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Pressure and magnetic-field effects on charge ordering in LgSry{MnO4
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Transport measurements under pressure and magnetic field on low-dopsRt,LEINO; single crystals
have clearly evidenced thaabilizationof 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 transformati¢80163-182608)03723-(

The rich variety of properties of La,S,MnO; oxides  occurring at a higher temperature is unstable under pressure.
relies on the competing balance between three energy scale3f course, suppression of the state under pressure is op-
namely, the Jahn-TellgdT) nature of the MA™ ions and so  posite to what has been obsertett and thus the reported
the electron-phonon coupling, the kinetic energy associatedositivedTco/dP merits further experiments.
with the carrier delocalization leading to ferromagnetic In this paper, we address the question of the relative sta-
double-exchange coupling and a metallic state, and finallyility of the CO andF phases at low dopingk& 0.1) under
the Coulomb interaction producing a charge localization angressure and magnetic field. It is found that CO is stabilized
eventually ordering. The balance among these energynder pressure or field and thlg,g rises with P and H.
sources can be varied by band filling) (and bandwidthV. Magnetization and transport data provide insight into the na-
control. Particularly, for low filling, the JT and charge local- ture of this phase transition.
ization become prominent whereas the metallic state is Single crystals of La ,Sr,MnO; with x=0.10 were
somewhat hamperéd. grown by floating-zone method with radiation heating with-

In fact, in La_,SrMnOs; for doping rates near out crucible. They were cut into 080.5< 1 mn? bars for
x=0.125 three characteristic transition temperatures, occutransport and magnetic measurements. The crystals are found
ring at Ts=260 K, Tc~180 K, andTco~150 K have been to be twinned. Resistivity measurements were done under a
identified? They correspond, respectively, ta) the tem- quasihydrostatic pressure by using a clamp-type piston cyl-
perature where the high-temperature dynamic Jahn-Tellénder cell with an organic liquid as a pressure transmitting
distortion becomes static and an orbital ordering is estabmedium. The decrease of pressure when cooling was taken
lished, (b) the onset of ferromagnetic and metallic state, andnto account. Electrical contacts to each sample were made
(c) the temperature where carriers become localized and thusy using graphite paste and resistance was measured by the
the resistivity strongly increases. The nature of the low-conventional dc four-probe method. It is found that the low-
temperature state has been described by Yareadi® who temperature resistivity is about6l0® ) cm, in agreement
showed that charge localization is accompanied by orderingiith previous reports on crystals of similar composition.
of polarons. Neutron diffraction experiments have also reHowever, due to the significant size of the contacts relative
vealed thafl ¢ coincides with the appearance of some mag-o the crystal size, accurate determination of the resistivity is
netic canting Similar behavior has been found for difficult; for this reason we will only present the measured
x=0.1-0.165 crystals although with different values of theresistance values. Field-dependent resistance and magnetiza-

transition temperaturés® tion up to 5.5 T were measured using a commercial super-
Charge ordering at low temperature has also been oleonducting quantum interference device system.
served at higher band filling fractioig=3%, %, %,..)."° It In Fig. 1, the temperature dependefceating procesof

has been shown thdi. can besuppresseeither by apply- the resistance R(T) is presented. The temperatures
ing a magnetic field i) or hydrostatic pressureP). Par- Tg~320K, Tc~145K, andT:o~127 K can be clearly ap-
ticularly, for Pr;,Ca;;,MnO;, d In Too/dP~—0.05 GPal preciated. The shape 8(T) and the characteristic tempera-
andd In Tco/dH~—0.007 T 1.° This behavior can be un- tures are in agreement with those reported by Urushibara
derstood in terms of effective bandwidth enhancement andt al! Both T, and Tg are hysteretic revealing the first-
thus the stabilization of the ferromagnetie)(metallic state  order nature of the corresponding transitions. Figures 2 and 3
in front of the charge-ordere@CO) insulating one. Interest- show the resistance vs temperature under various pressures
ingly enough, recent measurements ong 481 MNO;  and magnetic fields, respectively. Inspection of the data of
(Ref. 5 have shown that for this low-doped material, the Fig. 2 immediately reveals that bofh. and T-g tempera-
charge-ordering temperatuf&g rises with pressure. That tures rise under pressure. Positiy&:/dP(+2.3 K kbar )
would imply that the CO state is favored and tRestate  (Fig. 2 inse} is in agreement with results obtained for higher
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FIG. 1. Temperature dependengeeating of the resistance C
R(T) for a L& ¢Sty 4MnO; single crystal. Inset: magnification of the B o
Tc— Tco temperature region. The thermal hysteresis is clearly vis- i m] 20 kOe
ible. | e 35kOe
) 2 ) o 50 kOe
doped materialsX>3) (Ref. 10 where it has been shown 1] S A S

that it reflects basically the bandwidth broadening under
pressuré!  However, ythe observation  of pgsitive 100 150 200 250
dTco/dP (=2.5 K/kbar) is in sharp contrast with results re- T (K)

ported for higher filled band materialg#0.15) (Refs. 5 and

9) where it has been found that., decreases under pres- fiel
sure. In agreement with the present data, positiVeny/dP
(+1.45 K/kbar) has also been very recently reportedxfor

