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We have found phase separation in La0:45Sr0:55MnO3�Æ (LSMO) by means of electron spin resonance, magnetic

force microscopy (MFM) and magnetic measurements. Ferromagnetic and antiferromagnetic phases can coexist at low

temperatures, and ferromagnetic and paramagnetic phases coexist when the temperature lies between the N�eel and

Curie temperatures. The size and shape of the ferromagnetic phases (the minority phases) was �rst observed directly

from MFM images. It is suggested that the phase separation in LSMO is not the charge segregation type, but an

electroneutral type due perhaps to the nonuniform distribution of oxygen vacancies.
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1. Introduction

Hole-doped manganites Ln1�x Ax MnO3 (Ln=

rare earth, A=alkaline earth) with a distorted perov-

skite structure demonstrate a rich variety of physical

phenomena such as colossal magnetoresistance,[1�3]

charge and orbital ordering,[4�6] and phase separ-

ation (PS).[7�17] It is worth noting that PS has in-

voked considerable interest recently. According to

the double exchange model and other related mod-

els, PS between ferromagnetic (FM) and param-

agnetic (PM) phases,[18] antiferromagnetic (AFM)

and PM phases, as well as FM and AFM

phases[7;19;20] have been proposed theoretically.

In addition, the PS has been con�rmed ex-

perimentally in half doped La0:5Ca0:5MnO3
[9;12;21]

and Pr0:5Ca0:5MnO3,
[13] which are located at

the boundary between the competing FM and

AFM ground states. Subsequent electron spin

resonance (ESR),[11] nuclear magnetic resonance

(NMR),[15;16] and M�ossbauer[22] investigations indi-

cated that PS occurs not only in La0:5Ca0:5MnO3 and

Pr0:5Ca0:5MnO3, but also in various compositions of

these materials. Consequently, as an intrinsic feature

of perovskite manganites with strongly correlated elec-

trons, PS has been admitted gradually.

Two di�erent types of PS occur possibly in

manganites.[23;24] One is the charge segregation type

and the other is the electroneutral type. For the for-

mer, the competition between the attractive double

exchange tendencies among carriers and Coulomb cou-

pling determines the size and shape of the minority

phases. As a result, the size of the minority phase re-

gions is expected to be very small, about the order of a

nanometre, due to the extended Coulomb interaction.

However, for the latter, the size is much larger than

that of the former due to no Coulomb force. Thus, a

direct observation of the size and shape of the minority

phase in the PS system is very important for obtain-

ing a deep insight into the nature of PS. However, one

noteworthy fact is that the size and shape of the mi-

nority phase has not yet been provided directly up to

now. In this paper, we report on some results of de-

tailed investigations of La0:45Sr0:55MnO3�Æ (LSMO)

by means of ESR, magnetic force microscopy (MFM),

and magnetic measurements. We found the PS be-

tween the FM and PM phases, as well as between the

FM and AFM phases in the LSMO. Moreover, we have

directly observed the size and shape of the FM regions

(the minority phase) using MFM. According to the
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MFM results, it is suggested that the PS in LSMO is

not a charge segregation type, but an electroneutral

type caused perhaps by a nonuniform distribution of

oxygen vacancies.

2.Experiment

Polycrystalline samples of LSMO were prepared

by the solid-state reaction processing. For compari-

son, the sample of La0:67Sr0:33MnO3, which exhibits

an optimal ferromagnetism,[25] was prepared at the

same time. The well-mixed stoichiometric mixture of

La2O3, SrCO3 and MnCO3 powders was calcined at

1000ÆC in air for 24h. The resulting powders were re-

ground by high-energy ball milling in air for 4h. The

as-obtained powders were pressed into pellets and sin-

tered at 1300ÆC in air for 48h, then furnace-cooled

to room temperature. The phase purity and crystal

structure of the synthesized samples were examined

by means of the powder x-ray di�raction, performed

on a Rigaku D/Max 2500 X-ray di�ractometer with a

rotating anode and Cu K� radiation. Rietveld re�ne-

ment results indicate that no secondary phases can be

detected in the resolution of the x-ray di�raction pat-

tern (see Fig.1). Redox titration indicated that the

LSMO is slightly oxygen-poor (Æ�0.01). The magne-

tization measurements were performed in a commer-

cial SQUID magnetometer. The micromagnetic prop-

erties were investigated by ESR measurements carried

out at 9.50GHz using a BRUKER-200D spectrometer.

The MFM images were obtained using the Nanoscopy

IIIa MFM at room temperature.

Fig.1. The re�nement results for the LSMO sample.

