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Resistivity measurements of Eu 53Sty4,MnO; were carried out at different magnetic fields under
ambient pressure and 1 GPa, respectively. The critical temperature 7 of the ferromagnetic metallic
state is 128.5 K under 1 GPa and 7 T. The antiferromagnetic insulating phase can be transformed
into the ferromagnetic metallic phase by either magnetic field or pressure. Different from the effect
of the magnetic field, a plateau is observed in the temperature dependence of the resistivity curve in
the lower temperature under pressure, which indicates a phase separation. Magnetic phase diagrams
at ambient pressure and 1 GPa are established. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2805647]

I. INTRODUCTION

Recently, there has been a great deal of attention to co-
lossal magnetoresistance (CMR) manganites (R;_ A,
MnO3,R: rare earth element, A: Ca, Sr, and Ba) because of
their interesting electric, magnetic, and structural properties.1
More and more studies suggest that the ground states of the
manganite tend to be intrinsically inhomogeneous due to the
presence of strong tendencies toward phase separation, typi-
cally involving ferromagnetic (FM) metallic and antiferro-
magnetic (AFM) insulating domains.”™ A lot of experiments
with different methods (electron microscopy,3 nuclear mag-
netic resonance,’ resistance and magnetization
measurements,6 etc.) and theoretical studies’ show that the
phase separation can be induced by chemical pressure and
magnetic field in the CMR materials. Most of those studies
are about the manganites with a big radius R ion (R: La, Pr,
Nd) for their large bandwidth due to a large tolerance factor.
With the variation of the doping level, the compounds
R;_,AMnOj; can show FM metal, AFM insulator, CE-type
charge and orbital ordering phase in different temperature
ranges. Sometimes, more than two phases can coexist in the
system, which indicates approximately the same energies for
different phases.8 Thus, a small energy disturbance caused,
for example, by temperature, magnetic ﬁeld,g’10 strain,n’12
high pressure,”f15 etc., can give rise to phase transitions
among them. High pressure, as one of thermodynamic pa-
rameters, influences the charge, spin, and/or orbital ordering
of a sample. For example, Pry-Cay;MnO; is a typical CE-
type AFM insulator at low temperature and can be trans-
formed from an insulator to a metallic FM phase under a
magnetic field of 2 T or a pressure of 0.5 GPa."’

Different from the ordinary manganite, Eu;_,Sr,MnO;
always stays at an insulating state for all values of x without
a magnetic field'™'® due to the narrow bandwidth of the e,
band caused by the small radius of the Eu** ion. An abrupt
shrink about the magnetostriction of Eug sgSty4,MnO; at 6 K
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is observed in the process of the increasing field, and a large
hysteresis of the magnetostriction indicates that it is a first
order phase transition from an insulator to a FM metal.
Recently, the thermal response of the heat capacity to the
paramagnetic-antiferromagnetic =~ (PM-AFM)  transition,
AFM-FM, and PM-FM transitions in Eug53Sty4,MnO; are
studied under different magnetic fields.”! Similar to the mag-
netic field, pressure can also drive this compound into the
FM state from spin glass and/or AFM insulating states.”>*
For a thorough understanding of the magnetic and electronic
processes in Euy 53Sr 4MnO; in this paper, we performed a
systematic study on the combined effects of magnetic field
and pressure.

Il. EXPERIMENTS

The polycrystalline Eug 5¢Srj4,MnO; was prepared by
the traditional solid-state reaction method. Eu,05;, SrCOs;,
and MnCO;3; were mixed thoroughly in stoichiometric ratios
in an agate mortar and calcined at 1000 °C for 24 h, then
1250 °C for 48 h with an intermediate grinding, finally pal-
letized and sintered at 1350 °C for 36 h. Powder x-ray dif-
fractions demonstrated that the sample is a single phase. The
lattice parameters are a=5.4320 10\, b=5.4273 A, and ¢
=7.6583 A (Ref. 21) with a space group of Pbnm.

A clamp-type piston cylinder cell, which utilizes a
pressure-transmitting medium composed of 1:1 silicone oil
and kerosene, was used to measure the temperature depen-
dence of resistivity under different hydrostatic pressures and
magnetic fields, and the mixture of 1:1 silicone oil and kero-
sene mixture was used as pressure-transmitting medium. Re-
sistivity was measured with the standard four-probe tech-
nique. Electrical contacts were established using silver paint
on a bar-shaped sample (~3.7X1.75X0.6 mm?). The
sample temperature was monitored with aluminonickel and
chromel thermocouple placed near the sample. In our experi-
ments, the sample was separated from the pressure-
transmitting medium by an insulator layer painted on the
sample. All the pressure values quoted in this paper were

© 2007 American Institute of Physics
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FIG. 1. X-ray diffraction pattern of Euy 535t 4,MnO;.

