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Strain-induced local distortions and orbital ordering in Nd gSry sMNnO 3 manganite films
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We have performed a detailed study of the long-range and local structure, gbfyeMnO; films of varying
thicknesses. The detailed nature of the in-plane and out-of-plapacings as a function of film thickness was
determined. Comparisons between the local structure about Mn and the long-range structure were made. We
found that Mn coordination asymmetry exists in thin films and that it is related to orbital ordering. The results
yield a confirmation of models of manganite systems, which suggests that biaxial strain enhances electron

localization.
DOI: 10.1103/PhysRevB.63.224424 PACS nuni®er78.70.En, 61.10.Ht, 75.70.Pa, 78.70.Dm
Colossal magnetoresistan€EMR) perovskite mangan- In order to understand the correlation between strain,

ites have attracted a great deal of attention recently becauseagnetotransport properties, and orbital ordering in these
of the interest in understanding the wide range of magneticnaterials, a detailed characterization of both the long and
and transport properties exhibited by them, and the potentiahort-range structure of strained films of varying thicknesses
applications of these propertitdt is now evident that the is required. In this paper we present a combined measure-
properties and the complex phase diagrams of CMR mangament of the local and long-range structure ingy8p sMnO;
nites are driven by the close interplay between the chargdilms of varying thicknesses. Most significantly, we find that
spin, and orbital degrees of freedom in the system, althougfilms with large in-plane strain also exhibit large local Jahn-
the details of the coupling and the consequences of them afeeller distortions that might help to explain the charge-order-
still an active area of research. It is also clear that latticdike behavior of these very thin NdSr sMnO; films (as
strain plays an important role in the properties of these mawell as films in the CMR regionobserved over a broad
terials, which opens up the possibility of optimizing the temperature range.
properties of CMR oxides for specific applications by grow-  Films of Nd,sSr,sMnO; were grownin situ using the
ing thin CMR films on substrates with different lattice pulsed laser deposition technigtreSubstrates used were
spacing®® LaAlO; (100) (pseudocubic witta=3.79 A). Sample prepa-
The first systematic experimental study of the effect of theration is described in Ref. 13. Laboratory x-ray-diffraction
thickness dependence on the magnetotransport properties ®fRD) studies showed that the films we(202) oriented.
thin films was performed by Jiat al.? which was later fol-  Rutherford backscattering measurements confirmed that the
lowed by others:* The characteristic feature found is that films had the same composition as bulk materials. Mn K
the metal-insulator transition is suppressed in very thin filmsemission measuremefitsvere also performed on the films
Systematic magnetic studies have also been perforifed. and revealed that no change in the valence occurred as a
O'Donnel et al® suggested that the magnetic anisotropy infunction of film thickness. The synchrotron XRD experi-
films seen in many experiments is dominated by strainments described below were performed on the Oak Ridge
induced anisotropy leading to the easy axis, which occur$lational Laboratory’s x-ray beamline X14A at the National
parallel to or normal to the film plane depending onSynchrotron Light SourcéNSLS) at the Brookhaven Na-
substrate-induced compression or tension. tional Laboratory(BNL). The x-ray energy was set to 8.0468
The first attempt at quantifying the role of strain in thesekeV (A =1.5406 A). The measured diffraction peaks were fit
materials was made by Millist al.'™® who showed thaT. is by Gaussian functions and the results are given in Table I.
extremely sensitive to biaxial strain and tiatreduction is  Linearly polarized Mn K-edge absorption spectra in fluores-
quadratic in the Jahn-Tell¢dT) distortion!! Recently, acal- cence mode were measured on the NSLS beamline X21A at
culation of the phase diagram of tetragonal mangatfites the BNL. Measurements were made for films in two orien-
showed that magnetic degrees of freedom can be indirecthations: one with the bear vector nearly perpendiculdE
controlled by lattice distortion via orbital degrees of free-vector~10° from the surface normpalo the surface and one
dom. Specifically, the author argued that by changingctflae  with the E vector in the plane of the film. The near-edge
ratio theey orbital extending along the elongated Mn-O bond spectra were area normalized.
is preferentially occupied. In Fig. 1, we show the diffraction profiles for two in-plane
In addition to the strain-induced changes in transporiorthogonal reflectiond3 1 —2) and(1 —5 0) corresponding
found in the CMR regionX~0.3), interesting and intriguing approximately to the two in-plane Mn-O bond directidfis.
results were found in the charge-ordered region. PrelliefNote that all reflections are indexed using the unit-cell con-
et al1® found that in Ng St sMnO;, a metallic state is in- ventions of Ref. 14.These measurements correspond to 79°
duced in thick films while thin films remain insulating—with rotations relative to th€202 sample normal. Below, we call
no metal-insulator transition at150 K as in bulk* these reflections in plane. For the 500-A filfdsshed linga
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TABLE 1. NdgsSr,sMnO; XRD results; index constanfd, k, [], 26 diffraction angles, and spacing
determined from synchrotron XRR,,, is the effective strain defined in the text.