3.Results and discussion

Figure 2 shows the temperature dependence of

the magnetization (M{T ) measured under a �eld of

�0H=0.02T with increasing temperature from 5 to

400K in the zero-�eld-cooling and �eld-cooling modes,

respectively. A peak (at about 240K) appears in the

M{T curve followed by a weak FM-to-PM transi-

tion at TC (about 375K). The di�erence between the

zero-�eld-cooling and �eld-cooling M{T curves can

be observed below the magnetization-peak tempera-

ture (TN). The magnetic moment per formula unit as

a function of the applied �eld (M{H) was measured

at 5K and 300K, respectively. As shown in the inset

of Fig.2, the magnetic moment exhibits a steep jump

under a low �eld, indicating the existence of the FM

phase, and then a linear increase with the applied �eld

when �0H >0.5T. A rough estimate shows that the

magnetic moment per formula unit (�exp=0.23�B at

5K, �exp=0.51�B at 300K) is far from the saturation

value (�cal=3.45�B) even under a �eld of �0H=5T.

The large di�erence between �exp and �cal suggests

that there is a weak magnetic phase in addition to the

FM phase. The 5K and 300K M{H curves coincide

with each other below, and not above, 0.5T. It can be

concluded that the application of a �0H=0.5T �eld

aligns the magnetic moments in the FM region along

the magnetic �eld direction basically, and the increase

of the magnetization at 300K up to 5T �eld can be

attributed to the contribution of the weak magnetic

phase. At 5K, if the small magnetic moment of the

weak magnetic phase is negligible compared to that of

the FM phase under a �eld of �0H=5T, the fraction

of the FM phase can be evaluated approximately to

be about 7%, based on the �exp=�cal ratio.

Fig.2. Temperature dependence of the magnetization

measured under a �eld of 0.02T from 5 to 400K dur-

ing the warming process in zero-�eld-cooling and �eld-

cooling modes. The inset in Fig.1 shows the magnetic

moment per formula unit as a function of the applied

�eld at 5K and 300K.
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The ESR spectra were measured from 120 to 400K

in a �eld-sweeping mode (0{8� 10�1T). As shown in

Fig.3, above TC, the ESR signals consist of a single

peak which has a lineshape close to Lorentzian with

a Lande factor g=2.0 nearly independent of tempera-

ture. This signal has been believed to be due primar-

ily to PM Mn ions.[26] Below TC, there is a clear extra

FM resonance peak deviating from the resonance �eld

position with g=2.0 and shifting to low �elds. With

further decreasing temperature below TN, the original

peak with g=2.0 disappears, but the FM resonance

peak still exists. As we know, the AFM resonance

peak cannot be observed in our measurement con-

dition. Obviously, the ESR and magnetization data

(M{T and M{H) suggest that an AFM-to-PM tran-

sition occurs near 240K. In other words, the magneti-

zation and ESR measurements prove that PS occurs

in LSMO, the FM and AFM phases coexisting below

the TN and the FM and PM phases coexisting when

the temperature lies between TN and TC.

Fig.3. ESR spectra measured from 120 to 400K in

the �eld-sweeping mode from 0 to 8�10�1T.

The coercivity of LSMO was measured and found

to be approximately zero when the temperature ap-

proached TN. As a consequence, we cannot obtain

the intrinsic magnetic domain structure of LSMO by

MFM at room temperature. However, it is possible to

obtain the size and shape of the FM phases because

the FM phases can cause a strong sign for the MFM,

but PM phases cannot. The topography and mag-

netic force images of the LSMO and La0:67Sr0:33MnO3

(for comparison) were obtained under a zero applied

�eld using MFM with a hard Co-alloy-coated silicon

tip magnetized along the tip axis, perpendicular to

the polished sample surface. The lift height was 30nm

during the measurement for magnetic force images. As

shown in Fig.4(b), for La0:67Sr0:33MnO3 which is FM

at room temperature, the bright and dark regions, rep-

resenting magnetic domains with anti-parallel magne-

tization perpendicular to the measured surface, are

distributed homogeneously in the MFM image. The

MFM image of LSMO (Fig.4(d)) is very interesting.

We observed some black circular regions with meso-

scopic sizes embedded in the background that cannot

cause the MFM sign. Contrasting the topography and

magnetic force images, it is obvious that the magnetic

inhomogeneity observed in the right image is not due

to topography. We believe that the local black regions

are FM and the remaining parts are PM at room tem-

perature. The magnetic tip magnetized the FM re-

gions due to the proximate zero coercivity of the FM

phase at room temperature, which results in an at-

tractive force between the tip and the FM regions. As

a result, we cannot observe white regions, but only

the black regions. In a sense, the brightness of the

local black regions can reect the depth of the FM

phase embedded in the LSMO sample. The propor-

tion between the FM and the PM phases evaluated

from the MFM image is in accordance with the mag-

netization measurements based on the ratio �exp=�cal.