measured at room temperature. Resistance versus tempera-
ture under magnetic field was measured using a Mag Labo-
ratory System (2000, Oxford, UK).

lll. RESULTS AND DISCUSSION

In order to check the sample quality, we carried out x-ray
diffraction measurements. Figure 1 presents the x-ray dif-
fraction pattern of the Eu 54Sr 4/,MnOj5 and all the peaks can
be indexed with the space group of Pbnm without any de-
tectable impurities, indicating a high quality single phase of
the sample. The characteristics of Eug 5¢St( 4,MnO5 are simi-
lar to those reported by Sundaresan et al.”? namely, at zero
applied magnetic field, this compound shows a spin glass
state below 47 K and a PM state above this temperature.
Under low magnetic field Eug sgSrj4,MnO5 shows an AFM
or a spin glass state in the insulating region at low tempera-
ture, a FM state in the metallic region, and paramagnetic
state in the insulating region above ~100 K. Figure 2 shows
the resistivity versus temperature curves at different mag-
netic fields. Metal-insulator transition (MIT) occurs at
~0.8 T, which is less than that reported by Sundaresan et al.
(1.45 T),22 and the insulator—metal—insulator transitions indi-
cate AFM-FM-PM transitions with increasing temperature,
while the sample shows insulating behavior under lower
magnetic fields (<0.7 T). With further ithe ncreasing mag-
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FIG. 2. Temperature dependence of the resistivity at different applied mag-
netic fields. The inset shows log(p) « (1/T)"? for the paramagnetic insulat-
ing state at different magnetic fields.
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FIG. 3. The semilog plot of resistivity vs 1/7"2. The inset is the deviation
values of the resistivity curves from the referential straight line.

netic field, there is only one transition from the FM metallic
phase to the PM insulating phase. The inset in Fig. 2 presents
the semilog plot of resistivity versus 1/7"? obtained under
different magnetic fields. It shows that all the curves are
linear above the MIT temperature, which suggests a transport
mechanism of variable range hopping with a strong electron
correlation.”** Figure 3 shows the semilog plot of resistivity
versus 1/T"? obtained under 0 and 0.5 T. The curves are
linear at high temperature range, but slightly bend at critical
temperatures of ~100 and ~78 K under 0 and 0.5 T, respec-
tively, which is the same as the point of PM-AFM reported
by Liu et al.*' The inset in Fig. 3 is the deviation values of
the resistivity curves from the referential straight line, which
shows the critical deviation points more clearly.

In order to investigate the effects of both magnetic field
and pressure, we have measured the temperature dependence
of resistivity at different magnetic fields under 1 GPa and the
results are presented in Fig. 4. Similar to the results reported
by others,”*** the MIT can happen under the pressure of 1
GPa without a magnetic field. Interestingly, the MIT tem-
perature increases from ~80 K for H=0 to 128.5 K for H
=7 T. The inset of Fig. 4 shows that the transport mecha-
nism is also variable range hopping in the PM state. Similar
to the curves, which are resulted from percolative phase
separation by chemical pressure3 and theoretical studies,’ the
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FIG. 4. Temperature dependence of resistivity under 1 GPa at different
applied magnetic fields (0, 0.1, 0.2, 0.5, 1, 2, 3, 5, and 7 T). The inset shows
log(p) = (1/T)"? for the paramagnetic insulating state at different applied
magnetic fields (0, 0.1, 0.2, 0.5, 1, 2, 3, 5, and 7 T).
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resistivity curve at zero field in Fig. 4 shows a flat plateau
below 45 K. It is interesting that the resistivity values corre-
sponding to the plateau is larger than that of the PM phase in
the high temperature range. In Ref. 3, with decreasing y (in-
creasing the content of big radius La ions in
Lasg_,Pr,Caz;sMnO;, namely, high chemical pressure),
Lass_,Pr,Ca;zsMnO; changes from an AFM insulating state
into the coexistence of FM and AFM states. At y=0.375,
direct evidence of the two-phase coexistence is confirmed by
electron microscopy study, and the temperature dependence
of resistivity curve shows a flat plateau in the low tempera-
ture range. The residual resistivity corresponding to the pla-
teau is also larger than that of PM phase, which has the same
characteristics observed in our experiments. Based on the
analyses in Ref. 3, the plateau in the resistivity curve in our
experiments can also be explained by the coexistence of FM
and AFM components at low temperature. At ambient pres-
sure, none of the resistivity curves show a plateau at low
temperature, and the resistivity either increases quickly with
decreasing temperature under lower magnetic fields
(<2 T), which shows a typical AFM state, or is a small
value under larger magnetic fields (>2 T), which shows a
FM state. So the inhomogeneities in the form of coexisting
competing phases between FM metallic and AFM insulating
components are induced by pressure at low temperature.
From Fig. 4, the resistivity decreases sharply with increasing
temperature in the lower temperature range under low mag-
netic fields (H<1 T). This suggests the existence of an
AFM component considering the fact that the AFM fractions
reduce with increasing temperature. Almost the same resis-
tivity values at 5 K indicate that AFM fractions keep un-
changing with increasing magnetic field (0<H<1 T).
These phenomena are different from that observed in
L210_5C210'5Mn03,(7 which AFM fractions reduce gradually
with the increasing field, but keep almost unchanging with
the increasing temperature in the lower temperature range.
With further increasing temperature, the increase of the re-
sistivity indicates it is a FM state. The large difference in the
resistivity between 1 and 2 T at a low temperature indicates
they have different states. Under higher magnetic fields
(>2 T), the small resistivity values at a low temperature
mean that most of the AFM components have been converted
to FM by the magnetic field. It should be pointed out that
even at high magnetic fields (H>2 T), the resistivity in-
creases slightly with decreasing temperature below about 20
K, which indicates that there is still a small amount of re-
sidual AFM phase in the FM background. Comparing Figs. 2
and 4, we can draw a conclusion that both the magnetic field
and pressure can depress the antiferromagnetic order and in-
tensify the ferromagnetic order. The difference is that a pla-
teau is observed in the temperature dependence of the resis-
tivity curve in the lower temperature under pressure, which
indicates a phase separation, namely, converts some AFM
insulating clusters to FM metallic clusters. Figure 5 shows
the field dependence of resistivity and it can be seen that the
AFM-FM transition is irreversible. At 6 K, the resistivity first
reduces slowly with the increasing magnetic field then re-
duces suddenly at about 1.4 T, which means that the AFM
component is converted to a FM component by the magnetic
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FIG. 5. Resistivity vs magnetic field at 6 and 95 K.