2000 A 500 A Bulk (297 K@ Bulk (10 K)2
|ndeX 20 (de@ d (A) Ehkl(%) 20 (deg d (A) €h|<|(%) d (A) d (A)
202 46.403 1.959) 1.348 46.244 1.96%)° 1.711 1.929 1.937

46.639  1.94¢1) 0.881 46.470 1.953) 1.244
46,775  1.94(5) 0.622 46.602 1.943) 0.933
46.869 1.93R) 0.415 46.710 1.949) 0.726
46.930 1.936) 0.311
47.113  1.9277)° —0.104
47.440 1.91®) —0.725
31-2 62866 147@1) -0.337 63.637 1.462) —1.417 1.482 1.486
63.132 1.47)° -0.675 63.735 1.459)° —1.552
63.386 1.4666) —1.080
63.667 1.4604) —1.484
63.737 1.450) —1.552
1-50 62908 14782 0.408 63.681 1.46@) —0.680 1.470 1.452
63.131 1.47%)° 0136 63.739 1.459)° -0.748
63.342 1.46W) —0.204
63.571 1.46Q7) —0.544
63.724 1.4501) —0.748

3Bulk parameters from Ref. 14.
®Dominant peak.

pair of very narrow linegTable |) occurs at a high angle

(lower d spacing relative to the broad line profile found in woon 5 @
the 2000-A film(solid line) at a lower angleéhigherd spac- 1.0 u/
ing). The high angle peaks in the thick film approximately 0.8} [0 :
match the peaks in the thin film. 09

In the 500-A film the in-plang3 1 —2) and (1 —5 0) 0.6 ——2000A(31-2)
reflections both yield dominant spacings of 1.459 A and mi- :@ S 500A (31-2)
nor components withd spacings of~1.460 A. The corre- ‘& 0.4 Bllk
sponding values for the bulk are 1.482 and 1.470 A, respec =5
tively, for the two reflections. We find that both in-plane o 021 AT N
directions are contracted relative to the bulk as expected fc ¢
a film on a substrate of smaller lattice parametay, =X 1.0 ——2000A (1-50) Bulk : (b)
=3.845A in the bulk at 297 K va,,=3.791A for the sub- 3 o 500A (1-50)
stratg. Note, however the existence of the secondary com € 0.8f
ponent withd spacing that is larger than the dominant peak. g
This suggests that there is a thin and more relaxed region £ 06
the film above the most heavily strained region relative to the 04}
substrate. We point out that the widths of the peaks are quit Tl S
small for the in-plane dominant peaks of the 500-A film o2+ |l N
indicating that the substrate has imposed its high structure L . ‘ | .
order on _the_ in-plane parameters of the film near the 0.0 625 63.0 635 64.0
substrate-film interface.

