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The temperature dependence of Mn ion magnetization and the conductivity di�erence versus temperature provide

phase separation evidence in Nd1�xSrxMnO3 (x=0.50, 0.51, 0.52, 0.53, 0.54, 0.55). This is di�erent from other reports

and may suggest that a fully charge-ordered state exists in quite a narrow range; the sample preparation procedure

a�ects the charge ordering. The polaron e�ect also plays an important role in explaining the conductivity.
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1. Introduction

The manganites are attracting considerable theo-

retical and experimental interest because of their un-

usual magnetic and electronic properties. These prop-

erties of the materials challenge our understanding of

the physics in them. The compounds are doped sys-

tems with a general formula Ln1�xMxMnO3 (Ln=La,

Pr, Nd; M=Ca, Sr, Ba) and their unusual proper-

ties de�ne a basic problem that involves the strong

coupling between the charge, spin, lattice and or-

bital degrees of freedom. At lower doping, magnetic

and transport properties are explained by double-

exchange, super-exchange and polarons.[1�3] Studies

on layered manganites con�rm the double-exchange

selection rule for c-axis conduction[4] and the na-

ture of conductivity is di�usive[5�7] when the ma-

terials are in metallic state. When the hole dop-

ing is close to 0.5, the charge/orbital ordering plays

an important role. For La0:5Ca0:5MnO3, the charge-

ordered state includes not only ordinary commensu-

rate but also incommensurate or nearly commensu-

rate charge-ordered states.[8;9] Recently, Sun [10�12]

studied the Mn-site doping e�ects in La0:7Ca0:3 (Mn,

A)O3 (A=Fe, Ge, Ti, Sn, etc). Furthermore, both

electron and x-ray di�raction experiments have shown

the coexistence of ferromagnetism and incommensu-

rate charge-ordered state.[13] Early reports have shown

that Nd0:5Sr0:5MnO3 �rst undergoes a ferromagnetic

(FM) transition at 250K and then followed by a �rst-

order transition to an antiferromagnetic (AF) charge-

ordered state at 150K.[14�19] For Nd0:45Sr0:55MnO3, it

is layered AF with two-dimensional conductivity.[20;21]

In the present paper, we provide the evidence

of phase separation of Nd1�xSrxMnO3 (x=0.50, 0.51,

0.52, 0.53, 0.54, 0.55) by temperature dependence of

magnetization and resistance (or conductivity) data.

2. Sample preparation, charac-

terization and measurements

The samples Nd1�xSrxMnO3 (x=0.50, 0.51, 0.52,

0.53, 0.54, 0.55) were prepared by solid-state reaction

method. The oxides Nd2O3, SrCO3 and MnCO3 (with

purities higher than 99.9%) were weighed in stoichio-

metric amount then mixed and pre�red at 800ÆC for

12h. The ball-milled powder was pressed under a pres-

sure up to 10 MPa and sintered at 1250ÆC for 24h with

O2 (30%) +Ar 
owing. This procedure was repeated

for three times to ensure the chemical homogeneity

and full reaction. Powder x-ray di�raction (XRD)
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was used to check the crystal quality and determine

the lattice parameters at room temperature. Rietveld

re�nement of XRD patterns indicated that the peaks

of all samples could be indexed as single phase of an

orthorhombic structure with Pbnm space group.

Fig.1. Temperature dependence of magnetization for

Nd1�xSrxMnO3 (x=0.50, 0.51, 0.52, 0.53, 0.54, 0.55)

in a magnetic �eld of 0.01T.

Temperature dependence of magnetization

(shown in Fig.1) was determined by a commercial

magnetometer (Quantum Design Co., Ltd). The sam-

ples for magnetic measurement were pulverized into

�ne powder.

Fig.2. Relative resistivity versus temperature of

Nd0:46Sr0:54MnO3, the comparing temperature is

325K.

The resistance measurements were performed by

the standard four-probe method. The samples were

measured in a standard 4He gas 
ow cryostat and

heating was avoided by using small currents (at which

the current-voltage curves are strictly linear). To elim-

inate the generated error by geometric dimension in-

accuracy, we use the relative resistance with respect

to the value at 325K. In this way, the relative resis-

tivity or conductivity was determined

�
Rrel

R

R325
=

�

�325
= �rel =

1

�rel

�
, and a typical �rel versus T curve

is shown in Fig.2.