field. After that, the resistivity changes smoothly the under
magnetic field, which suggests that none of the FM clusters
turn back to the AFM. No sharp change is observed in the
resistivity loop with a magnetic field at 95 K (Fig. 5), where
only the FM state exists in the sample. The top panel of Fig.
6 shows the resistivity of heating processes at 0.2 T after a
zero-field-cooled (ZFC) and field-cooled (FC) (0.2 T), re-
spectively. The difference between ZFC and FC resistivities
at low temperature indicates that no AFM component estab-
lishing after the FC process, and the hysteretic effect under a
0.2 T magnetic field shown in the bottom panel means that
the transformation between the PM phase and the FM phase
is a first order phase transition.

We regard the FM transition temperature 7 as the tem-
perature corresponding to the maximum resistance and the
AFM transition temperature 7y as the temperature corre-
sponding to the minimum resistance. All T~ and Ty at differ-
ent magnetic fields under ambient pressure and 1 GPa are
shown in Fig. 7. The temperature dependence of T, under
ambient pressure and 1 GPa gives an almost linear relation-

0 100 200 300
T(K)

FIG. 6. Resistivity vs temperature under 1 GPa and 0.2 T. The top panel
presents heating curves after FC (solid circles) and ZFC (open circles),
respectively. The bottom panel presents cooling (open squares) and heating
(solid circles) curves under 0.2 T, respectively.
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FIG. 7. Ty vs H (top panel) and T vs H (bottom panel) under ambient
pressure and 1 GPa.

ship. The difference between the two curves of Ty versus the
magnetic field is about 0.85 T, while in the FM state, the
difference between the two curves of T versus the magnetic
field is about 3 T, which indicates the different effects of
pressure on the FM and AFM states. We establish a magnetic
phase diagram in Fig. 8 based on the magnetoresistive data
collected under the pressures of P=0 and 1 GPa. It shows
that the FM region is enlarged by high pressure, demon-
strated by the horizontal shift of the PM-FM and FM-AFM
boundary, ~3 and 0.85 T, respectively, under a pressure of 1
GPa. High pressure drives the AFM ground state into an
AFM and FM mixed states and suppresses the AFM state at
high temperature.

ambient pressur

0 1 2 3 4 5 6 7
H(T

FIG. 8. T-H phase diagram under ambient pressure and 1 GPa. FMM is the
ferromagnetic metal, AFI is the antiferromagnetic insulator, and PMI is the
paramagnetic insulator. The values at the crosses come from the magnetic
measurements reported by Liu et al. (Ref. 21).

J. Appl. Phys. 102, 093909 (2007)

IV. CONCLUSIONS

The temperature dependence of resistivities of
Euy 551 4oMnO;5 at different magnetic fields under ambient
pressure and 1 GPa have been studied. The FM metallic state
occurs under 1 GPa and zero field and the T, is 128.5 K
under 1 GPa and 7 T. It shows that the FM metallic is en-
hanced by pressure. Hydrostatic pressure has the same effect
as that of the chemical pressure. They both induce a sample
to a coexistence of FM and AFM states from AFM insulating
state.
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