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Pressure and magnetic-field effects on charge ordering in La0.9Sr0.1MnO3
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Transport measurements under pressure and magnetic field on low-doped La0.9Sr0.1MnO3 single crystals
have clearly evidenced thestabilizationof the low-temperature charge ordered state when increasing pressure
and field. The observation of a pronounced change of magnetization, fastly increasing above a certain field
threshold, accompanied by an enhancement of the resistivity indicates the presence of a strongly coupled
magnetic and structural transformation.@S0163-1829~98!03723-0#
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The rich variety of properties of La12xSrxMnO3 oxides
relies on the competing balance between three energy sc
namely, the Jahn-Teller~JT! nature of the Mn31 ions and so
the electron-phonon coupling, the kinetic energy associa
with the carrier delocalization leading to ferromagne
double-exchange coupling and a metallic state, and fin
the Coulomb interaction producing a charge localization a
eventually ordering. The balance among these ene
sources can be varied by band filling (x) and bandwidthW
control. Particularly, for low filling, the JT and charge loca
ization become prominent whereas the metallic state
somewhat hampered.1

In fact, in La12xSrxMnO3, for doping rates nea
x50.125 three characteristic transition temperatures, oc
ring at TS'260 K, TC'180 K, andTCO'150 K have been
identified.2 They correspond, respectively, to~a! the tem-
perature where the high-temperature dynamic Jahn-Te
distortion becomes static and an orbital ordering is es
lished,~b! the onset of ferromagnetic and metallic state, a
~c! the temperature where carriers become localized and
the resistivity strongly increases. The nature of the lo
temperature state has been described by Yamadaet al.3 who
showed that charge localization is accompanied by orde
of polarons. Neutron diffraction experiments have also
vealed thatTCO coincides with the appearance of some ma
netic canting.2 Similar behavior has been found fo
x50.1– 0.165 crystals although with different values of t
transition temperatures.1–6

Charge ordering at low temperature has also been
served at higher band filling fractions~x5 1

4 , 1
3 , 1

2 ,..!.7–9 It
has been shown thatTCO can besuppressedeither by apply-
ing a magnetic field (H) or hydrostatic pressure (P). Par-
ticularly, for Pr1/2Ca1/2MnO3, d ln TCO/dP'20.05 GPa21

and d ln TCO/dH'20.007 T21.9 This behavior can be un
derstood in terms of effective bandwidth enhancement
thus the stabilization of the ferromagnetic (F) metallic state
in front of the charge-ordered~CO! insulating one. Interest
ingly enough, recent measurements on La0.88Sr0.12MnO3
~Ref. 5! have shown that for this low-doped material, t
charge-ordering temperatureTCO rises with pressure. That
would imply that the CO state is favored and theF state
570163-1829/98/57~23!/14680~4!/$15.00
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occurring at a higher temperature is unstable under press
Of course, suppression of theF state under pressure is op
posite to what has been observed10,11 and thus the reported
positivedTCO/dP merits further experiments.

In this paper, we address the question of the relative
bility of the CO andF phases at low doping (x50.1) under
pressure and magnetic field. It is found that CO is stabiliz
under pressure or field and thusTCO rises with P and H.
Magnetization and transport data provide insight into the
ture of this phase transition.

Single crystals of La12xSrxMnO3 with x50.10 were
grown by floating-zone method with radiation heating wit
out crucible. They were cut into 0.530.531 mm3 bars for
transport and magnetic measurements. The crystals are f
to be twinned. Resistivity measurements were done und
quasihydrostatic pressure by using a clamp-type piston
inder cell with an organic liquid as a pressure transmitt
medium. The decrease of pressure when cooling was ta
into account. Electrical contacts to each sample were m
by using graphite paste and resistance was measured b
conventional dc four-probe method. It is found that the lo
temperature resistivity is about 63103 V cm, in agreement
with previous reports on crystals of similar compositio
However, due to the significant size of the contacts relat
to the crystal size, accurate determination of the resistivit
difficult; for this reason we will only present the measur
resistance values. Field-dependent resistance and magn
tion up to 5.5 T were measured using a commercial sup
conducting quantum interference device system.

