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Modification of the ground state in Sm-Sr manganites by oxygen isotope substitution
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The effect of %0—*0 isotope substitution on electrical resistivity and magnetic susceptibility of
Smy_,Sr,MnO3; manganites is analyzed. It is shown that the oxygen isotope substitution drastically affects the
phase diagram at the crossover region between the ferromagnetic metal state and that of antiferromagnetic
insulator (0.4x<0.6), and induces the metal-insulator transition atXer0.475 and 0.5. The nature of
antiferromagnetic insulator phase is discussed.
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Despite intense studies, the nature of the colossal magneete here that x-ray, neutron, and electron diffraction dem-
toresistance in manganites is still a matter of hot debate. Thisnstrated possible existence of a short-range charge ordering
phenomenon is usually observed when the system is close for Sm;_,SrMnO; in the concentration range under
a borderline between ferromagnetic metaffil) phase and  discussiont* The results of ESR and Ramatf measure-
an insulating(l) one. The type of the latter may be different ments lead to the same conclusion.

[paramagnetic or antiferromagneti&F)], but there are more Ceramic Sm_,Sr,MnO; samples were prepared by the
and more indications that there exists also some kind osolid-state reaction technique, the detailed procedure is de-
charge ordering CO)—either real long-range CQsee re- scribed in Ref. 17. The enrichment of the samples'f®
view article! and references thergior, at least, short-range was performed af =950°C and at pressune=1 bar for

CO correlationg:* When the system is close to a FM-I cross- 200 h using the method reported in Refs. 9,18. The resistivity
over, even weak perturbations can induce this crossovenf the samples was measured by the conventional four-probe
change of temperatufe, magnetic fiel pressuré, technique in the temperature range from 4.2 to 300 K. The
irradiation/ etc. In La-Nd-CaRef. 8 and La-Pr-CgRef. 9 measurements of ac magnetic susceptibiityl) were per-
manganites, one can induce this crossover and, consequentlgrmed in ac magnetic field with frequency 667 Hz and am-
the metal-insulator transition even by changing the oxygemlitude of about 0.4 Oe.

isotope content: whereas the low-temperature staté®of The temperature dependence of electrical resistpffl)
samples is FM, the samplé§O become CO AF insulator. for Sm,_,SrMnO; samples withx=0.425, 0.450, 0.475,
This was confirmed by direct neutron scattering sttfdy. 0.500, and 0.525 annealed both’{tD and *%0 atmosphere,

The question arises whether this spectacular phenomends presented in Fig. 1. Fou’O-containing samples, witk
is confined only to this particular situation of insulating =0.425, 0.450, 0.475, and 0.500, are characterized by a
phase with the charge ordering and the CE-type magnetimetallike behavior at low temperatures, Figa)l With the
structure, i.e., whether the nature of competing phases, pagrowth ofx, the resistivity increases and the metal-insulator
ticularly, the insulating one, is crucial, or one can get similartransition pointT),, shifts toward lower temperaturéd
behavior in other systems close to the FM-I crossover. Invas determined as a point corresponding to the maximum
studying this question, we have found a different system wittemperature derivative gf(T) below the resistivity pedk
the metal-insulator transition induced by the oxygen isotopéhis can be attributed to the narrowing of the electron band-
substitution: Sm_,Sr,MnO; with x in the 0.475-0.5 range. width and the weakening of ferromagnetic interaction prob-
The neutron scattering results for this systemaf.4 (Ref.  ably related to the formation of an inhomogeneous state with
11) andx=0.5 (Ref. 12, as well as preliminary datafor  ferromagnetic clusters. The sample witk 0.525 is an insu-
x=0.45 with 0 suggest that, in contrast téLa,Py lator down to the lowest temperatures.