In the thick film, the(3 1 —2) and(1 —5 0) reflections are 20

representeq by a broad di.stribution' of pedkee Table_)l FIG. 1. X-ray-diffraction 6-26 scans of NgeSt, MnO; film
Thed spacings vary from highly strained values found in the, i, the scattering plane approximately parallel to the surface. Dif-
thin film to highly relaxed_values approachmg_ those founc_l INfraction peaks fora measurements along the directiéh 1 —2)

bulk. However, the dominant layer of the film has an in-ang () along the direction1 —5 0) are shown. The solid line is
planed spacing of 1.472 A for both reflections compared tofrom the 2000-A film and the dotted line is from the 500-A film.
1.482 and 1.470 A found in the bulk. Hence in both the thingach pattern is fit by a set of Gaussian peaks and the vertical bars
and thick films the substrate forces the films to be symmetrighow the approximate peak positions. The position of the bulk dif-
in plane. In other words, the in-plane constraint imposed byraction lines is indicated by an arrow. The inset displays the resis-
the substrate is not relieved in films up to 2000-A thick. tivity data for the films.
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FIG. 2. X-ray-diffraction 6-26 scans of NgsStysMnO; films ' : P ——— . L .
with the scattering plane normal to the surface and corresponding t 6.54 655 6.56 657 658 6.59 660
the direction(2 0 2). The solid line is for the 2000-A film and the Energy(keV)

dotted line is for the 500-A film. Fits were performed as given in

Fig. 1. The position of the bulk diffraction lines is indicated by an ~ FIG. 3. Near-edge x-ray-absorption spectt¥in K) of
arrow. Nd, 5St sMnO; for 500- and 2000-A films in fluorescent mode. The

solid line is the spectrum measured when the incidence x&ay
Figure 2 shows the-20 diffraction scan of 500¢{dashed vector is perpendicular to the film surface, while the dotted line is
line) and 2000-A(solid line) thick Nd, sSiy sMNnO; films for  for the measurement with the incidence x-fyector parallel to
out-of-plane diffraction(sampling out-of-plane lattice spac- the film surface. Inset shows the main edges in small range. Notice
ings and along one set of Mn-O bond$he dominant peak the asymmetry in the thin-film measurement suggesting local struc-
in the 500-A film is observed at 46.24°, which correspondsural distortions.
to the out-of-pland2 0 2) reflection and yields a layer spac-
ing dyp,=1.962 A (see Table )l In addition to this main For the thick film, the origin of this peak at 47.44° is not
peak, there is a series of smaller peaks at higher angles catlear but may be due to a thin upper layer of the films con-
responding to the parameters of 1.953, 1.947, and 1.943 A.tracting (below the bulk valugout of plane. Note the same
Consequently, the bulk of the film is in one strained regionregion of the film may produce the expanded lattice param-
and a series of layers of reduced strain is found. On the otheater (beyond bullk found in the(1 —5 0) in-plane peak at
hand in the 2000-A thick film, two dominant peaks are found62.908° [Fig. 1(b)]. A comprehensive thickness-dependent
yielding d spacings of 1.955 and 1.927 A. A series of smallerstudy of these films is in progress.
peaks occur between these two dominant peaks. Note that In order to correlate the changes in the long-range struc-
the peak positionssee vertical linesof the lines of the thick  ture (found in XRD measurementsiith changes in the local
sample do not coincide with those of the thin sample. structure about the average Mn site, we measured polarized
The thin film is dominated by a layer near the substrateMin K-edge absorption spectra of both filniBig. 3), for
with d=1.962 A that is expanded relative to the bulk valuedirections in plane and out of plane. The inflection points in
of 1.929 A as expected since the in-plane lattice parametetfie spectra of the 500-A film are separated by 0.7 eV com-
have contracted. A series of peaks with shorter lattice paranpared to a separation of 0.0 eV for the thick film. We found
eters are also found, supporting our model of discrete layethat the edge position for the out-of-plane spectrum in the
relaxation of strain. 500-A film was the same as that found in the thick film for
In the thick film two dominant peaks occur. The main both orientations while the 500-A in-plane spectrum shifted
peak occurs at 1.927 Klose to the bulk value of 1.929)A to higher energy.
and the next dominant peak occurs at 1.955 A. The thin layer Local structural information can be gleaned from polar-
near the substrate is forced to expand due to in-plane conized x-ray-absorption measurements. The main line corre-
pression. Again, we see that, in addition to the dominansponds to a & to 4p transition on the Mn site. In octahedral
peaks, a set of peaks corresponding to intermediate relasymmetry(at the Mn sitg¢ there is no orientational depen-
ation is found in both films. dence of the Mn main line. In reduced symmetry, the 4
In Table | we also report the effective straisy peak will split into two or three components with a progres-
=[dp(film) — dp,, (bulk)]/dy, (bulk) along the film normal  sive reduction in symmetry. Local distortions such as JT dis-
(202 and near parallel directions to the film plaf®1 —2)  tortions produce such reductions in symmetry and generate
and (1 —5 0). These values should be compared to the exorientational dependent splittings of the main line. In
pected strain value of 1.404% for N¢ sSr, sMnO; (average  LaMnO; and other JT systems, broad main lines and splitting
a=3.845A) on an LaAlQ substrate §=3.791A). In the have been predicted and measutetf Consequently, the
thin film there is a large asymmetry between the strain foundplitting seen in the g main line(Fig. 3) of the thin films is
for the two in-plane directions—one direction is fully attributed to the existence of local distortions. In addition,
strained while the other is partially relaxed. In the thick models of polarized spectra indicate that measured spectra
films, the covering layers are less straif@dplane but the  with lower edge positions correspond to the long bond
asymmetry persists. direction!” Hence, for the thin strained film, they, orbitals
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point preferentially out of plane. Interestingly, it is in the thin the enhanced resistivity. In the thick film, on the other hand,
highly strained films with high in-plane order in which we the in-plane strain constrains the lattice parameters of the
find significant local distortions and orbital ordering. film and prevents the first-order transition to a charge-
Based on our chemical analysis the only difference beordered phase that occurs in bulk materials.

