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A study of the properties of lgMnO; films of varying thickness was performed. Transport and
magnetization measurements show that the ferromagfmatitallic volume fraction of the film
varies from~ 1/4 for ultrathin 60 A films to~ 1/2 for 1600 A films. Multilength scale structural
measurements reveal that near 300 A, a transition from highly strained ultrathin films to relaxed
bulk-like films occurs. The transition region is characterized by low surface roughness, high
crystallite orientation, and broadtspacing distributions. €002 American Institute of Physics.
[DOI: 10.1063/1.1505667

I. INTRODUCTION grees of freedom. It was argued that by changing:theatio
the ey orbital extending along the elongated Mn—O bond is

Due to the largécolossal magnetoresistand€MR) ex-  preferentially occupied.
hibited by perovskite manganites they have attracted a great In unannealed thin films of l@gCa, qMnO; (< 250 A)
deal of interest for the potential applicatiohMany experi- it is found that the peak resistivity temperatdig decreases
ments have shown that the complex phase diagrams of CMRith film thickness while the Curie temperatlfg remains
manganites are driven by the close interplay between thgonstant?® The difference betweefic and T, is as large as
charge, spin, and orbital degrees of freedom in the system. {00 K for 50 A films while the difference vanishes as in the
is evident the lattice strain plays an important role in thecase of bulk materials for films thicker than 250 A. Consis-
properties of these materials, which opens up the possibilityent with these results, other studies have shown that ultra-
of optimizing the properties of CMR oxides for specific ap- thin films (~ 50 A) become insulators* In addition, it is
plications by growing thin CMR films on substrates with found that annealing of thin films has a rather striking
different lattice spacings’ effect—it converts insulating ultrathin films into metallic

The first systematic experimental study of the effect offjms®14 and increases the Curie temperature and saturation
thickness on the magnetotransport properties of thin ﬁ|m$nagnetization of thick film&1°
was performed by Jiret al* which was later followed by To understand the effect of thickness and annealing on
others®* The characteristic feature found is that the metalhe properties of ultrathin manganite films we looked at three
insulator (MI) transition is suppressed in very thin films. fjjms (60, 300, and 1600A) of the ferromagnetic system
Systematic magnetic studies have also been perforitet. La, gMnO;. We examined the nanoscale structure by AFM
O'Donnel et al® suggested that the magnetic anisotropy inmeasurements, the periodic structure by synchrotron x-ray
films seen in many experiments is dominated by strain ingjiffraction and the local atomic structure by near-edge x-ray
duced anisotropy leading to an easy axis which occurs pagpsorption spectroscopy. The AFM measurements reveal that
allel to or normal to the film plane depending on substratghe 60 A film is composed of islands which coalesce into a
induced compression or tension. o smooth layer in the 300 A film and lead to columnar growth

The first attempt at quantifying the role of strain in thesej, the 1600 A film. The AFM and x-ray diffraction measure-
materials was made by Millist al° who showed thaT is ments reveal that near 300A, a transition from highly
extremely sensitive to biaxial strain and tﬂ'@treduction_is strained ultrathin films to relaxed bulk-like films occurs.
quadratic in the Jahn-TelleJT) distortion:™ A local spin x4y ahsorption measurements reveal significant local dis-
density calculation of the phase diagram of tetragonalyions occur in the Mn@octahedra of the 60 A filnimore
manganiteS’ showed that magnetic degrees of freedom canyiiorted than LaMng) while the differences between the

be indirectly controlled by lattice distortions via orbital de- 300 and 1600 A films are small. The results significantly
expand our earlier study of these filthand fill in significant
dElectronic mail: tyson@adm.nijit.edu detalils.
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TABLE I. X-ray diffraction of La, gMnOj.

Index 004 040 400
thickness (A) ® (deg) Width(deg) d(A) £% 20 (deg) Width(deg) d(A) £% 20 (deg) Width(deg) d(A) %

60 45.737A) 0.57 1.9823) 2.75 68.79(B) 1.00 1.36817) —1.37 69.178B) 0.92 1.35716) —1.81
46.267B)% 0.90 1.96136) 1.66 69.364A)% 0.64 1.35811) —2.10 69.73BA)% 0.30 1.3475) —2.53

300 46.467A) 041  1.95816) 1.24 67.938)°  0.82 137815 —0.29 68.13B)* 095  1.37§17) —0.51
46.71GB*  0.27  1.94811) 0.73 68.544A)®  0.63  1.36811) —1.01 68.580A)°  0.54 1.3679) —1.09
47.241(Q) 017 1.9227) —0.36 69.572(¢)  0.57  1.35010) —2.32 69.535(¢)  0.78  1.35{13) —2.24
45.830(G) 1.978  2.54

1600 46.9987) 0.31 1.93212) 0.16 67.73B)% 0.50 1.3829) 0 67.731B)% 0.52 1.3829) 0
47.076B)* 0.12 1.929%5) 0 68.388A)% 0.44 1.3708) —0.86 68.378A)% 0.45 1.3718) —0.80

#Dominant peaks.

