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Cay g55my 19MN0O 5 A mixed antiferromagnet with unusual properties
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We establish a phase diagram for the electron-doped manganitegS0@MnO; (0<x=<0.15). The low-
temperature insulating phase »£0.15 is a mixed antiferromagnet with two long-range antiferromagnets,
C-type (monoclinig and G-type (orthorhombi¢, coexisting with short-range ferromagnetic clustésgtho-
rhombig. Resistivity (p) and magnetizatioliM) of x=0.15 show unusual magnetic-field history-dependent
phenomena which are not observed f6£0.12: irreversibilty between zero-field-cooléddFC) and field-
cooled(FC) data below 120 K and hysteresis between cooling and warming for all values of magnetic fields
(O<H=<TYT). Field cooling strongly enhance®l (Mgc/Mzc=2.7 atH=5 T and 10 K reducesp
(prc!pzrc=1.5x10"% at 7 T and 10 K and even induces metalliclike resistivitdg/dT>0) for H=7 T
below 80 K. We discuss the possible origins of the results.

Coexistence of itinerant and localized charges over differ- Four-probe resistivity measurements in the temperature
ent length scales, known as the electronic phase separatiomnge from 300 Kd 5 K up to themaximum field ofH
seems to be one of the fundamental aspects of colossal mag-7 T was done using Quantum Design physical property

netoresistive manganites of the tyRe ,A.MnO; whereR  measuring system. Magnetization upto=5 T was done

andA are trivalent rare earth and divalent alkali ions, respec-using Quantum Design superconducting quantum interfer-

Fively. The eIecFronic phase separation in man.ganites als8nce device magnetometer in the temperature range
induces magnetic phase separation as the hoppisg lable 300-5 K. Measurements were done in three methods: in the

+.43 0_A_pn3t-+3 Al o 1243 ;
between MA 'tZQeQ O Mn 1548 1S _fac:|||tateq ift2g Spins .zero-field-cooled(ZFC) and field-cooled(FC) modes, the
are ferromagnetically aligned and hindered if they are anti-

ferromagnetically aligned. Thus, phase separation manisfes%ample was cooled from 300 to 5 K rapid30 K/min) in the

itself as isolated ferromagnetic polarons or clusters with itin_a%sence of external magnetic fields and in the presence of a

erant charges in either an antiferromagnetic insulating matri¥n°Wn field (), respectively, and the data were taken while
warming (2 K/min) from 5 K. In the thermal cycling under

or paramagnetic insulating matrix or random mixtures of fer- J\< :
romagnetic metallic and antiferromagnetic insulating do-Tagnetic field TCUF) mode, the sample was subjected to a

mains of various sizes. Some of the experimental evidencknown field(H) at 300 K and the data were collected while
are: mobile ferromagnetic droplets in the antiferromagneti€°°ling down o 5 K and warming back to 300 K at a rate of

La, _,CaMnO; (x=0.08,0.1)! few ten angstrom size ferro- 2 K/min. )
magnetic clusters in the paramagnetic insulating phase of Figure 1& shows the phase diagram of £aSmMnO;,