=0.12% It should thus be concluded that for low doping, the :
charge-ordered insulating state occurring bel@w, be- insed. Thus, the effects of field and pressureTh seem to

comes favored under pressure and thus the low-temperatuf§ €auivalent, with 1 kbar roughly corresponding to 6.2 kOe.
part of p(T) shifts towards higher temperature. Detall_ed inspection of th&(T) curves as a function of
On the other hand, the field dependenceR¢T), shown the applied field(Fig. 3) reveals a very remarkable feature,

in Fig. 3, also displays the very same trend, namely, whesuch as the existence of a narrow range of temperatures,
below Tco(H=0), in which the resitivity increases with

field, i.e., a temperature region of positive magnetoresistance
(see Fig. 4. Nevertheless, folT>T;o(H=0) the usual
negative magnetoresistance is recovered. This interesting be-
havior is clearly evidenced in Fig. 4, where the magnetore-
sistance(MR) defined as[R(H)—R(H=0)]/R(H=0) is
depicted in the temperature region of interest. A well-defined
region of positive MR can be observed. The negative MR
occurring at a higher temperature is the conventional result
and not of interest here. Thus, data of Figs. 2 and 3 show that

FIG. 3. Resistanc&®(T) (heating under various fields. Inset:
d dependence of (.

increasing the fieldl oo rises at a rater 0.4 K/kOe (Fig. 3
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FIG. 2. Resistanc®(T) (heating under various pressures. In- FIG. 4. Magnetoresistaneg R(H)—R(H=0)]/R(H=0) vs
set: pressure dependenciesTefand T¢g. temperature.
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this behavior is clearly different from the conventional mag-
netoresistance observed at higher temperdtueg 150 K;
Fig. 5b)] where MR is clearly negative in all field ranges.
Therefore, data of Fig. 5 reveal that above a threshold
field (=20 kOe at 125 Kindeed there is a phase transition
towards a state having higher magnetization andarger
resistivity. The hysteretic behavior observed in Fig. 5 reflects
the existence of metastable states that tend to relax with time.
—— 125K These relaxation processes are illustrated in Fig. 6 where we
e T 150K L show the time-dependené¥t) at T~125 K for an applied
. . . P . P . field of 40 kOe. As can be appreciated in the figure, the
-8X107-6X107-4X107-2X10 H(%e) 2XI07 4x107 6X10° 810 relaxation takes place in opposite directigimecreasing field
(triangles and decreasing fieldcircles] depending on in
FIG. 5. MagnetizatiorM (H) loops (a) and resistance vs field which branch of the hysteresis loop the sample is. Of course
loopsR(H)/R(0) (b) obtained at several temperatures. the relaxation disappears for higher temperatures as does the
hystereticM (H) behavior.

in the temperature rangd27—100 K, where the transition We have presented a complete set of experimental data
from the ferromagnetic/metallic(F/M) to the canted/ that reveal that field and pressure can induce a transition
insulating (CA/l) state occurs, the low-temperature state isfrom the ferromagnetic metallic state towards the insulating
stabilized by applying a magnetic field as well as applyingcanted magnetic state. We note that the canted magnetic state
hydrostatic pressure. has a larger magnetization than the ferromagnetic one at a
This observation is somewhat unexpected and deservesmilar temperature. In fact magnetization vs temperature
further experiments. In order to get insight into the nature ofcurves recorded & =5 kOe display a pronounced enhance-
this field-induced phase transition we present in Fig) he ~ ment of magnetization at~ 120 K (Fig. 7). We note that the
M(H) loops obtained at several temperatures aroligg. ~ Measured magnetizationt & K corresponds to 3.ag/Mn
Whereas at temperatures well above and beTey(H=0) ion. The same trend can be also observed in the low-f&fd
the M (H) curves are featureless and archetypal for the mag- 30
netization process, the loops recorded at 125 K, that is, close
to Tco(H=0), display a remarkable jump of magnetization
at H=20 kOe before approaching saturation. The hysteretic 60
behavior is also evident in the descending branch of the loop.
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We note that the threshold field at which the magnetization b E . e oz
suddenly increase, rises from2 kOe at 120 K to~30 kOe 2 40 L RO S
at 130 K. Similar open loops are observed at any temperature 2 L A

in the 110-130 K range, which corresponds to the tempera-
ture interval where positive magnetoresistance has been 20

found. The observed feature is a signature of a field-induced ZEc *

FC .

