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Oxygen-isotope effects on local structure distortions and transport properties of epitaxial thin films
of Nd 675r9.3MnO 3
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Investigations of incoherent lattice fluctuations and electrical transport in oxygen isotope substituted
Ndy 6:51H.3aVINO; thin films have shown an increase in the incoherent displacement of the Mn atoms as the
sample goes from the ferromagnetic to paramagnetic state. The observed enhancement is about 15% larger and
occurs over a-12% narrower temperature range f80 than for'®0. The peak in resistivity, which is close
to the magnetic phase transition, is enhanced in intensity and shifted to lower temperatures by about 25 K for
80 films as compared to thE0O films. The different behavior for the two oxygen isotopes demonstrates the
importance of quantum fluctuations of the O phonon on the magnetic phase transition in this system.
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During the past eight years the manganese-based perougrt in the'®0 sampleg! (3) The 0 samples have a sharper
kites Ln, - xA,MnO; (where Ln is a trivalent rare-earth ele- resistivity drop belowT, than the!®0 samples, and accord-
ment andA is a divalent, which exhibit very large magne- ingly the enhancement in lattice fluctuations is confined in a
toresistance, have been the subject of intensiveyarrower temperature region.
investigations:® The undoped parent compound LaMnO  The epitaxial thin films of Nglg:St, sMnO; were grown
with Mn®* is an insulating antiferromagn&t. When Mn4+  on (100 LaAlO; single crystal substrates by pulsed laser
ions are introduced by substituting divalent idesgg., Ca, Sr,  deposition using a KrF excimer laser. The deposition fre-
Ba) for La>*, the materials undergo a transition from a high-quency is 10 Hz and the laser fluence is about 1.6 2/Che
temperature paramagnetic insulating state to a ferromagnetiubstrate temperature was 820 °C and the oxygen pressure
metallic ground state for 0:2x<<0.5. A prominent feature of was kept constant at 400 mTorr during the deposition. After
these materials is a large maximum in the resistivitylose  deposition, the chamber was backfilled with oxygen to about
to the ferromagnetic transition temperatuiig). This resis- 400 Torr. The film is then slowly1l5 °C/min cooled to room
tivity peak decreases dramatically by a few orders oftemperature. The film thickness was about 190 nm. Two
magnitudé by the application of magnetic field. This phe- pieces were cut from the same sample for oxygen-isotope
nomenon is now known as colossal magnetoresistancgiffusion. The diffusion for sample pair | was carried out for
(CMR). The physics of manganites has primarily been de-10 h at about 900 °C and oxygen pressure of about 1 bar. The
scribed by the double-exchange mo®éIThis model ac- diffusion for sample pair Il was performed for 10 h at
counts qualitatively for ferromagnetic ordering and carrierg40 °C. The cooling rate was 300 °C/h. TH®-isotope gas
mobility that depends on the relative orientation of Mn mo-is enriched with 95%%€0, which can ensure 95%°0 in
ments, which neal . are strongly dependent on the applied Nd, 4-Sr, 3gMnOj5 thin films.
field. The observed large resistivities measured in these ma- The temperature-dependent incoherent lattice fluctuations
terials, significantly beyond the Mott limit, could not be ex- are measured by ion channeling which is an ultrafast unique
plained by the double exchange mechanism. However, Milmethod, providing a direct real space probe of extremely
lis, Littlewood, and Shraimdr have proposed that polaronic small (<picometey uncorrelated displacementstatic and
effects due to strong electron phonon coupling arising from alynamio of atoms in single crystalline materidislon chan-
strong Jahn-Teller effect should be involved. Many experi-neling occurs when energetic ions incident along a major
ments, including those showing strong isotope effects on therystallographic direction, are steered by a series of glancing
intrinsic resistivity of the ferromagnetic state, have providedcollisions with the atoms of close packed atomic rows or
strong evidenc@! of polaronic charge carriers in mangan- planes. The critical angle for channeling to occur, or the full
ites. width at half maximum(FWHM) of the channeling angular

We present here ion channeling and transport studies oscan, depends on the incident ion energy, the atomic numbers
high quality epitaxial thin films of Ngls;Sty3dMnO; made  of the projectile and target, the interatomic spacing, electron
by laser ablation on LaAl@substrates which are identically screening potential, and most importantly, any displacement
exchanged by thé®%0 and 0 isotopes. Three prominent (dynamic or statip of the atoms from their regular lattice
features are observed in these filrflg.Across the ferromag- sites. The FWHM is affected dramatically by incoherent
netic to paramagnetic phase transition, tf@ samples have atomic displacementéoth static and dynamicas opposed
larger local lattice distortions than th80 samples(2) Inthe  to an equivalent coherent change in lattice parametey.,
paramagnetic state close to the ferromagnetic transition thiiermal expansion The magnitude of the atomic displace-
peak in resistivity of the®®O samples is much higher than ment u is extracted from the measured FWHM using
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FIG. 1. The incoherent atomic displacemerds determined by b 2
ion channeling as a function of temperature ingN&r, 33Vin;0 14 : .
thin films is plotted as a function of temperature. A large change 12 r I . 18 ]
(~20%) in u is seen across the ferromagnetic phase transition in the : j . 180
temperature range 168 to 230 K. Thg of the sample is at 231 K. o ]