Il. EXPERIMENTAL METHODS rescence mode were measured on NSLS beamline X19A.
Measurements were made for films with the beam electric
field vector nearly 45° to the surface. The near-edge spectra
were area normalized.

Epitaxial La_,MnO;(x ~ 0.8) films were grown on
(012 LaAlOg4 [referred to as LaAlQ(001) by the pseudocu-
bic designatiof substrates by metalorganic chemical vapor
deposition. A liquid-injection delivery schertfe*®was used
with a single liquid source. Th@-diketonates La(tmhd)  Ill. RESULTS
and Mn(tmhd} were dissolved together in _1,2 dimethoxy- 5 AFM, transport, and magnetization measurements
ethane solvent. The reactor and the experimental procedure
are described elsewhel&Deposition runs were carried out Figure 1 shows the atomic force microscopy images of
at 700 °C under a total pressure of 0.67 kPa and an oxygeiie (@ 60A, (b) 300 A, and(c) 1600 A films plotted on the
partial pressure of 0.33 kPa. After deposition, the films werés@me scale. We can see that the 60 A is not uniform but is
in situ annealed in one atmosphere of oxygen at 800 °C fofomposed of islands of ,gMnO;. The islands become con-
15 min. Films of thickness 1600, 300, and 60 A were pre-nected in the 300 A film followed by columnar growth seen
pared. The thickness was situ monitored by a laser reflec- in the 1600 A film. Interestingly, the 300 A film is the most
tometry setup. The growth rate was2 A injection with an smooth film. Hence as a function of thickness different
injection rate of 1 Hz. In the discussions below we index thedrowth mechanisms prevail. It may be expected that the is-
La;_,MnO; film with an orthorhombic structure with a land structure would result in insulating films. However,
doubled cell. these annealed films are found to be metallic.

Preliminary magnetization measurements were per- [N Fig. 2@ we show the resistivity for the 60 and
formed in the range 4.2—320 K under a total magnetic field600 A films. Note that both films show typical insulator-
of 0.2 T in a vibrating sample magnetometer. Thevalues ~Metal transition with metallic behavior at low temperature.
for the films were 180, 230, and 240 K for the 60, 300, andOUr magnetization measurements also show that the films
1600 A films, respectively. The final magnetization measurehave finite magnetic momen{sig. 2(b)]. We point out that
ments were performed with a Quantum Design MPMS-XL the magnetization of both films is significantly lower than the
SQUID magnetometer in a 0.2 T field and both measuretheoretical limit of 3.4ug/Mn ion (on averaggparticularly
ments were performed with the magnetic field in the plane ofn the 60A. For the 1600A film, measurements5aK at
the sample. For the 1600A film, magnetization measurel.0, 0.2, and 0.0020 T yielded moments of 1.5, 1.5, and
ments at 1.0 and 0.0020 T were also performed. Resistivit}-1/g/Mn ion, respectively. The low moments found in the
measurements were performed using a 4-point probe techlms are consstgﬂ with previous measurements on the
nique. TheT, (peak resistivity values for the films were L&MnOs SYSIGTT‘Z- *' The measurements suggest that/2
225. 255 and 260 K for the 60, 300, and 1600A films,of the 1600A film and~1/4 of the 60 A film volume is in
respectively. All films were found to be metallic. A Digital the metallic statéassuming that only the metallic component
Instruments AFM NanoScope llla operating in contact modds ferromagnetig Since the film growth is different the de-
was used to investigate the surface morphology. Synchrotrofay of the strain as a function of thickness in unique to each
XRD experiments were performed on the Oak Ridge Nafilm (Table ). In addition, the in-plane straifwith respect to
tional Laboratory X-Ray beamline X14A at the National the 1600 A film persists beyond 300 A film.