In Fig. 1, the temperature dependence~heating process! of
the resistance R(T) is presented. The temperature
TS'320 K, TC'145 K, andTCO'127 K can be clearly ap-
preciated. The shape ofR(T) and the characteristic tempera
tures are in agreement with those reported by Urushib
et al.1 Both TCO and TS are hysteretic revealing the firs
order nature of the corresponding transitions. Figures 2 an
show the resistance vs temperature under various press
and magnetic fields, respectively. Inspection of the data
Fig. 2 immediately reveals that bothTC and TCO tempera-
tures rise under pressure. PositivedTC /dP~12.3 K kbar21)
~Fig. 2 inset! is in agreement with results obtained for high
14 680 © 1998 The American Physical Society
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doped materials (x. 1
3 ) ~Ref. 10! where it has been show

that it reflects basically the bandwidth broadening un
pressure.11 However, the observation of positiv
dTCO/dP ('2.5 K/kbar) is in sharp contrast with results r
ported for higher filled band materials (x>0.15) ~Refs. 5 and
9! where it has been found thatTCO decreases under pre
sure. In agreement with the present data, positivedTCO/dP
(11.45 K/kbar) has also been very recently reported fox
50.12.5 It should thus be concluded that for low doping, t
charge-ordered insulating state occurring belowTCO be-
comes favored under pressure and thus the low-tempera
part of r(T) shifts towards higher temperature.

On the other hand, the field dependence ofR(T), shown
in Fig. 3, also displays the very same trend, namely, w

FIG. 1. Temperature dependence~heating! of the resistance
R(T) for a La0.9Sr0.1MnO3 single crystal. Inset: magnification of th
TC2TCO temperature region. The thermal hysteresis is clearly
ible.

FIG. 2. ResistanceR(T) ~heating! under various pressures. In
set: pressure dependencies ofTC andTCO.
r

re

n

increasing the fieldTCO rises at a rate10.4 K/kOe ~Fig. 3
inset!. Thus, the effects of field and pressure onTCO seem to
be equivalent, with 1 kbar roughly corresponding to 6.2 kO

Detailed inspection of theR(T) curves as a function o
the applied field~Fig. 3! reveals a very remarkable featur
such as the existence of a narrow range of temperatu
below TCO(H50), in which the resitivity increases with
field, i.e., a temperature region of positive magnetoresista
~see Fig. 4!. Nevertheless, forT.TCO(H50) the usual
negative magnetoresistance is recovered. This interesting
havior is clearly evidenced in Fig. 4, where the magneto
sistance~MR! defined as@R(H)2R(H50)#/R(H50) is
depicted in the temperature region of interest. A well-defin
region of positive MR can be observed. The negative M
occurring at a higher temperature is the conventional re
and not of interest here. Thus, data of Figs. 2 and 3 show

-

FIG. 3. ResistanceR(T) ~heating! under various fields. Inset
field dependence ofTCO.

FIG. 4. Magnetoresistance5@R(H)2R(H50)#/R(H50) vs
temperature.
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14 682 57R. SENISet al.
in the temperature range~127–100 K!, where the transition
from the ferromagnetic/metallic~F/M! to the canted/
insulating ~CA/I! state occurs, the low-temperature state
stabilized by applying a magnetic field as well as apply
hydrostatic pressure.

This observation is somewhat unexpected and dese
further experiments. In order to get insight into the nature
this field-induced phase transition we present in Fig. 5~a! the
M (H) loops obtained at several temperatures aroundTCO.
Whereas at temperatures well above and belowTCO(H50)
theM (H) curves are featureless and archetypal for the m
netization process, the loops recorded at 125 K, that is, c
to TCO(H50), display a remarkable jump of magnetizatio
at H520 kOe before approaching saturation. The hyster
behavior is also evident in the descending branch of the lo
We note that the threshold field at which the magnetizat
suddenly increase, rises from'2 kOe at 120 K to'30 kOe
at 130 K. Similar open loops are observed at any tempera
in the 110–130 K range, which corresponds to the temp
ture interval where positive magnetoresistance has b
found. The observed feature is a signature of a field-indu
magnetic transition. More illustrating is the resistance
field loops shown in Fig. 5~b!. At 125 K, when raising the
field there is an initial fast drop of resistance, followed by
field region of positive magnetoresistance. The retrea
branch of the loop is always of higher resistivity. Compa
son of Figs. 5~a! and 5~b! clearly reveals that when increa
ing the field above 20 kOe a sudden transition to a state
higher magnetizationand resistivity occurs. We stress tha

FIG. 5. MagnetizationM (H) loops ~a! and resistance vs field
loopsR(H)/R(0) ~b! obtained at several temperatures.
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this behavior is clearly different from the conventional ma
netoresistance observed at higher temperature@i.e., 150 K;
Fig. 5~b!# where MR is clearly negative in all field ranges

Therefore, data of Fig. 5 reveal that above a thresh
field ~'20 kOe at 125 K! indeed there is a phase transitio
towards a state having ahigher magnetization andlarger
resistivity. The hysteretic behavior observed in Fig. 5 refle
the existence of metastable states that tend to relax with t
These relaxation processes are illustrated in Fig. 6 where
show the time-dependenceR(t) at T'125 K for an applied
field of 40 kOe. As can be appreciated in the figure,
relaxation takes place in opposite directions@increasing field
~triangles! and decreasing field~circles!# depending on in
which branch of the hysteresis loop the sample is. Of cou
the relaxation disappears for higher temperatures as doe
hystereticM (H) behavior.