Lindhard’s continuum mod#l for channeling, with appro-

priate corrections based upon the Monte Carlo computer

simulation of Barreff' and using average atomic numbers

and lattice spacing. More details regarding ion-channeling

studies are given in our earlier wotk.
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These measurements have been carried out using a very 0 100 200 300

well collimated beam0.5 mm diameter ane<0.01° diver-
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gence of 1.5 MeV He ions. The sample was mounted on a o _

precision four-axis goniometer having an angular resolution FIG. 3. (8) The resistivity(r) of the oxygen isotope exchanged
of 0.01°. Suitable arrangements were made to vary the tenflms of N 675% zVinOs, with %0 and _80 respectively. The sud-
perature of the sample from room temperature down to 40 en drop in ther value at the magnetic phase transition is much

with the help of close cycle refrigeration system. The bac

scattered particles were detected in an annular surface barri

detector of 300 mractive area wh a 4 mmdiameter cen-
tral hole and mounted along the beam axis at a distance of
cm from the target. For the channeling studies, {@@1]
Ndp 67:515.33MINO5 film grown on LaAlO; substrate was first
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FIG. 2. Same as in Fig. 1 except th&40 is replaced by*0.

k_larger and shifted to lower temperature for the sample Wit as

(éqmpared to that containin§O. (b) The low temperature resistiv-
ify of O-isotope exchanged films. It is higher for thf© case.

dligned parallel to the incident beam direction. Angular chan-
neling scans were made across fl0@1] axis at different
temperatures in the range 40 to 300 K for both the samples,
one containing'®0 and the other®0, respectively, under
identical conditions. The atomic displacement; ) values
were extracted from the measured FWHM of these angular
scans and are plotted in Figs. 1 and 2. We find that, in the
film containing 'O there is a nonphononic enhancement in
theu, value in the temperature range 168—230 K, while that
in 0 sample it is in the range 130—-185 K, consistent with
the observed shift in the temperature of the magnetic phase
transition. The magnitude of the total change in the later case
is seen to be larger by about 15% and narrower by approxi-
mately 12% as compared to that in the former one.

The monotonic increase in due to thermal vibration
component is calculated using Debye and Einstein models
relations taking into account both the acoustic and optic
modes. The change in variation ofdue to the acoustic and
optic modes in the two cases 810 and*®0 is ~2%.

The resistivity was measured by the van der Pauw tech-

The ferromagnetic phase transition is shifted to lower temperatur@ique and the contacts were made by silver paste. A small

(T.=186 K). The large change im is now seen at a lower and

contact area makes it possible to accurately determine the

narrower temperature region between 130 and 186 K. Also the efabsolute resistivity. In Fig. 3 we show the resistivity for the

fect is about 15% larger as compared to that shown in Fig. 1.

160 and 80 samples of Ngls/Sty 3dMNO; as a function of
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temperature from 100-300 [ig. 3(@)] and from 10-150 K  ovskite cage, the oxygen motion implies lattice distortions
[Fig. 3(b)].*® From Fig. 3a), one can see that the temperaturethat would extend beyond the local perovskite cage and it is
T, (Where the resistivity has a maximuiis different for the  these distortions that would lead to Mn, Nd, and Sr motion.
two isotope films, i.e.T,=215K for the'®O film and T,  However, we have not observed any appreciable displace-
=195 K for the'®0 film. The oxygen isotope shift of,is  ment of Nd and Sr in the channeling measurements, only the
20 K. Since the ferromagnetic transition temperatligeis ~ Mn atoms are affected. The observation that the rise,in
nearT,,” the oxygen-isotope shift of is also about 20 K. pegins well belowT,, implies that polarons persist into the
Similar shift is seen in ion channeling measurem@igs. 1 ferromagnetic state. This observation is consistent with other
and 2. At temperatures beloW,,, the resistivity of the'®0 experiments on the manganitde®

film has stronger temperature dependence thart4Befilm In the CMR manganites polaron formation competes with