CaMnQ;, the insulating phase here has #héype antiferro- After the °0—1%0 isotope substitution, only two
magnetic structure rather than CE. Thus, we could concludeamples with the lowest Sr contert=(0.425 and 0.450
that the metal-insulator transition induced by the isotope subremain metallike at low temperatures, the other become in-
stitution is a general property of a FM-I crossover, indepensulating, see Fig. (b). These metallic samples have much
dent of the detailed nature of the insulating phase. Let us alsbigher resistivity than those with®0. T\, decreases by 40

0163-1829/2003/671.0)/10041G4)/$20.00 67 100410-1 ©2003 The American Physical Society



RAPID COMMUNICATIONS

N. A. BABUSHKINA et al. PHYSICAL REVIEW B 67, 100410R) (2003

10’
10°
10°
10*
10°
10°

PRI PR IR [ Y
0 50 100150200250
T (K) -

P I B B B
50 100150200250
T (K) ]

(a) 7

p (Q cm)
x' (emu/mol)

(a)

\*

<o

1

[T

S wm ot D U

P | | P
0 50 100150200250
T (K) N

1/¢' (emu/mol)’

0 50 100 150 200 250
T (X) ]

10" (b) 7
10 -1

p (Q cm)
5:‘!
x' (emu/mol)

0 30 IOOTI(SI%)ZOO 250 300 0 50 100 150 200 250 300
T (K)

FIG. 1. Temperature dependence of electrical resistivity for
Sm,_,Sr,MnO; with x=0.425(1), 0.450(2), 0.475(3), 0.500(4),
and 0.525(5). The results for samples witlfO and 20 are pre-
sented at panel&) and (b), respectively. The inset in panéd)
illustrates the metal-insulator transition induced by the oxygen iso
tope substitution for samples with=0.500. The inset in pané€b)
shows the evolution of resistivity with increasing magnetic field for
the 80 sample withx=0.500. Solid and dashed lines correspond to
cooling and heating, respectively.

FIG. 2. Temperature dependence of ac magnetic susceptibility
for Sm, _,Sr,MnO; with x=0.425(1), 0.450(2), 0.475(3), 0.500
(4), and 0.525(5). The behavior of the inverse susceptibility is
illustrated in the insets. The results for samples wi® and 20
are presented at pandla) and (b). Solid and dashed lines corre-
spond to cooling and heating, respectively.

samples are essentially ferromagnetic. The cusp at about 30
K is most probably related to the magnetic ordering in the
K and 60 K for the samples witk=0.425 and 0.450, respec- Sm sublattice. The behavior gf at low temperaturegde-
tively. For x=0.475 and 0.500, we observed the metal-crease after reaching a maximuoan be connected with the
insulator transition induced by the oxygen isotope substitueffect of magnetic domains, see Ref. 19, with the other types
tion [see inset in Fig. ()], similar to that reported for La-Pr of magnetic inhomogeneities maybe of the cluster glass type.
manganites.Thus, in this system, tht0— %0 isotope sub- For x=0.500, they’ value drops drasticallyT¢ shifts
stitution leads to the changes in the phase diagram: the weateward lower temperatures, this is a signature of the decreas-
ening of the ferromagnetism and the stabilization of the in4ng contribution of the FM phase. For the composition with
sulating phaseantiferromagnetic, probably with a short- x=0.525, the susceptibility becomes very small, and the fer-
range CQ. A more pronounced thermal hysteresispi(il) romagnetism almost disappears. In the samples With for
curves for the®0 samples is a manifestation of their en- compositions withx=0.450, they’ value is significantly
hanced inhomogeneity. A relatively low magnetic field ( lower in comparison to the samples witfO, T is also
=1 T) transforms the samples witlfO to the metallike much lower and the hysteresis appears. The FM phase con-
state and suppresses the contribution from the hightent decreases so steeply that it becomes insufficient for the
resistivity insulating staté¢for x=0.500, see inset in Fig. percolation in the samples with=0.475 and 0.500, as it is
1(b)]. clearly seen for the correspondipgT) curves. The similar
The temperature dependence of the real part of ac magnanifestations of the two-phase behavior related to the
netic susceptibilityy’ (T) for Sm;, _,Sr,MnO; system is pre- changes in volume fractions of competing ground states were
sented in Fig. 2. The steep growth pf(T) corresponds to observed for other systems, see, for example, Refs. 20,21.
the onset of FM ordering; the Curie temperatdre was The temperature dependence of inverse ac magnetic sus-
determined as a point corresponding to the maximunceptibility 1/x'(T) for Sm,_,S,MnO; manganite samples
dx’(T)/dT. For samples with®0 andx=0.425, 0.450, and with %0 and *®0 is shown in insets in Figs.(® and 2b),
0.475,x' (T) behaves in a similar mannéas far as the mag- respectively. Above the magnetic ordering temperature, the
nitude of y’ and T are concerned One sees that these behavior of 1f'(T) curves is rather complicated, suggesting
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the existence of an inhomogeneous state even in the para- 1 T T 1T T T 1 ]
magnetic region. At relatively high temperatureg, 250 _E//ETCO 4
~250-300 K, all 1¢'(T) are very close to each other, ex- Q I E*!Q!——gjg i
hibiting a nearly linear growth of the Curie-Weiss type. With =~ 200 | T 4
the temperature lowering, the curves flatten, the flattening S | Q)A i
being more pronounced for largex. For x=0.475, F‘“ 150 4
x=0.500, we can see even a plateau ig'{T). The onset HZ i %;@\——Q 6
temperature for the flattening and deviation ofyX/T) 5, 100 | \8\ TC O
curves for differenk seems to be related to the arising of AF [ | . -
correlations accompanied by CO {,~240 K). This value s0 b .\. TC O i
agrees with the data of Refs. 15 and 22. The behavior of /P S B B
1/x'(T) at T<Tcp can be interpreted in a picture of inter- 0.425 0.450 0.475 0.500 0.525
acting and competing FM and AF correlations, the latter St content