We have presented a complete set of experimental
that reveal that field and pressure can induce a transi
from the ferromagnetic metallic state towards the insulat
canted magnetic state. We note that the canted magnetic
has a larger magnetization than the ferromagnetic one
similar temperature. In fact magnetization vs temperat
curves recorded atH55 kOe display a pronounced enhanc
ment of magnetization atT'120 K ~Fig. 7!. We note that the
measured magnetization at 5 K corresponds to 3.5mB /Mn
ion. The same trend can be also observed in the low-field~50

FIG. 6. Time dependence of the resistanceR(t) at 125 K and 40
kOe, measured in the increasing~triangles! and decreasing~circles!
branches of the field loop.

FIG. 7. MagnetizationM (T) curves recorded atH55 kOe. In-
set: Low-field~50 Oe! magnetization data. Open and solid symbo
correspond to field cooling~FC! and zero field cooling~ZFC! ex-
periments, respectively.
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Oe! magnetization data shown in Fig. 7 inset.
These experimental results are concisely described by

following picture. Consider theH-T phase diagram shown in
Fig. 3 inset, constructed from theR(T) curves under the field
and using the minimum ofR(T) to defineTCO(H). This line
separates the CA/I state from the F/M one. In a typic
M (H) run atT>TCO, i.e., starting from the F/M state, whe
raising the field the magnetization rises and the MR initia
is negative; when crossing theTCO(H) line, the magnetiza-
tion jumps to larger values and the resistivity also increas
Across this first-order transition, hysteresis in both magn
zation and resistivity is observed. Similarly, in a consta
field magnetization vs temperature measurement, w
crossing theTCO(H) line the magnetization increases.

The observation of a remarkable magnetization enhan
ment in the insulating phase is somewhat unexpected as
been reported that in zero field, the low-temperature state
canted ferromagnet.2 Unless the Curie temperature of th
canted phase~we recall here that it occurs atTCO where
significant changes in the Mn-O bonds take place! is much
larger than the Curie temperature of the ferromagnetic ph
(TC) and thus at 120 K the reduced magnetization is larg
the data of Fig. 7 would imply a moment enhancement. A
cording to the previous picture the magnetic moment per
atom would increase when crossing theTCO(H) line; while
neutron diffraction experiments could give a definitive a
swer to this suggestion it can be speculated that mom
enhancement in the insulating phase or under field can
understood if one assumes that in the F/M phase the po
ization of the conduction band is not complete, that is,
Fermi level crosses the spin-up and spin-down subban
Opening a gap in the spin-up and spin-down bands in
insulating state or band shift under a magnetic field co
result in a spin transfer from the minority-spin subband
the majority one thus leading to a higher moment. Rec
experiments in the13-filled oxide La2/3Sr1/3MnO3 have shown
that the polarization of theeg band is of about 80%.12 That
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means that at the Fermi level there is a partial overlapping
the spin-up and spin-down subbands. It is reasonable to
pect that at lower filling (x50.1), that is, rising Fermi level,
the polarization of the conduction band is to be lowered.

On the other hand, application of pressure should
crease sample orthorhombicity by reducing Mn-O-Mn bo
bending and simultaneously reducing any difference amo
Mn-O bond length. Under such circumstances it is clear t
the low-temperature CA/I state should be favored as in t
phase the neutron diffraction experiments have shown
orbital ordering is completely suppressed and the Mn
bond lengths become equal.2 In fact, the same reason is re
sponsible for the lowering of theTS transition under pres-
sure. We recall here that atT.TS the dynamic Jahn-Teller
effect leads also to the absence of orbital ordering and t
all bond distances are also very similar.2 In fact,dTS /dP has
also been found to be negative in La0.835Sr0.165MnO3 due to
the reduction of the Mn-O-Mn bond bending under press
at the concomitant stabilization of rhombohedral phase
front of the orthorhombic one observed atT,TS .4

In summary, transport measurements under pressure
magnetic field have clearly evidenced the stabilization of
low-temperature charge-ordered state in low-doped mang
ites. This behavior is sharply distinct from the reported me
ing of the hole sublattice~ 1

2 band filling! under field. Obser-
vation of a pronounced change of magnetization, fas
increasing above a certain field threshold, accompanied
an enhancement of the resistivity indicates the presence
strongly coupled magnetic and structural transformation. T
remarkable observation of a higher magnetization
T,TCO could signal a change of the polarization of the co
duction band.
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