as seen in Fig. ®). Similarly the change im; value across ha qouble exchange process and lowBssrom the value
T, is larger and narrower in the case of films containtfig expected from double exchange al&rEherefore, the lower
(Fig. 2). , ) i T. and larger step observed in tH80 sample suggests a
_The rm.s. displacement, of ions in the ab plane, deter- quqnger Jahn-Teller effect than in the casé®. Since the
mined by ion channeling, as described above, has contribus,y gitference is the oxygen mass it can be concluded that
tlon_s from thermal V|brat|o_n§ of atoms due to acoustic anqhe lower frequency phonons in théO case produces a
qpucal phonons,. those arising frpm any def‘?Cts and strai tronger Jahn-Teller effect. Therefore the experiment demon-
fields and, most importantly, any incoherent displacement o trates the importance of phonon dynamics in the competi-
atoms at the ferromagnetic phase transition in the systengi for the thermodynamic phase. This may be understood
These are shown in Figs. 1 and 2 in theor sMnOs i terms of the increased entropy of the polaron state for the
films of thickness~190 nm made on LaAlpsubstrate, one 185 jons. In the low-temperature limit the Jahn-Teller energy

with *°0 and the other with'®O, respectively. The low- 41 involves the force constant of the oxygen ions. How-
temperature behavior in both the plots shows an approximatg ey the low lying excited vibrational and vibronic states of
linear temperature dependence wf, which is consistent he polaron are at lower energies for 6 ions so that the
with thermal vibrations. However, in this temperature regiong, stem acquires more entropy as the temperature is increased
there is significant differenc@t least 10%in tqse magnitude iy the heavier isotopic oxygen case. The increased entropy
and slopes of the two curves for tHeO and*°0 samples, |oyers the free energy of the polaron state so that the ferro-
which cannot be ascribed to the isotope effect on thenagnetic to paramagnetic phase transition occurs at a lower
phonons. The effect due to the isotope masses is 8@%.  emperature. Abova, theu, , the manganese displacement,

It appears that there is more order in the casé®of sample for the 80 sample is seen to exhibit weaker temperature
as compared to th#0 one. Since this does not follow from dependence than tH8O case. This too is evidence that the
the conventional electron-phonon interaction in the metallic-on 0 _Teller effect is stronger f3f0. At very high tempera-

ferromagnetic state we ascribe it possibly to the effect of thg,, e thermal agitation will wash out the Jahn-Teller polaron

isotope mass on the character of the large polarons in thi&nd there should be no difference in between the two

material. M_ore rigorous theoretical study is required to Cal'samples. Therefore, thermal vibrations suppress the Jahn-
culate the isotope effect on the transport property of thes

i Feller polaron as the temperature is raised abbveConse-
materials.

. . . 16 quently, aboveT . the temperature dependenceugf which
At higher tempeiatures, €., alt;gve‘ 170K, in the™O is the sum of therising) thermal phonon contribution and
sample and abové=130 K in the ™0 case ad approaches o (fa)ling) Jahn-Teller contributions, will be weaker when
Tc, amore rapid increase in, is observed which persists up e jahn Teller is stronger. From this argument a weaker
to T¢. As mentioned abovel, shifts to a lower value by  omperature dependencetafis expected for tha80 sample
about 20 K in the case of the sample wifl®. The observed P P a P P

) . > ! aboveT, as observed.
increase in thel; value neafT in the two cases is too large

, > : In summary an enhancement of incoherent lattice fluctua-
to be attributed to thermal phonons. In addition, the increasgq s is directly seen in the ferromagnetic to paramagnetic
in uy is found to be larger in thé%0 sample, which has the

: , phase transition in the CMR manganite,Nébry 3MnOs. It
|0Wer-|_—c-18A|50 the increase occurs in a narrower temperatures shown that the changes in incoherent atomic displace-
range in*°0 as compared to that O, which is consistent ents or lattice fluctuations is closely correlated with the
with the sharper and larger drop in resistivity in tf© Cas€  transport properties at this phase transition. We conclude that
(Fig. 3). Finally aboveT the slope ot is larger for the'®0 channeling data for isotope oxygen substitution demonstrates
sample showing the stronger temperature dependence.  the importance of the dynamics of the oxygen phonons, and

The increase iru, and its association witf. suggests therefore the oxygen mass, in the Jahn-Teller effect in the
that the observed behavior is related to distortions of thespr managanites.

lattice due to the formation of Jahn-Teller small polarons as

the system approaches the paramagnetic state. The existenceThe partial support of Maryland/Rutegers NSF MRSEC-
of polarons, imply rearrangement of the oxygen of the perGrant No. DMR 400-80008, is gratefully acknowledged. We
ovskite cage around the Mh ions. While this oxygen mo- thank R. L. Greene for very helpful discussions and valuable
tion would not displace the Mn ions within an isolated per-suggestions.
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