Lag 6/Ca, :MNO5-type compounds nanometer to micron obtained _frqn_1 the low-temperature magnetizafibiy. 1(k_))] _
size ferromagnetic clusters within the charge-ordered matrigd resistivity data. The spontaneous magnetization,
of  Lags: sCas:sMNO;,  Ndgse ;90 5-,MNO;  and M(O T), obtained from th_e Imt_aar extrapolatlon of high-field
(PrLa), Ca, MnO,.° Although some recent theoretical data toH=0 T and the high-field magnetizatioM (5 T)
modelé predict phase separation of a few angstrom size, thd0mM Fig. Xb) show similar trend withx: a rapid increase in
micron size domains found experimentally appear to be con?€tween x=0.05 and x=0.075, a maximum arounck
nected with structural phase separafion. =0.12 and a reduced valqe %t 0.15. Even thougiM (H)
Most of the existing reports are on hole-doped @N?Irich of x=0.075—Q.12 at low f|eIQS resembl_es a Iong-range fer-
or x<0.5) compounds;3 An interesting type of phase sepa- fomagnet,M increases continuoulsy without saturation at
ration occurs in the electon-doped @Ggm, ;MnOs. It is higher fields. The magnetization Iat=_5 T,3M(5 T)l, |s_far
paramagnetic and single phase with orthorhomiflama belpvy the valueM (F) for _the fully alignedt;, andey spins.
structure at 300 K, but it phase separates tnio long-range ~ 1hiS important observation lead us to suggest a heteroge-
antiferromagneticphasesG and C types below 130 K and Neous magnetic state in £3SmMnO; as illustrated by the
coexist with each other in orthorhomhiEnma and mono- ~ Schematic diagrams in Fig(a. Region I (0<x=0.05) is
clinic (P2, /m) structures, respectively, down to 5°%knter- ~ characterized by ferromagnetEM) clusters(black circleg
estingly, this particular composition of mixed antiferromag-€mbedded in a unifornG-type antiferromagnetic G-AF)
net showed the highest magnetoresistance in the seri@gckground(hatched region These ferromagnetic clusters
Ca_ SmMnO,.” The origin of colossal magnetoresistance are created by the polarization of Kfi(t3,) spins around
in this compound is not yet understood. In this paper wehe doped MA*(t3.e7) ions by the double exchange inter-
bring out the anomalous magnetic-field history-dependenaction and doped chargesy(electrong are itinerant within
behavior of resistivity and magnetizationxs=0.15 and con-  these clusters. The onset of ferromagnetic order within these
trast our results with lower doping) levels. We also estab- clusters sets in aic=118+3 K as determined from low-
lish the magnetic phase diagram. field susceptibility measurements and scarcely varies with
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FIG. 1. (a) Phase diagram of Ga,SmMnO; (0<x=<0.15).p(5 K): Resistivity at 5 KM(5 T): Magnetization aH=5 T and at 5
K. M(0 T): Extrapolation of high field toH=0 T. M(F): Expected magnetic moments for fully ferromagnetically alighgde, spins.
Lines are guide to the eyes. Black circle: Ferromagnetic clusters, hatched re@Gioasd C-type antiferromagnetic phased) Field
dependence of magnetization at 5 K for,Cg5mMnQOs,.

doping levelx. As x increases, FM clusters size increase and Figure 2a) shows the resistivty(T) recorded under the
they percolate in region Il (0.65x<<0.13) still in G-AF TCUF mode. AsT decreases from 300 Ka(0 T) initially
background. Region Il (0.:8x=<0.15) is dominated by decreases linearly witfi down to 200 K, shows a minimum
C-type magnetic order but small&-AF and FM clusters  aroundT,=160 K, and increases again below this tempera-
coexist. These changes in magnetic properties are also reyre as shown by the enlarged view in the inset. However, a
flected in electrical resistivity at 5 Kp(5 K)], which de- rapid increase inp(T) occurs at still lower temperature,
creases by five or.ders of magnltude from.O to x=0.12 Tye=112 K and changes by four orders of magnitudeTas
and increases again as the_antlferromagnetlc qrder changes@gvers to 5 K. The data taken during warming from 5 K
C type. The samples in regions Il show metalliclike resistiv-pig, cate from the cooling curve and maintains higher resis-
ity (dp/dT>0) below 1.0.0 K due to the_ perco!auon of _FM tivity values in the temperature range 70—-125 K suggesting
clusters. The composition Of. our primary mFe.rest *S " the first-order nature of the transition. The rapid decrease in
=0.15, which S_hOWQ'AF ordermg n the monoclinic struc_— p(T) around 125 K, while warming closely correlates with
ture belowTy =112 K and coexists with the orthorhombic . .
FM (To~118 K) G phases Tya~118 K). the dlsappearance_of tf@typ_e AF magnetic oro_ler as found

c by neutron diffractiorf. We find a large reduction ip(T)
below 115 K for various values dfl, but a metalliclike re-
sistivity behavior fp/dT>0) is seenonly ati=7 T below
80 K. We measureg(T) atH=6 T also(not shown here
for clarity) but dp/dT was found to be negative below 110
K. p(T) under different values oH show hysteresis of
nearly same width as ilH=0 T data. The increase in
p(7 T) just below 102 K is possibly related to the shift of
Tne from 112 KforH=0 T to 102 K forH=7 T. On the
high-temperature side, the resistivity minimum & is
gradually suppressed with increasikigas shown in the in-
set.