According to the MFM image of the LSMO, the max-

imum size of the FM phase is about 0.7�m, which

is too large to be explained by the charge segrega-

tion type PS. Therefore, we prefer to consider that

the PS in the LSMO is electroneutral. As is well

known, Ln1�xAxMnO3 is apt to be oxygen-rich for

x �0.2 and oxygen-poor for x �0.5. In low-doped

regions, for example in La1�xCaxMnO3 with x �0.2,

the excess oxygen is distributed inhomogeneously in

the whole sample. The regions enriched with oxygen

have an enhanced hole density and the holes establish

local FM ordering.[25;26] The PS is of the electroneu-

tral type because the densities of holes and excess oxy-

gen are the same in the given region. For high-doped

regions, such as LSMO, we propose that oxygen vacan-

cies have a tendency to concentrate and decrease the

local Mn4+ content to create the FM ordering around

them. As a consequence, electroneutral PS occurs in

LSMO.
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Fig.4. Topography and magnetic force images for La1�xSrxMnO3

with x=0.33 (a), (b) and 0.55 (c), (d) at room temperature.

4.Summary

In summary, through ESR, MFM and magnetic

measurements, PS has been found in the highly Sr-

doped La1�xSrxMnO3�Æ (x=0.55). FM and AFM

phases coexist at low temperatures; FM and PM

phases coexist when the temperature is between TN

and TC. The results of the MFM suggest that PS

in LSMO is not of charge segregation type, but of

an electroneutral type due perhaps to the nonuniform

distribution of oxygen vacancies.

Acknowledgments

Thanks go to Zhang Jian, Li Yong, Ning Tai-

Shan, Fan Shi-Yong, Rao Guang-Hui and Chen Jing-

Ran for their help in sample preparation and measure-

ments.

|||||||||||||||||||||||||||

References

[1] Jin S, Tiefel T H, McCormack M, Fastnacht R A, Ramesh

R and Chen L H 1994 Science 264 413

[2] Von Helmolt R, Wecker J, Holzapfel B, Schultz L and

Samwer K 1993 Phys. Rev. Lett. 71 2331

[3] Sun J R, Rao G H and Liang J K 1997 Appl. Phys. Lett.

70 1900

[4] Mori S, Chen C H and Cheong S W 1998 Nature 392 473

[5] Kuwahara H, Tomioka Y, Asamitsu A, Moritomo Y and

Tokura Y 1995 Science 270 961

[6] Tomioka Y, Asamitsu A, Moritomo Y, Kuwahara H and

Tokura Y 1997 Phys. Rev. Lett. 74 5108

[7] Moreo A, Yunoki S and Dagotto E 1999 Science 283 2034

[8] Papavassiliou G, Fardis M, Belesi M, Maris T G, Kallias

G, Pissas M, Niarchos D, Dimitropoulos C and Dolinsek

J 2000 Phys. Rev. Lett. 84 761

[9] Dho J, Kim I and Lee S 1999 Phys. Rev. B 60 14545

[10] Yoshinari Y, Hammel P C, Thomson J D and Cheong S

W 1999 Phys. Rev. B 60 9275

[11] Zhang L, Xu X J, Pi L and Zhang Y H 2000 Phys. Rev.

B 62 1193

[12] Allodi G, De Renzi R, Licci F and Pieper M W 1998 Phys.

Rev. Lett. 81 4736

[13] Allodi G, De Renzi R, Solzi M, Kanenev K, Balakrishnan

G and Pieper M W 2000 Phys. Rev. B 61 5924



292 Li Run-Wei et al. Vol. 11

[14] Uehara M, Mori S, Chen C H and Cheong S W 1999 Na-

ture 399 560

[15] Kim I, Dho J and Lee S 2000 Phys. Rev. B 62 5674

[16] F�ath M, Freisem S, Menovsky A A, Tomioka Y, Aarts J

and Mydosh J A 1999 Science 285 1540

[17] Mori S, Chen C H and Cheong S W 1998 Phys. Rev. Lett.

81 3972

[18] Arovas D P, Gomez-Santos G and Guisea F 1999 Phys.

Rev. B 59 13569

[19] Yunoki S, Moreo A and Degotto E 1998 Phys. Rev. Lett.

81 5619.

[20] Tong N H and Pu F C 2000 Phys. Rev. B 62 9425

[21] Li R W, Sun J R, Wang Z H, Chen X, Zhang S Y and

Shen B G 2000 Chin. Phys. 9 630

[22] Kallias G, Pissas M, Devlin E, Simopoulos A and Niarchos

D 1999 Phys. Rev. B 59 1272

[23] Nagaev E L 1996 Phys. Lett. A 218 367

[24] Kim I, Dho J and Lee S 2000 Phys. Rev. B 62 5674

[25] Urashibara A, Moritomo Y, Arima T, Asamitsu A, Kido

G and Tokura Y 1995 Phys. Rev. B 51 14103

[26] M�uller K A and Benedek C 1993 Phase Separation in

Cuprate Superconductors (Singapore: World Scienti�c)


