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We have probed the nature of magnetism at the surface of (001)-, (110)-, and (111)-oriented Lag 7Sty sMnO5
thin films. The spin polarization of La;Sry3MnOs5 thin films is not intrinsically suppressed at all surfaces and
interfaces but is highly sensitive to both the epitaxial strain state as well as the substrate orientation. Through
the use of soft x-ray spectroscopy, the magnetic properties of (001)-, (110)-, and (111)-oriented
Laj7Srp3MnO;5/SrTiO; interfaces have been investigated and compared to bulk magnetometry and resistivity
measurements. The magnetization of (110)- and (111)-oriented Lag;Sry3MnO3/SrTiO; interfaces is more
bulk-like as a function of thickness whereas the magnetization at the (001)-oriented Lag 7Sro3MnO3/SrTiO;
interface is suppressed significantly below a layer thickness of 20 nm. Such findings are correlated with the
biaxial strain state of the La, 7Sty 3;MnOj5 films; for a given film thickness it is the tetragonal distortion of (001)
Lag 7Sty sMnOj5 that severely impacts the magnetization, whereas the trigonal distortion for (111)-oriented films
and monoclinic distortion for (110)-oriented films have less of an impact. These observations provide evidence
that surface magnetization and thus spin polarization depend strongly on the crystal surface orientation as well

as epitaxial strain.

DOI: 10.1103/PhysRevB.79.104417

I. INTRODUCTION

The nature of magnetism at surfaces and interfaces has
been a fundamental issue that has yet to be completely un-
derstood. In particular, experiments probing the magnetiza-
tion at the surface and interfaces of highly spin-polarized
materials suggest that surface magnetization is suppressed
compared to the bulk. These highly spin-polarized materials
include complex transition-metal oxides such as
Lag 7SrysMnO; (LSMO) and Fe;O,. For example, Park et
al.' showed that in (001)-oriented LSMO thin films, surface
magnetization, as measured by spin-polarized photoemission
or soft x-ray spectroscopy, falls much more rapidly than bulk
as a function of temperature. More recently, Infante et al.”
found that (110)-oriented Lay,Cay;MnO5 (LCMO) thin films
exhibit a slower decay of magnetization as a function of
increasing temperature compared to (001)-oriented LCMO
films. Other spin-polarized photoemission studies of Fe;O,
have reported spin polarization values ranging from —40 to
—80% depending on the crystal surface being probed.>-® To
date, the applicability of bulk spin polarization values at sur-
faces of highly spin-polarized materials, such as LSMO or
Fe;0,, and the dependence of these spin polarization values
on crystal surface orientation have yet to be fully understood.

Given the potential of high spin polarization at LSMO
surfaces,” many researchers have tried to use LSMO thin
films in magnetic tunnel junctions but with mixed results.
The figure of merit of magnetic tunnel junctions is tunneling
magnetoresistance (TMR) which should be extremely high
for devices with completely spin-polarized electrodes. To
date, nearly half-metallic behavior has been observed in
LSMO based junctions at low temperatures by a number of
groups, but TMR falls quickly with increasing temper-
ature.'"12 Fe;0, based junctions with SrTiO5 (STO) or MgO
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barrier layers have exhibited TMR only at low temper-
atures.'? More recently, the observation of large temperature-
dependent tunneling in Fe/MgO/Fe junctions and of signifi-
cant TMR values in LSMO and Fe;O, based magnetic tunnel
junctions has prompted a reinvestigation of the nature of
magnetism at the surfaces and interfaces of highly spin-
polarized materials.!*!3

Correlating the structure and magnetism from multiple
magnetic species at complex oxide heterointerfaces is crucial
in understanding the nature of magnetism at surfaces and
interfaces of highly spin-polarized materials such as LSMO.
Optimally doped LSMO has a rhombohedral perovskite
structure where the magnetic order is found in octahedrally
coordinated Mn** and Mn** sites.!® Element-specific and in-
terface sensitive probes such as x-ray absorption spectros-
copy (XAS) and x-ray magnetic circular dichroism (XMCD)
have proven to be powerful tools to determine the details of
interface magnetism since they allow for the determination
of interface cation magnetization in an element, valence, and
even site-sensitive manner.