0Oe

magnetic transition. More illustrating is the resistance vs L .‘r
field loops shown in Fig. ®). At 125 K, when raising the 0 b b bl TR s
field there is an initial fast drop of resistance, followed by a 0 50 100 Tlgg) 200 250 300

field region of positive magnetoresistance. The retreating
branch of the loop is always of higher resistivity. Compari-  F|G. 7. MagnetizatiotM (T) curves recorded ati=5 kOe. In-
son of Figs. §) and §b) clearly reveals that when increas- set: Low-field(50 O magnetization data. Open and solid symbols
ing the field above 20 kOe a sudden transition to a state aforrespond to field coolingFC) and zero field coolingZFC) ex-
higher magnetizatiorand resistivity occurs. We stress that periments, respectively.
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Oe) magnetization data shown in Fig. 7 inset. means that at the Fermi level there is a partial overlapping of
These experimental results are concisely described by thée spin-up and spin-down subbands. It is reasonable to ex-
following picture. Consider thel-T phase diagram shown in pect that at lower filling X=0.1), that is, rising Fermi level,
Fig. 3 inset, constructed from tH T) curves under the field the polarization of the conduction band is to be lowered.
and using the minimum dR(T) to defineT¢o(H). This line On the other hand, application of pressure should de-
separates the CA/l state from the F/M one. In a typicalcrease sample orthorhombicity by reducing Mn-O-Mn bond
M(H) run atT=Tco, i.e., starting from the F/M state, when bending and simultaneously redqcmg any dlffgrence among
raising the field the magnetization rises and the MR initiaIIyMn'o bond length. Under such circumstances it is clear th‘?‘t
is negative; when crossing the-o(H) line, the magnetiza- the low-temperature CA/I state should be favored as in this

tion jumps to larger values and the resistivity also increase§hase the neutron difiraction experiments have shown that

Across this first-order transition, hysteresis in both magneti-orb'tal ordering is completely suppressed and the Mn-O

: S o : bond lengths become eqifaln fact, the same reason is re-
zation and resistivity is observed. Similarly, in a constant-Sponsible for the lowering of th&s transition under pres-
field _magnet|zat|on. Vs temperatu_re .mef_;lsurement, Whegure. We recall here that at>Tg the dynamic Jahn-Teller
crossing theTco(H) line the magnetization increases. effect leads also to the absence of orbital ordering and thus

The observation of a remarkable magnetization enhancey pong gistances are also very simiftdn fact, d Ts/dP has
ment in the insulating phase is somewhat unexpected as hﬁ?so been found to be negative ind@S, 1MnO; due to
been reported that in zero field, the low-temperature state is@ . raduction of the Mn-O-Mn bond ben%i}r('alg undser pressure
canted ferromagnétUnless the Curie temperature of this o e concomitant stabilization of rhombohedral phase in
canted phaséwe recall here that it occurs dtco where ¢+ ot the orthorhombic one observed Bt Ts.*

|S|gn|f|c?]nt cnanges_ in the Mn-O bofn(ri]s tfake p}asemL_Jchh In summary, transport measurements under pressure and
arger than the Curie temperature of the lerromagnetic p ast‘?lagnetic field have clearly evidenced the stabilization of the

(Tc) and thus at 120 K the reduced magnetization is largefy, temperature charge-ordered state in low-doped mangan-

the data of Fig. 7 would imply a moment enhancement. ACjag This behavior is sharply distinct from the reported melt-

cording to the previous picture the magnetic moment per Mijoy of the hole sublatticé} band filling under field. Obser-
atom would increase when crossing theo(H) line; while \a4i5n of a pronounced change of magnetization, fastly
neutron diffraction experiments could give a definitive an-j,reasing above a certain field threshold, accompanied by
swer to this suggestion it can be speculated that momenf, enhancement of the resistivity indicates the presence of a
enhancement in the insulating phase or under field can bgy,nqly coupled magnetic and structural transformation. The
understood if one assumes that in the F/M phase the polafgmarkable observation of a higher magnetization at

ization of the conduction band is not complete, that is, ther - _ could signal a change of the polarization of the con-
Fermi level crosses the spin-up and spin-down subbandsgy, iion band.

Opening a gap in the spin-up and spin-down bands in the

insulating state or band shift under a magnetic field could Financial support by the CICYTMAT97-0699 and the
result in a spin transfer from the minority-spin subband toCEE-OXSEN projects and the Generalitat de Catalunya
the majority one thus leading to a higher moment. Recen{GRQ95-8029 is acknowledged. The crystals were grown
experiments in thé-filled oxide LaysSrgMnO; have shown  under the ISTC Project No. N636. One of (8sL.) is grate-
that the polarization of the, band is of about 80% That  ful to NATO for a grant.
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