growing with x. Similar behavior was reported in Ref. 4. o )

At T>Te, the 160,180 isotope substitution does not FIG. 3. The Curie, Nel, and charge ordering temperatures for
change the general features of I(T) curves: the deviations S™:-xS&MnO; samples under study. Open and solid symbols cor-
from the Curie-Weiss law begin at the same temperaturéesloond to the samples witO and O, respectively®, ¢, X
below which the slope of ¥/ (T) is virtually independent of and®, A, B are the data from Refs. 15 and 22 i, Ty, and

. . Tco-
the isotope content at a given valueofHowever, for the
heavier isotop€eT - becomes lower and i/ increases. Thus,
for the samples witht®0, the plateau in ' (T) curves is  With the single crystals studied in Ref. 27, or may be due to
observed within a wider temperature range. We can argue formation of some weak superstructure of the CO type.
that the AF correlations related to the short-range charge oAs follows from the results of Ref. 27, tha-type AFM
dering arise in the’®O samples at the same temperaturesingle crystals show metallike behavior in thb plane, but
Tco~240 K, but exist down to lower temperatures, i.e., theare insulating inc direction. This can lead to an insulating
FM interaction becomes weaker. In the samples Wi®,  behavior with small activation energy in our ceramic
the transition to the FM state is characterized by a broadesamples.
hysteresis in comparison to that for th& samples. Another factor may be a possible instability of a metallic

From the data presented above, one sees that'ie state. Most probably, the occupied orbitals in thaype
—180 isotope substitution induces the metal-insulator trangmsy insulating phase for=0.5 are ofx?—y? type24-26

sition close to the crossover to an insulating state. Accordinghereas these are orderedx23r2 and 32-r2 in

to Ref. 14, for'®0 samples, such a crossover starts already a(tLaPr)o CaMnO;, the latter having the conventional
x=0.4 and extends up t=0.6. As follows from our data, charge ordering with the CE magnetic structure. The exis-
the actual _change of the ground state occurg-a0.5 (al- tence of a small energy gap in thetype SmSr system may
though an inhomogeneous state with some traces of the F e related to the instability of a metallic state: the Hubbard

phase may exist up %=0.6). subband of x2—v2 ;
X . . —y< type will have spectrum g(k)
The exact nature of an insulating phaseer0.5 is not — 2t(cosk+cosk)) and it will be half filed atx=0.5,

yet established with certainty, but the neutron scattering\;;hi h would give a nested Fermi surf Thi N lead t
data® show that it is amA-type antiferromagnet. This agrees ch would give a nested Fermi surface. This can iead to a
charge-density-wave state with the opening of a small gap.

