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We present direct evidence of the phase segregation and magnetic-field-induced structural transition in
Nd, 5SIp sMNO; as proposed earli¢R. Mahendiraret al., Phys. Rev. Lett82, 2191(1999] for the collapse of
the charge-ordered insulating state. The spontanddus(() low-temperature phase at 125 K is found to be
phase segregated into two different crystallographic structures and three magnetic phases: orthorhombic
(Imma ferromagnetic, orthorhombi¢lmma A-type antiferromagnetic, and monoclini®2,/m) charge-
ordered CE-type antiferromagnetic phases. Under a field o6 T, the charge-ordered monoclinic phase
collapses and completely transforms into the metallic ferromagnetic orthorhombic phase.

It is now established that charge carriers doped into antiKuwaharaet al2 first observed several orders of magnitude
ferromagnetic insulators such as nickelates and cuprates tewndl decrease in resistivity undea 7 T magnetic field and
to group into some regions of the sample in the form ofinterpreted their results in terms of “melting” of the charge-
stripes at certain doping levelsThe electronic phase sepa- ordered state under a magnetic field. However, the Zeeman
ration in the above compounds consists of arrays of dopednergy gained undea 7 T magnetic field is incompatible
holes interspaced with antiferromagnetic electron-rich rewith destroying the charge ordering and recently, based on a
gions. A different kind of electronic phase separation takesnagnetostriction study in this compound, we have
place in half-doped manganites such as,M, :MnO;,  suggestelithat a magnetic-field-induced structural transition
where dopede, holes ande, electrons are itinerant at high should take place in this compound. Such a field-induced-
temperatures whereas they are localized at fland Mn*2  structural transitiodfFIST) was proposed to be facilitated by
sites, respectively, ordering in an alternate pattern below ththe coexistence of electronic and magnetic phase segregation
charge ordering temperatuie-o. Such a charge ordering with nearly comparable free energies. In this communication
pattern was directly visualized by means of lattice imagingwe report direct evidence of the proposed FIST by means of
techniques iRy sCa sMNnO; with R=La (Ref. 2, Nd, Pr,  neutron diffraction. This is, to our knowledge, the first time
Sm, etc® However, even for a small variation<3%) from  that this technique has been utilized to probe a FIST in a
the Mn"3:Mn*4=50:50 caused by either cation vacanciesmanganite.
or oxygen off stoichiometry, a dramatic variation in the mag- Powder neutron-diffraction data under=0 T and 6 T
netic properties in terms of phase segregation into electrorwere collected using the high-resolution instrument D2B at
rich ferromagnetic and electron poor antiferromagnetic dothe Institute Laue-Langevin in Grenoble. The data were re-
mains can occur within the charge-ordered pHadéis corded from 10° to 160° (&) using a wavelength of
effect is likely to be more pronounced in pgbr, sMnO; and  =1.596 A. Rietveld analysis was done using the refinement
Lag<CaysMnO; since these compounds lie at the phaseprogramruLLPROF® Linear thermal expansionA(L/L) un-
boundaries separating ferromagnetic and charge-ordered CHer zero field was measured using the strain gauge method
type from non-charge-orderedd-type antiferromagnetic and the volume thermal expansion for the randomly oriented
phases. Formation of ferromagnetic domains within a grains are obtained through the relatidh//V=3AL/L. Our
charge-ordered phase is inferred through low-field magnetisample at the best can be described as,@8g 5)1 - «MNO;
zation,  magnetostrictioh, lattice  imagingg and  (x~0.03) as refined through x-ray synchrotron and energy
nuclear-magnetic-resonaridechniques. The onset of charge dispersive spectroscopi€DS) analysis’
ordering in N@gSrpsMnO; is characterized by an abrupt  Figure 1 serves as a guideline to the rest of the paper. As
jump in resistivity from a ferromagnetic metallic to an anti- the temperature decreases from 300 K, volume thermal ex-
ferromagnetic insulating state &to=148 K while cooling.  pansion data show a small hump around 270 K, and a more
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Or work of Kuwaharzet al® did neither suggest the coexistence
l«—Insulator——>» €— Meta b . .
-1E // of multiple magnetic nor of structural phases.
& 2F co I In Fig. 2 we show the powder neutron-diffraction pattern
S 4E 0 CEA+F( o s %/ at 125 K under zero fielfl(a) and(c)] and underH=6 T.
‘Z’ 4 E A-AF (imma) ] 7 |t™M PM Our choice of this particular temperatuf®25 K) is due to
S b b dmma / A-AF the fact that we should be able to observe the HI&E Fig.
<5 3 7 F‘l‘w 1 in Ref. § within the maximum available fieldf® T in this
6F e mmd—— experim(_ant. The nucle:?lr Bragg peaks and magnetic peakg are
R L — marked in graph. We find three magnetic phases, the major-
0 50 100 150 200 250 300

ity being monoclinic CO-CEAF £59.4%), orthorhombic
A-AF (~21.6%), and orthorhombic FM~19%). These