3. Results and discussion

There are some common features in the mag-

netization versus temperature curves. One feature

is the existence of a typical AF peak in the M -T

curve. This is consistent with neutron di�raction

result on Nd0:5Sr0:5MnO3 and Nd0:45Sr0:55MnO3.
[20]

If we assume a paramagnetic state for Nd3+ ion in

Nd1�xSrxMnO3 (x=0.50, 0.51, 0.52, 0.53, 0.54, 0.55),

we may subtract the contribution of Nd ion from

the total magnetization (Nd ion magnetization is de-

scribed by Brillouin function). The residual magne-

tization M is from the Mn ions as shown in Fig.3.

For all samples, the M -T curve of Mn ions in AF

range has a kink. This is an indication of the co-

existence of ferromagnetism and antiferromagnetism

between kink and AF. The second feature is that the

magnetization is decreasing in a step-like way after

the AF transition and becomes nearly 
at after tem-

perature higher than a certain value indicating para-

magnetic (PM) state. According to neutron di�rac-

tion result of Nd0:5Sr0:5MnO3, the compound is in

FM state between Neel temperature and PM starting

temperature. Our results show that the FM state is

not homogeneous. We ascribe the step to that some

of FM clusters change to PM state, i.e., the FM!PM

transition. Therefore, the result suggests that phase

separation also occurs in this range.

Fig.3. Temperature dependence of the Mn ion mag-

netization of Nd1�xSrxMnO3 in a magnetic �eld of

0.01T.

In temperature range of paramagnetic state, the

conduction proceeds via thermal hopping. When �t-

ting the activated conductivity in this temperature
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range, a function of the form �act = �act0exp

�
�

E

kBT

�

may be used as an approximation. If we subtract this

activated conductivity from the measured conductiv-

ity in the whole temperature range, the di�erence, de-

�ned as �� = �rel � �act, can give us some useful

information.

Fig.4. ��-T curves of Nd1�xSrxMnO3. �� is the

di�erence between relative conductivity and relative

thermal activated conductivity.

Figure 4 shows the ��-T curves obtained by

using the above-mentioned procedure. Clearly, the

curves are smooth without �rst-order transition at

Neel temperature. This behaviour is di�erent from

other reports[14;16;20;21] and suggests phase separation.

There is a broad negative valley for each hole dop-

ing within 0.51, 0.52, 0.53, 0.54, 0.55 but a peak at

0.50. The valleys or peak are in the temperature re-

gion where materials are partially in the ferromagnetic

state discussed above. Thus they are due to the com-

petition between charge ordering/polaron e�ect and

ferromagnetic ordering induced DE contribution to

the conductivity.

Figure 5 shows the M -T and ��rel-T curves for

x=0.54. The valley temperature does not correlate

with Neel temperature and the starting temperature

of deviation from semiconductor behaviour is higher

than the temperature at which ferromagnetic step ap-

pears. This is a common feature for all x=0.51, 0.52,

0.53, 0.54, 0.55 samples and indicates that polaron

e�ect also plays an important role to trap the conduc-

tion electrons. At lower temperature, there is a posi-

tive peak for each hole doping within 0.51, 0.52, 0.53,

0.54, 0.55. The peak, either in the AF range (such as

x=0.55) or in step region (such as x=0.51, 0.52, 0.53,

0.54), indicates the existence of ferromagnetic com-

position which is consistent with the magnetization

data. If we consider the AF charge-ordered resistiv-

ity is higher than paramagnetic one, the positive ��

of x=0.50 manganite in AF range indicates some fer-

romagnetic DE contribution. So it is also consistent

with the coexistence of AF and FM at temperature

lower than AF peak even for x=0.50.

Fig.5. M-T and ��rel-T curves of Nd0:46Sr0:54MnO3.

MMn is the Mn ion magnetization and ��rel is the di�er-

ence of relative conductivity and relative thermal activated

conductivity.

4. Conclusion

In summary, both magnetic and electrical re-

sults show the phase separation evidence in Nd1�xSrx

MnO3 (x=0.50, 0.51, 0.52, 0.53, 0.54, 0.55). This is

di�erent from other reports and may suggest that fully

charge-ordered state exists in a quite narrow range

and sample preparation procedure a�ects the charge

ordering. Polaron e�ect also plays an important role

to explain the conduction.
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