In this paper, we present a study of the magnetism at the
surfaces and interfaces of (001)-, (110)-, and (111)-oriented
Lag 7Sty 3MnOs5. Detailed spectroscopy experiments indicate
that magnetism at the (110)- and (111)-oriented LSMO sur-
faces is not substantially reduced, while at the (001)-oriented
LSMO surface, magnetism is significantly suppressed in
agreement with previous spin-polarized photoemission
experiments.1 Our results on LSMO surfaces and interfaces,
combined with previous magnetization studies of (001)
LSMO samples,'-? indicate that spin polarization is not in-
trinsically suppressed at the surface or interface but depends
on the crystal surface orientation and reconstruction as well
as epitaxial film strain.

©2009 The American Physical Society
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II. EXPERIMENTAL

In order to probe the magnetization at La, 7Sty 3MnO; sur-
faces and interfaces, we have synthesized epitaxial LSMO
thin films by pulsed laser deposition on (001)-, (110)-, and
(I11)-oriented (STO) substrates supplied by Crystec GmbH.
Two types of samples with uniform thickness were prepared:
5 nm single layers of LSMO and 50 nm LSMO layers with
STO cap layers of 1-2 nm thickness. In addition, 10
X5 mm “wedge” samples were fabricated with a uniform
STO cap layer and a LSMO film thickness ranging from 5 to
40 nm along the sample long axis to study thickness-
dependent effects. Commercial sintered powder targets of
stoichiometric single-phase oxides were used for ablation at
an energy density of 1—1.5 J/cm?. Deposition parameters
for single layers are as follows: LSMO in 320 mTorr of O, at
700 °C and SrTiO5_gin 15 mTorr of O, at 600 °C. Samples
were cooled to room temperature at 10 K/min in a 300 Torr
O, ambient.

Structural characterization of the thin films included
atomic force microscopy in a Digital Instruments Dimension
3100 microscope to characterize the surface morphology of
the deposited films. X-ray diffraction and reciprocal lattice
mapping were performed on a Philips Analytical X’pert
MRD diffractometer to study the crystallinity and strain state
of the epitaxial layers. Film thickness for both uniform and
wedge samples was determined by fitting intensity oscilla-
tions around the Bragg peak to the Laue equation. As the
beam size in the MRD can be of order 1 mm, the thickness
variation across the wedge was confirmed from a 0.2-mm-
wide collimated beam at beamline 7.2 of the Stanford Syn-
chrotron Radiation Laboratory.!”

Field- and temperature-dependent magnetization measure-
ments for both single layers and magnetic layers with an
STO cap were performed in a Lake Shore Cryotronics series
7300 Vibrating Sample Magnetometer as well as a Quantum
Design magnetic property measurement system (MPMS)
5XL magnetometer, and resistivity measurements were per-
formed in a modified Quantum Design physical property
measurement system. The resistivity of films with uniform
thickness were measured using the van der Pauw technique,
while the wedge samples were sectioned into ten parts and
resistivity was measured by a four-point-in-line technique.

Soft x-ray absorption spectroscopy experiments in total
electron yield (TEY) mode were performed at beamlines
4.0.2 (Ref. 18) and 6.3.1 (Ref. 19) of the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory.
Spectroscopy experiments were performed with the sample
surface normal 60° inclined from the x-ray beam from 25 to
325 K in fields of up to 0.8 T. The x-ray beam height was
approximately 0.2 mm; thus, the quoted thickness for mea-
surements on the wedge samples has an uncertainty in film
thickness of 0.6 nm.

II1. STRUCTURE

Surface morphology for LSMO single films and magnetic
layers with STO caps on (001)-, (110)-, and (111)-oriented
STO was smooth, with maximum rms surface roughness for
50-nm-thick films of 0.22, 0.78, and 0.21 nm, respectively. In
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FIG. 1. (Color online) Reciprocal lattice maps for two different
LSMO layer thicknesses of the LSMO/STO wedges as a function of
orientation: (a) 5 nm LSMO (001), (b) 35 nm LSMO (001), (¢) 5
nm LSMO (110), (d) 35 nm LSMO (110), (¢) 5 nm LSMO (111),
and (f) 35 nm LSMO (111).

general, LSMO films had rougher morphology on (110) STO
substrates as compared to (001)- and (111)-oriented STO
substrates. X-ray diffraction analysis reveals that LSMO
films undergo different distortions from the rhombohedral
unit cell depending on substrate orientation. In addition, re-
ciprocal lattice maps of asymmetric reflections for the three
orientations at the two extreme ends (5 and 35 nm film thick-
ness) of the wedge samples are shown in Fig. 1. Regardless
of film thickness across the wedge, the film is pseudomor-
phically matched to the in-plane substrate lattice parameter
as shown by the same ¢, values for film and substrate reflec-
tions.