tween the two films is the degree of strain present. The pat- High-resolution temperature-dependent measurements of
tern observed is that thin(500-A) N sSfo sMnOs films as  the in-plane and out-of-plane lattice spacings across the bulk
well as bulk materials are highly insulating. Films of inter- transition temperature to search for bulklike components will
mediate thicknesses show metallic behavior. This suggesise carried out. In addition, further work is needed to specify
that in this system there is an optimal strain value that willihe ejectronic structure of the thin films. The direct compari-
produce materials with high metallic properties. In the thingan of our resultgon these filmswith resonant x-ray scat-
films, the strain induces JT distortions that stabilize theyering measuremerfof orbital ordering will be instructive.
charge-ordered phase. In fact, even films that are metallic ijso, the asymmetry in strain suggests anisotropic in-plane
bulk 3‘?{5" display highly insulating behavior as thin yansport. Hence, transport studies with different current di-
films.*"~ Our results suggest that the stabilization of JTrections will be carried out as a function of film thickness.
distortions and possibly associated charge ordering 0CCurs e results will shed light on the magnetic asymmetries also

highly strained manganites as a general rule. seen in the films.
We now return to the question concerning the origin of
the insulator or metallic states of Blebry sMnO; films. As Data acquisition was performed at Brookhaven National

seen in the inset of Fig. 1, thin filmgess than 500 Aare  Laboratory’s National Synchrotron Light Source, which is
insulating while thick films(~2000 A are metallic. The funded by the U.S. Department of Energy. This work was
analysis has shown that the thin films are severely strainesupported by the Department of Energy, Office of Basic En-
with strain values characteristic of the lattice mismatch. Inergy Sciences Grant No. DE-FG02-97ER45665 and the NSF
the thick films, while the out-of-plane strain contributes to aCareer Grant No. DMR-9733862. Sample preparation at the
small volume of the films, the in-plane strain persists. WeUniversity of Maryland was partially supported by the Uni-
note also that the bulk materials, like neither of the films,versity of Maryland NSF-MRSEC. Beamline X14A is sup-
displays an insulator-to-metal transition near 270 K that igported by Oak Ridge National Laboratory, managed by UT-
overwhelmed by a metal-to-insulator transition concomitanBattelle, LLC, for the U.S. Department of Energy under
with the onset of charge ordering at 150'K. Contract No. DE-AC05-000R22725. We are indebted to

The substrate-induced strain in the thin-film stabilized JTProfessor A. J. Millis of Rutgers University for stimulating
distortions as observed in the x-ray-absorption spectra. Thediscussions and guidance in the preparation of this manu-
trapping of thee, electrons by these local distortions leads toscript.
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