The unexpected magnetic-field history dependence of
p(T) is shown in Fig. 2b). The FC resistivity curve&ashed
lines) recorderd while warming from 5 K are similar to those
in Fig. 2(a). However, the ZFC curveghick lines are dis-

tinctively different: they are higher in resistivities than their
' IT(K) . FC counterparts and the curves under differeintlosely
P — resemble the temperature dependencep@ T) itself. It
0 50 100 150 200 250 300 should be noted that while the field-coolg(i7 T) decrease
T (K) continuously with temperature below 70 K, the decrease of
zero-field-cooledp(7 T) below 75 K is overwhelmed by a

cylcing under magnetic fieldTCUF). Arrows indicate the direction resistivity upturn below ‘35 K. Thg resistivity ra}tmclpZFC
temperature sweep. Inset: expanded viewpaibove 100 K.(b) betweenAZero—fleId cooling and fle!d cooling is as small as
p(T) made under zero field-coolethick lines and field-cooled ~1.5<10" " at 10 K.and 7 T. These differences are found only
(dashed lines Inset:p(T) of x=0.025. Double head arrows are to in samples close t&=0.15 (0.13<x<0.15) butnot in any
indicate perfect reversibility. Note that there is no difference inother compositions fox<0.12 as shown in the inset of Fig.
p(T) between zero-field cooling and field-cooling conditions. 2(b) for the insulating compoung= 0.025.
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FIG. 2. (a) Resistivity (p) of x=0.15 recorded during thermal
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0.2 FIG. 4. Main panel: Magnetic-field cycling of magnetization

& % SN made under field-cooletFC) mode (+Hpax— —Hmax— T Hmax
% 50 100 150 200 250 300 for Hnax=1,2,3,4 T. Magnetization under zero-field-cooled
T (K) (ZFC) mode (0 T=+Hpax— —Hmax— +Hmay is also shown for

L 1 T. Double head arrows are to indicate the complete reversibility.
FIG. 3. (8) MagnetizationM) of x=0.15 made under the TCUF Right inset:M under ZFC and FC modes upltb=5 T. Left inset:

mode. (b) M under ZFC(symbols connected by lingsFC (thick "¢ v 0 025 Note that there is no difference i between the
lines) modes. FC and ZFC mode.