Synchrotron Light SourcéNSLS) at the Brookhaven Na-

tional LaboratoryBNL). The Xx-ray energy was set to 8.0468 B, x-ray diffraction measurements

keV (A=1.5406 A). The measured diffraction peaks were fit ) . i i

by Gaussian functions and the results are given in Table |, Figures ) and 3b), show the diffraction profiles for
e = (d_leO()/d16OO is the degree of strain relative to the two |n—plane orthogonal reflectlon$.4 00 and (0 4 O)

1600 A film B layer. Mn K-edge absorption spectra in fluo- These measurements correspond to near 90° rotations rela-
tive to the(0 0 4) sample normal. Below, we call these re-

flections in-plane. For the 60 A filnisolid dot$ a pair of
dElectronic mail: tysof@00adm.njit.edu lines(Table ) occurs at high angldower d spacing relative
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FIG. 1. Atomic force microscopy images of tf@ 60 A, (b) 300 A, and(c)
1600 A films plotted on the same scale. Note the change in roughness with
thickness.
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FIG. 2. (a) Resistivity and magnetization &i) 0.2 T of the 60(dashed ling
and 1600 A(solid line) films are shown as a function of temperature. Note
that the saturation magnetization of 3.4/Mn ion is not achieved.

In Fig. 3 one can see that the relative intensities of the
two peaks are the same for tt00) and (040) scans. If the
in-plane lattice were rectangular and we were observing ro-
tated crystallites with two distinct in-plane lattice param-
eters, the intensities should reflect the thicknéessplane
for a given direction in the crystallites. Rotation by 90°
would result in the reversal of the peak intensities. This is not
observed. This eliminates the possibility of two in-plane lat-
tice parameters producing the double peak structure ob-
served. Moreover, the relative intensities of the two peaks is
not the same, ruling out the possibility of a 50/50 mixture of
two rectangular cells. The two-peak structure is consistent

L2, Mn0400) ]
on Laaio} 020 ‘ @
bstrat
[ 1600A Tubstate substrate
o 300A |
60A *

60A

—_

:.2 /\.a' ’.. <
c -
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P _ .
O e :

s : =

>, f La,,MnO(040) )
£ LonLaAlo, (024)

2 1600A

@ [ - ?300A

=

=

to a pair lines found in the 1600 A filrtsolid line) at lower
angle (higher d spacing. While the corresponding pair of
diffraction lines in the 300 A film are significantly closer to
those of the 1600 A film than those of the 60 A film. The
300 A film has an additional peak §Cwith d spacing simi-

. : c, -~ ..
Ercosamanaoas=" ~ _\-_,.E"f’.- §B| “W
67 68 69 70
0-260

lar to those of the 60 A film. The substrate peak appears fof!G. 3. X-ray diffraction6-26 scans of LggMnOs film with the scattering

all orientations at higher angle indicating that the substrat
has a smaller lattice constant than the films. Fr¢racans,
we find epitaxial growth in all of the films.

Qlane approximately parallel and normal to surface. Diffraction peaki@for
measurements along the directi@gh0 0) and(b) along the directiorfO 4 0)

are shown as two in-plane scans. Each pattern was fit by a set of Gaussian
peaks and the vertical bars show the approximate peak posiflabte ).
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FIG. 4. Out-of planga) (0 0 4 scans andb) (0 0 8 scans. The solid line, -9'0 0 9'0 1 éo 2'}0
open dotted line, and closed dotted lines are for the 1600, 300, 60 A films, ¢
respectively. Each pattern was fit by a set of Gaussian peaks and the vertical (b)

bars show the approximate peak positidigble ). The 300 A film in

particular exhibits a distribution of spacings. FIG. 5. ¢ scans about th@22) direction for the 1600 A film(a) shows the

expanded region near the peaks @bdshows the full scan.

with a film composed of two regions one near the substrate The trend in Fig. 4a) is followed by the high anglé008)
(A peaks which is highly constrained by the substrate latticescans with one significant exception. The 300 A film reveals
and a more relaxed region away from the substfBtpeaks  a weak(in terms of the origin total intensifymulticompo-
with significant lattice relaxationiexpansiopn Hence, the nent distribution compared to the sharp peaks seen in for 60
300 and 1600 A films are composed of a strained A layeand 1600 A. The(008) can be considered a second order
with a covering metallic B layer. Bragg reflection which probes the sardespacing as the

