetic meaiphase boundariesThe appearance of antiferromagnetism
surements. A possible explanation of this difference may bat Ty changes the magnetic state in the neighborhood of
that asT approache3 ¢, part of the nuclei relaxes too fast to ferromagnetic regions and their surface layers become in
be detected in the present NMR experiment. It should be alssome way coupled to the antiferromagnetically ordered mag-
noted that asT—T. the NMR determination of the ferro- netic moments. This coupling gives rise to the additional
magnetic volume becomes less and less precise. signalA, at about the Nel temperature.

Relative volume
[}
[4,]

o .
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Recently, Dhoet al.” reported a detailed investigation of with the absence of the bulk ferromagnetism, as reported by
the temperature dependent®In NMR in Lay £Ca MnOs, us earlier'® Similar NMR spectra, with lines; andA, only,
which agrees in general with the results presented in thigvere observed also in our sampley8a, ;MnO; character-
work. In particular, their line | is an analog of lir& found ized by negligible net magnetic moment.
by us. They were not able, however, to resolve the complex- |n conclusion, the present NMR study demonstrates that
ity of the ferromagnetic phase corresponding to the line lithe charge ordering in the half-doped manganite
(A1 andA, in the present workas well as the variation of Pry.<Ca -Slh sMNnO5 is accompanied by a separation of anti-
spin-spin relaxation times throughout the NMR spectra. Thigerromagnetic and specific ferromagnetic phases. The ferro-
may originate likely from the difference in samples. On theyagnetic species, coexisting at low temperatures with the
other hand, it is clear that the precise NMR experiments ar@5iority CE-type antiferromagnetism, are clearly distin-

required for theA,, A, decomposition. _ guished from the bulk ferromagnetism which appears above
The NMR measurements on several other mangan|te1;N_

containing 50% of MA™ are in progress. In calcium richer
compound PRysCa 3551 1gMnO; only the minority ferro- This work was supported by the grants 202/99/0413 and
magnetic phasédinesA; andA,) was detected in agreement 202/00/1601 of Grant Agency of the Czech Republic.

1A. Moreo, S. Yunoki, and E. Dagotto, Scien283 2034(1999. 9G. Papavassilioet al, Phys. Rev. Lett84, 761 (2000.

2S. Mori, C.H. Chen, and S-W. Cheong, Phys. Rev. [811.3972  1°S. Krupika, M. Maryko, Z. Jirk, and J. Hejtmaek, J. Magn.
(1998. Magn. Mater.206, 45 (1999.

3N. Fukumoto, S. Mori, N. Yamamoto, Y. Moritomo, T. Katsufuji, 1IM. Matsuura and H. Yasuoka, J. Phys. Soc. Jgh1147(1962.
C.H. Chen, and S-W. Cheong, Phys. Rev6® 12 963(1999. 12\p.M. Savosta, V.A. Borodin, and P. NokaPhys. Rev. B59,

4G. Allodi, R. De Renzi, M. Solzi, K. Kamenev, G. Balakrishnan, 8778(1999.

and M.W. Pieper, Phys. Rev. &1, 5924(2000. 13H.Y. Hwang, S-W. Cheong, P.G. Radaelli, M. Marezio, and B.
5G. Papavassilioet al, Phys. Rev. B55, 15 000(1997). Batlogg, Phys. Rev. Letf75, 914 (1995.
G. Allodi, R. De Renzi, F. Licci, and M.W. Pieper, Phys. Rev. 1%Z. Jira et al. (unpublisheil

Lett. 81, 4736(1998. 15M.M. Savosta, V.A. Borodin, P. Noka Z. Jirk, J. Hejtmaek,
7J. Dho, I. Kim, and S. Lee, Phys. Rev.@®, 14 545(1999. and M. Maryso, Phys. Rev. B7, 13 379(1998.

8Y. Yoshinari, P.C. Hammel, J.D. Thompson, and S-W. Cheong®M.M. Savosta, J. Hejtrmek, Z. Jirk, M. Maryso, P. Novi, Y.
Phys. Rev. B60, 9275(1999. Tomioka, and Y. Tokura, Phys. Rev. @, 6896(2000.