with the general trend characteristic of RSr,MnOz; man- _ ) :
ganites, where tha-type “bad metal” state was observed for This should also give a superstructure with the wave vector

x~0.5 in compounds with R= La (Ref. 23 and Nd(Ref. ~ g=(3,3,0)—the same as in the usual CO state, but with
24), and with the theoretical consideratidis® In our case, much weaker distortions. It would be interesting to look for
this state is insulating but the resistivity and the energy gaguch weak superstructure experimentally.
in it at low temperatures are much smaller than in The present results show that the isotope substitution can
(La;—yPr)oCaMnO; with y=0.75, for which the drastically change the properties of the system when it is
isotope-induced metal-insulator transition was first observedlose to a FM-I crossover, independent of the detailed nature
in Ref. 9. Indeed, whereas the room temperature resistivitiesf the | phase. For thé€LaPpCa system, this state is a
of these two systems are comparabl®.29Q cm in  “strong”insulator with the charge ordering and the CE mag-
(SmSr)MnQ vs 0.37Q) cm in (LaPr)CaMn@], the resistiv-  netic ordering, whereas here, in SmSr system, it is a weak
ities at 60 K are already much different: 80> O cm for  insulator of theA-type. Nevertheless, the effect of the isotope
SmSr system vs 2:910” Q) cm for (LaPCa one. Note that substitution is similar.
the samples of both systems had similar porosity and mean The detailed mechanism of the isotope effect on the prop-
grain size. The effective activation energies at lowest temerties of manganites is not yet completely clear, but most
peratures can be estimated-a45 meV for the SmSr case, probably it is connected with the decrease in the electron
but ~120 meV for(LaPrCa. bandwidth for heavier isotopes either due to zero-point os-
The insulating behavior of SmSr samples can be eithetillations or to polaronic effect$:?® This is consistent with
related to the granular nature of our samples as contrastdtle change of o andT¢ with the isotope content, shown in
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Fig. 3. The short-range CO state is relatively insensitive tamet. We speculate that the relevant orbitals in this state are
the isotope composition, which is quite natural if the mechax?—y? ones and the energy gap appears due to the formation
nism of CO (or charge density wayeis predominantly of a charge density wave in thé —y? band. We conclude
electron-lattice interactidil (as is well known, the dimen- that this transition is induced by the decrease of the band-
sionless electron-phonon coupling constantioes not de-  \width for heavier ions. The results obtained, together with
pend on the mass of iopsOn the contraryTc in the double  the earlier observed isotope-induced metal-insulator transi-
gxchange model scales with the bandV\_ndth, gnd thg decreaggn in (Lay_Pr,)0-CaMnO;, show that the isotope sub-

in Tc with the growth of oxygen masiFig. 3) is consistent  gitytion is a powerful tool both for modifying the properties

with this interpretation. _ of manganites close to a crossover between different states
Summarizing, we studied the effect of the oxygen iSotope,nq for the study of their physical characteristics.
substitution on the properties of $mSr,MnO; in the most

interesting concentration range &%<0.6. It was shown We are grateful to A. N. Taldenkov and A. V. Inyushkin
that close to a crossover from the ferromagnetic metallidor helpful discussions and to A.l. Kurbakov for providing us
state k=<0.5) to an antiferromagnetic insulator0.5), all  with his neutron scattering data prior to publication. The
the properties change drastically—up to the fact thatxfor work was supported by INTASGrant No. 01-2008 CRDF
=0.475 and 0.5, one even induces the metal-insulator trafGrant No. RP2-2355-M0O-02 NWO (Grant No. 047-008-
sition by the 60— 80 substitution. Most probably this sub- 017), and RFBR(Grants Nos. 01-02-16240, 02-02-16708,
stitution transforms the FM state to @atype antiferromag- 02-03-33258, and 00-15-96570
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