In the 60 A film, the in-plang400) and(040) reflections  (004) reflection(since there are no atomic planes correspond-
yield A layer spacings of 1.347 &heA; peak for(400) and  ing to dgo42). The loss of long range order between the 60
1.353 A [the A; peak for (040)], and B layer spacings of and 1600 A suggest that the 300 A film is in a transition or
~1.357 A [peak B; for (400] and 1.363A[peak B, for  crossover region moving away from the highly strained and
(040)]. That means that in very thin film there is in-plane substrate-like thin film (60 A) and relaxing toward bulk-like
asymmetry in both A and B layers. The 60 A film tracks the properties exhibited by thick films (1600A). In fact, the
substrate in-plane asymmetry as seen in the difference in th®08 peak has components with position near the corre-
peak position for the substrate peaks. On the other hand treponding 60 and 1600 A peak positions. Supporting this are
300 and 1600 A films reveal no such asymmditgmpare the additional peaks, £and G, seen in th€004) reflection
A5 andB; for the (400 and(040) reflections in(a) and(b)]  for the 300 A film.
suggesting cubic symmetry as previously found in thick ¢ scans about th€022) direction are shown for the
La; —,MnO; films. 1600, 300, and 60 A films in Figs. 5 througt(tie reflection

Figure 4 shows the out-of-plane diffraction profiles for contains both the A and B components as in the out-of-plane
the three films. In Fig. @) the patterns at low angle are scang, (a) shows the expanded region near the peaks(and
given. All profiles decomposed intetwo peaks except for shows the full scans. No structure was found in the peaks in
the 300 A films, which has at least four peaks with the addithe 300 and 1600 A films. However, for the 60 A films the
tion of weak features labeled,Gand G, at low and high peaks split into multiple components as a result of small
angle, respectively. Apart from these weaker peaks, the peakfifferences in orientation between crystal grains. Note that
positions(A and B for all filmg are quite consistent with the the phi scale in Fig. @) is 1/15 of that in Figs. &) and Ga).
in-plane measurement if one assumes an approximately coithe widths of the peaks of the 60 A film are significantly
stant volume, if the film is compressed in-plane, it will relax lower than those of the thicker films due to the high order
(expand out-of-plane. In this way, the corresponding peakimposed by the substrate. The split features in the phi scans
labels found in the in-plane measurements are matched to tht this thin film possibly reflect twinning of the LaAlOsub-
out-of-plane measurements. The only exception is peak C strate. The varying total intensities in Fig(by reflect the
which has no analog in the in-plane measurements but if wdifficulty of maintaining the maximum for these narrow
consider the broad profile on the low angle side of the 300 Apeaks.
film in the in-plane scan, it is possible that a corresponding  Figure 8 shows)-y scans of th€004) planes of thga)
weak shoulder exists. The peak position widths and strain600, (b) 300, and(c) 60 A films. The main observation is
parameters are summarized in Table I. that the 300 A film has the most well oriented crystal grains
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FIG. 6. ¢ scans about thé022) direction for the 300 A film;(a) show the
expanded region near the peaks @bdshows the full scan.

(consistent with the AFM measurementEhe vertical stack-
ing of the atomic layers is highly ordered in the 300 A film.
This high degree of orientation is reduced by continued film
growth (1600A) or substrate induced strafor in the
60A).

C. Local structure measurements

Local structural information can be gleaned from x-ray

absorption measurements. The main line corresponds $0 a 1

-4p transition on the Mn site. In octahedral symme(ay the

JMLJJMJLA

408 410 131.0 1312 13142210 2212 3108 311.0
(@)
0.3
—_ 60A (022)
@
E 0.2
3
£
8 0.1
2
2
£ 0.0 ! A
E
0 90 180 270
¢
(b)

FIG. 7. ¢ scans about thé)22) direction for the 60 A film;(a) shows the
expanded region near the peaks dbfshows the full scan. No structure

was found in the peaks in the 300 and 1600 A films. However, for the 60 A

films the peaks split into multiple components as a result of small differ-

ences in orientation between crystal grains. Note that the horizontal scale iﬁ

(a) is 1/15 of that in Figs. 5 and 6.
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FIG. 8. 6— x scans of thg004) planes for the(@ 1600, (b) 300, and(c)
60 A films. Note the narrowness of the 300 A films indicating a high degree
of crystal orientational order.

Mn site) there is no orientational dependence of the Mn main
line. In reduced symmetry due to local distortions of the
MnQOg octahedra, the gl peak will split into two or three
components with progressive reduction in symmetry. Local
distortions such as JT distortions produce such reductions in
symmetry and generate orientational dependent splittings of
the main line. In LaMn@ and other JT systems, broad main
lines, and splitting have been predicted and meastfr&d.

We measured Mn K-edge absorption spectra of these
films [Fig. 9 (a)]. This spectrum shows a strong dependence
of width of the B—“4p” peaks with thickness. The broadest
and most narrow ones correspond to the 60 and 1600 A
Ims, respectively. We note that the 300 and 1600 A have
similar profiles while the 60 A film is distinctly broader. In
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relative A and B volumes with thickness on multiple length
scales and commented on the volume of the ferromagnetic

1 component.
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