FIG. 1. Thermal dependence of the volume thermal expansiot':l)haSe fractions are also sphematlcally depicted in Fig. 3
and phase diagram: PNparamagnet FM (ferromagnet, A-AF  However, undeH=6 T [Fig. 2(b)] both nuclear and mag-
(A-type antiferromagngt CO-CEAF (charge-ordered CE-type an- Netic peaks corresponding to the CE-COAF phase have com-
tiferromagnet The structural space groups are also indicated.  Pletely vanished, the intensity of tieephase has decreased,

and that of the FM phase increased. For the sake of clarity, a

pronounced drop~0.12%) in the temperature range 147— detail of the angular range¢2=10°-35° at 0 T(c) and 6 T

125 K. While warming from 20 K, a rapid increase in vol- (d) is shown. This is also schematically represented in Fig.
ume occurs in the 160-175 K temperature interval and th&(b) with the corresponding changes in magnetic moments
feature around 270 K is more blurred. The magnitude ofshown in Fig. 8c) and(d). The two different values of mag-
AV/V while warming at any given T is always lower than netic moment in the CO-CEAF phase in FigcBare due to
while cooling resulting in a hysteretic behavior up to roomthe fact that there exists two distinguishable sites for Mn ions
temperature. The above changes in volume are closely réMn*3 Mn*4) in the charge-ordered phase. The above re-
lated to the intrinsic magnetic and electrical properties of thesults unequivocally support the collapse of the charge-
sample as indicated in the graph. The magnetic phases weoedered state througR2,/m to Imma (FM) and Imma (A-
identified from the earlier neutron and high-resolution syn-AF) to Imma (FM) transitions under a magnetic field as
chrotron work of Woodwaret al* The sample at 300 K in  proposed earlie?.

the paramagnetic phase is orthorhomfbiomg. As the tem- No theoretical attempts have been made so far to explain
perature is decreased, firdttype antiferromagneti€A-AF)  the FIST phenomena in manganites. An experimental study
ordering with df(-df, orbital ordering sets in at 220 K with of FIST was reporte in La; _,Sr,MnO; (x=0.17) which
distinct changes in the lattice parameters but without changdndergoes first a rhombohedral to orthorhombic structural
ing the Immasymmetry. Then, at 145 K, a charge-orderedtransition at 283 K, followed by ferromagnetic ordef
phase with CE-type antiferromagneticO-CEAHR ordering ~264 K). The structural transition in this compound is
with d§ orbital ordering develops with a monoclinic driven by the cooperative Jahn-Teller distortion of MO,
(P2,/m) structure. The prominent drop iAV/V starting octahedra. The low-temperature ferromagnetic orthorhombic
around 145 K is thus related to thimmaP2,/m structural ~ phase at 240 K was suggested to undergo a reversible struc-
transition and the concomitant onset of charge orderingtural transition under magnetic field into a rhombohedral
However, both A-AF and FM phases were also found tophase based on magnetostriction d&tahe transition was
coexist with CO-CEAF down to the lowest temperat(t&  explained based on the phenomenological Landau theory of
K) measured. Thus, the low-temperature phase is magneti-phase transitions involving two order parameters, magnetiza-
cally and structurally heterogeneous but when the sample i¥on (M) and lattice distortion @). However, our system is
warmed up, only thémmastructure is found at 300 K. The more complicated and involves a minimum of five order pa-
observed hysteresis persisting up to high temperature is téameters and coupling between them: wave veqtaorre-
tally reproducible and might have its origin in an inducedsponding to charge ordeQ, and Qcg corresponding to
anisotropic strain and twinning by the orbital orderinglgy, ~ Jahn-Teller distortions involvingi-df, and d§ orbital order-

and Tr resembling a martensitic transformation. It shoulding, uniform magnetizatioiM) of the ferromagnetic phase
be mentioned that a similar contraction of volume accompaand two staggered magnetizationsMt, and M gcg corre-
nying charge ordering and orthorhombic-monoclinic transi-sponding toA- and CE-type antiferromagnetic ordering. A
tion with hysteresis i\ V/V up to 300 K are also observEd  simplest case of coupled magnefi@ra-ferro and first-order

in  LagsCasMnO;,  which has Teo<Tc as in structural transitioB31-B8;) was reported in MnAgRef.
NdySthsMnO;,  but  not in  NgsCasMnO; or 15 and explained through the Landau formali¥mRe-

Pr, /Ca, sMnO; where charge ordering occurs in the para-cently, Michael van Veenendal and Fetirattempted to ex-
magnetic state and a small increase in volume aroligl  plain the ferromagnetic metal charge-ordered insulator tran-
was found. It is also to be noted that while both sition invoking Jahn-Teller distortion and finite Coulomb
Ndp 5Sf sMNO; and Lg <Cay MnO; (Tco<Tc) show posi-  interaction between electrons in the twofold degeneegte
tive volume magnetostrictioh'® compounds withTo>T,  orbitals. According to them, the resistivity jump at the charge
show negative volume magnetostrictin? The effect of  ordering temperature is caused by the narrowing of polaronic
oxygen isotope is as well differefit.Perhaps such different bandwidth and the formation of localizedz®3r? polaron.
magnetovolume effects are one of the fundamental aspects @hile this model qualitatively explains the general trend of
compounds withT co<T. and Tco>Ty but further studies the observed resistivity behavior, it assumes an homoge-
are clearly needed. It should be mentioned that the earlieneous charge-ordered phase in contrast to our experimental