Motivated by the above unusual magnetotransport results
and keeping in mind that magnetotransport in these materiaBver, M increases by 25% at 1 T when the sample is field
are sensitive to the underlying magnetic order, we investicooled[marked as 1 TFC)] from T>Tyc (125 K). A large
gated the field and temperature dependence of the magne@nhancement i under field cooling is clearly seen for all
zation (M) in detail as shown in Figs.(8 and 3b) corre- the measured values bf and we do not find hysteresis i
sponding to Figs. @) and 2Zb), respectively. The maximum up to 2 T. The right inset of Fig. 4 comparkscooled under
of Munder 0.01 T aT\ =112 K[see Fig. 83)], while field 5 T to the zero-field-cooled curve at 5 K. Ad=4 T (main
cooling signals the onset of simultanec@gype antiferro- pane) and 5 T(right inse}, M has higher values while de-
magnetism and orthorhombic(Pnma to monoclinic  creasingH from its maximum valueH,,, to 0 T, but on
(P24 /m) transformation. The phase fraction of monoclinic subsequent field cyling (0 % —Ha— t Hmay M settles
phase increases from 64% at 110 K to 94% at 1©\We  to slightly lower values. This behavior i®t caused by time-
find that theM(T) curve while field heating deviates from dependent decay of magnetization since the data were re-
the field-cooling branch starting from 70 K fét=5 T (90  corded 5-10 min after the stablization of temperativeat
K for H=0.01 T), keeps a value lower than the field-cooledH=5 T (in the virgin field-cooled curveis enhanced by a
ones, reaches a maximum at ab@K above that while factor of 2.7 with respect to the zero-field-cooled value at5 T
cooling and merges with the field cooling curve above 120Mgc/Mzec=2.7). The observed enhancement of magneti-
K. This trend inM(T) is also reflected ip(T) in Fig. 2@ zation occurnly if the sample is field cooled from>T)
which shows a higher value @f while warming than cool- and not if T<Ty. We find similar trends in 0.:8x<0.15
ing. These hysteresis behaviors g(T) and M(T) are the but do not observe in other compositions0.12) as shown
consequence of a first-order magnetostructural transition irfor x=0.025 in the left inset.
volving nucleation of the high resistancg;type antiferro- The surprising magnetic-field history-dependent proper-
magnetic monoclinic phase in the low resistance, paramagies found forx=0.15 but not forx=0.025(or x<0.12) are
netic orthorhombic matrix while cooling and vice versa ondifficult to understand from the view point of magnetic het-
heating from low temperature. In concurrence with the resiserogeneity alone because it prevails in b@hd in al) these
tivity behavior in Fig. Zb), a large difference between ZFC compounds. The increasing value of low-field magnetic mo-
(symbolg and FC(thick lines magnetization occurs below ments under field cooling for increasing strengthHbsug-
120 K [see Fig. 8)] and the difference increases with in- gests that more and more spins are getting aligned With
creasingH and decreasing. No difference between FC and and the ferromagnetic clusters increase in size. It is unlikely
ZFC magnetizations foH=1 T is found forx<0.12. that spins in the-type AF phase contribute to this behavior

Figure 4 allows us to have further insight into the mag-because such trends lack fo<0.12. Since the enhancement
netic behavior observed above. Field cycling (6T T  of M is foundonly when the sample is field cooled from
——1 T—1 T) datarecorded at 10 K after zero-field cool- >Ty (=Tg, the transition temperature for structural transi-
ing [marked 1 TZFC)] shows a rapid increase M for less  tion), spins in the interfacial region between monoclinic
than 20 Oe and reaches a maximum value of Quk36How-  C-type AF and orthorhombic FM phase might play an im-



PRB 62 Cay gSm, 1 MnO;: A MIXED ANTIFERROMAGNET . .. 11647

portant role. A pronounced increase in field-cooled magneti-
zation even at high values bf was discovered for ferromag-
netic nanoparticles of Co covered with antiferromagnetic
CoO layer§ and studied extensively in recent times in con-
nection with exchange anisotropy and/or exchange biasing
between ferromagnetic-antiferromagnetic filtrtS. Field-
cooling-Co/CoO mixtures frorf>T (wWhereT is the fer-
romagnetic Curie temperature of Caligns magnetic mo-
ments of single-domain Co particles in the field direction but
a certain fraction of spins of antiferromagnetic CoO at the
interface are exchange coupled to Co moments which align

- ﬁ'...l....l...l.---l--l-

themselves with Co spins. However, the hystersis loop of
such exchange coupled systems made under the FC mode are 0 50 100 150 200 250 300
shifted from the origin which we do not see in our com- T (K)

pounds. It does not mean that exchange coupling is not play-

ing a role in our compound. The existing theoretical FIG. 5. Resistivity of NgsSr, sMnO; made under zero field-
modeP1% assumes that there are no macroscopic structuraooled(thick lines and field-cooleddashed linesmodes. Arrows
changes under external magnetic fields on either side of thiadicate the direction of temperature sweep.