T(K)
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FIG. 2. Neutron powder diffraction pattern undde=0 T (a) and 6 T(b) at 125 K. The solid line is the Rietveld calculated profile.
Allowed Bragg and magnetic reflections are indicatgidk markg together with the residuals. A detail of the angular range 2

=10°-35° at 0 T(c) and 6 T(d) is included for the sake of clarity.

finding and does not consider the structural effects either. lelastic, magnetoelastic, and charge ordering. In zero field, all
spite of the absence of proper theoretical models, we cathe three magnetic phases are degenerate in energy or differ

qualitatively understand our results in the following way.

The free energy of the system can be writtenFasF,

only by small values. The mobility o, electrons under an
external magnetic field can be enhanced in the orthorhombic

+Fot+Fmet Feo, Where the subscript stands for Zeeman,structure rather than in the monoclinic due to the smaller
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FIG. 3. Schematic diagram of percentage volume fraction under

H=0 T (a) and 6 T(b) and magnetic moment values unddr
=0 T(c)andH=6 T (d).

degree of lattice distortion in the former. Hence, as tthe
spins tend to align in the direction of the external magnetic
field, the minimization of the free energy will favor a mono-
clinic to orthorhombic structural transition.

In conclusion, we have confirmed the phase segregation
scenario in the charge-ordered compound, 8, sMnO4
and have shown the direct evidence for the magnetic-field
induced monoclinic-orthorhombic structural transition and
concomitant collapse of charge ordering ing8ry sMnO;.
We have also found recently that a similar field induced
structural transition(FIST) is the origin of CMR in the
charge ordered laCa, sMnO3,° electron doped compound
CagsSMy1sMNO;  and  in A-type antiferromagnetic
Py 46St 5aMnO3.*® While our study opens up the possibility
of looking out for the materials with CMR properties based
on the FIST effect, a quantitative understanding remains an
open problem.

R.M. thanks MENRT(Francg and Ministrio de Educa-
tion Y Cultura(Spain for financial help, and A. Arulraj for
providing the sample.



RAPID COMMUNICATIONS

R9232

C. RITTERet al.

PRB 61

* Author to whom correspondence should be addressed. Electronf®R. Mahendiran, M. R. Ibarra, A. Maignan, C. Martin, B. Raveau,

address: mahendiran.mahi@ismra.fr

1J. M. Tranquadat al, Phys. Rev. Lett79, 2133(1997; Nature
(London 375, 561 (1995.

23, Mori, C. H. Chen, and S. W. Cheong, Phys. Rev. L8tt.
3972(1998.

3A. Barnabe M. Hervieu, A. Maignan, C. Martin, and B. Raveau,
J. Appl. Phys84, 5506(1998.

4pP. M. Woodward, T. Vogt, D. E. Cox, C. N. R. Rao, and A. K.
Cheetham, Chem. Matet1, 3528(1999.

SA. P. Ramirez, J. Phys.: Condens. Mat®e18171(1997).

®R. Mahendiran, M. R. Ibarra, A. Maignan, F. Millange, A. Arul-

raj, R. Mahesh, B. Raveau, and C. N. R. Rao, Phys. Rev. Lett.

82, 2191(1999.

’G. Allodi, R. De Renzi, F. Licci, and M. W. Pieper, Phys. Rev.

Lett. 81, 4736(1999.
8H. Kuwahara, Y. Tomioka, and Y. Tokura, Scien2@0, 961

(1995; H. Kawano, H. Kuwahara, and Y. Tokura, Phys. Rev.

Lett. 78, 4253(1997).
9J. Rodriguez-Carvajal, Physica B2, 55 (1993.

and A. Hernando, Solid State Commuri.1, 525(1999.

1R. Mahendiran, C. Marquina, M. R. Ibarra, A. Maignan, B.
Raveau, and C. N. R. Raonpublished

123 M. De Teresa, M. R. Ibarra, C. Marquina, P. A. Algarabel, and
S. Oseroff, Phys. Rev. B4, R12 689(1997.

13R. Mahesh and M. Itoh, J. Solid State Cheiv4, 232(1999; G.
Zhaoet al, Phys. Rev. B59, 81 (1999.

A, Asamitsu, Y. Moritomo, R. Kumai, and Y. Tokura, Phys. Rev.
B 54, 1716(1996.

15C. P. Bean and D. S. Rodbell, Phys. R&26, 104(1962; V. A.

Chenenko, L. Wee, P. G. McCormick, and R. Street, J. Appl.

Phys.85, 7833(1999.

183, C. Tolelano and P. Tolano,Landau Theory of Phase Tran-
sition (World Scientific, Singapore, 1987Chap. VI and refer-
ences therein.

Michael van Veenendal and A. J. Fedro, Phys. Re%9B15 056
(1999.

8R. Mahendiran, M. R. Ibarra, A. Maignan, C. Martin, B. Raveau,
and C. Ritter(unpublisheg