interface. But, there is clear evidence that field-induced

structural changes accompany antiferro to ferromagnetigxactly antiparallel along with the expanded FM regions in
transition in manganites as we have shown forthe orthorhombic phase constitute the least resistance path
Ndo sSi sMnO3.>** This compound is also structurally and for electrical conduction and resistivity decreases. As the ex-
magnetically phase separated with the minority long-ranggernal field increases above 4 T, a partial structural transfor-
ferromagnetic orthorhombic phase coexisting with the mamation from monoclinicC-type antiferromagnetic to ortho-
jority charge-ordered antiferromagnetic monoclinic phase athombic (ferromagnetit also takes place. Our neutron-
low temperatures and we also find magnetic history-diffraction results’ suggest that a complete monoclinic to
dependent behavior similar to £aSm, 19MnO; as shown in - orthorhombic structural transformation occursTat 100 K
Fig. 5. Our neutron-diffraction study under magnetic fields ingnd H=6 T but the transformation is only partial at low
Cay gsSy 1MNO;, although not done in a systematic way astemperatures (60% monoclinic and 40% orthorhombic at 40
done here, confirms monoclinic to orthorhombic tranforma-k and H=6 T after a zero-field-cooled procésdence,
tion whose fraction also depends on the temperature and thgnhen the sample is field cooled fét=4 T, the magnetic
strength of the external magnetic fiefd. . _ moment is initially high(see the inset of Fig.)4since the

In the absence of any theoretical models dealing withorthorhombic ferromagnetic phase contributes largely to the
such exchange biasing relevant to manganites, we borrowhserved magnetization but its fraction decreases ds
our ideas from the random-field model of Imry and Ma, reduced to zero. Upon further field cyling from 0—T
which was ap_plied to a variety (_)f different systems _including_5 T—5 T magnetization locks to a value determined by
exchange anisotropy ?”dlof_b'fil% systé?nl;smg antiferro- - the new phase fraction of orthorhombic and/or monoclinic
magnets with random impuritié$;**mixed Ising Jahn-Teller phases. Thus, the field cooling is more efficient in reducing
systent® DyV, ,As,0, and martensitic transformatith the resistivity than the zero-field cooling. The absence of
and relaxor ferroelectric€. The basic idea of Imry and M&  |sing spin character and structural variants in lower doped
is that systems in which the random-field effects dommatesmmmundS is most likely the reasons why we fail to observe
domain formation is energetically favored over '0ng'ra”gemagnetic-field history-dependent behaviors for lower
order. Experimental realization of random-field effect in an | conclusion, resistivity and magnetization of the
Ising antiferromagnet with random impurities is obtained Un-glectron-doped compound £aSm, ;MnO; reveal the first-
der the field-cooled conditio:'® Ca gsSmy 19MNOs With  order nature of paramagnetic-antiferomagnetic transition and
the C-type antiferromagnet in which successive ferromag-ie|d-cooling enhances magnetization, reduces resistivity,
netic linear chains along theaxis are coupled antiferromag- gng even induces the insulator-metal transition fér
netically is an Ising antiferromagnet. Ti@type antiferro-  _7 T whereas it is an antiferromagnetic insulator when
magnetic phase also exhibits cooperative Jahn-Tellegggled in the zero field. No difference between field-cooled
distortion due to ordering,-d,2 orbitals alongc axis® The  angd zero-field-cooled resistivities are found fer0.12.
quenche_d random impurities are t@etype and FM phases. These differences are suggested to the mixed pltasean-
In zero-field-cooled measurement, the long-range order Cokiferromagnetic phases and a ferromagnetic phase coexisting
responds to the coexistence of majokiytype AF phase and iy two different crystallographic structuiesnature of
minority G-type AF phase and FM phases. The resistivity OfC@o.ssszb.ldV'nOs in zero field and formation of AF domain

the zero-field-cooled state is high as electron hgpping bestates and structural transition under magnetic fields.
tween antiferromagnetically coupled Kin and Mrf* sites

is not favored by the double-exchange interaction. Field- R.M thanks MNERT(France for financial support and
cooling enhances the size of ferromagnetic regions andicknowledges discussions with Professor T. V. Ramakrish-
breaks theC-type AF matrix into domains due to random- nan, Professor M. R. Ibarra, Professor D. |. Khomskii, Dr.
field effects'*~*®Then, domain walls in which spins are not Venkatesh Pai, Dr. C. Ritter, and Dr. P. A. Alagarebel.
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