The type and extent of the distortion of the unit cell vary
with substrate orientation. The rhombohedral unit cell under-
goes a biaxial tensile stress on (001)-oriented STO that im-
poses a tetragonal distortion on the unit cell. On the other
hand, (110)- and (111)-oriented STO substrates impose
monoclinic and trigonal distortions of the unit cell, respec-
tively. Thus even with the pseudomorphic nature of the films
on all three orientations, we would expect the out-of-plane
distortion to differ as a function of orientation due to the
anisotropic Young’s moduli of LSMO films.?’ Calculation of
the biaxial moduli?' for LSMO films based on the tabulated
elastic constants of Darling et al.?> on an Lag ;51 ;;MnO4
single crystal yields Mgy, =164 GPa, M,;;=268 GPa, M),
=211 GPa, and M}})=279 GPa at T=300 K. While the bi-
axial modulus is isotropic in the plane for (001)- and (111)-
oriented films, a large difference in modulus exists along the
orthogonal in-plane directions for a (110) LSMO film. In
spite of the variation in the magnitude of the biaxial modu-
lus, none of the LSMO wedges relax to the bulk pseudocubic
lattice parameter of 3.873 A (Ref. 23) but instead converge
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FIG. 2. (Color online) Unit-cell volume determined from x-ray
diffraction as a function of film orientation for both wedge-type
samples as well as LSMO films of uniform thickness. Error bars
indicate the full width of the film reflection at half-maximum inten-
sity. The unit-cell volume bulk value for LSMO is 58.1 A3.

toward an out-of-plane value of 3.84-3.86 A (Fig. 2). The
relaxed pseudocubic cell volume is approximately 58.1 A3,
and the distorted cell volume for the 35-nm-thick end of the
wedges is 1% larger. At small film thicknesses the unit-cell
volume is not preserved, and thus we would expect substan-
tial changes in the magnetic behavior of the films for all
three orientations due to out-of-plane or in-plane changes in
the Mn-O-Mn bond angle and bond length.

IV. TRANSPORT

In colossal magnetoresistive manganites, the metal-
insulator transition is coincident with the magnetic transition
as described by the double-exchange mechanism.?* Thus, re-
sistivity measurements may be performed to determine the
onset and evolution of both ferromagnetism and metallicity
in the LSMO films. Figures 3(a)-3(c) compare the field-
dependent sheet resistivity of STO-capped 50 nm LSMO
films, and the normalized ratio between resistivity in zero
field and in an applied field out of the plane of the sample
MR(H,T)=[p(H,T)-p(0,T)]/p(0,T) approaches —35% for
all three samples at H=5 T. The peak value in magnetore-
sistance (MR), Tpey, is used as an approximate measure of
the Curie temperature 7. and is plotted as a function of
sample thickness in Fig. 4. Below 8 nm the LSMO transition
temperature drops substantially from the bulk value of 360 K
for all samples. Above 8 nm, the (111)-oriented LSMO films
have a constant transition temperature with thickness which
is consistent with the unit-cell volume data in Fig. 2. On the
other hand, the (110)-oriented LSMO film transition tem-
perature increases with increasing film thickness without
saturating at the largest film thickness on the wedge. Finally,
the (001) LSMO films have the largest difference in out-of-
plane lattice parameter compared to bulk, yet the transition
temperature above a thickness of 8 nm is consistently larger
than its (111) LSMO counterpart. While finite size effects
and gradual loss of the ferromagnetic metallic state below 8
nm dominate the transport behavior, above a film thickness
of 8 nm crystal orientation plays a large role in determining
the transport properties. Such loss of ferromagnetism has
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FIG. 3. (Color online) Sheet resistivity and magnetization of 2
nm STO/50 nm LSMO films on various orientations of STO. ZF
and ST refer to resistivity measurements taken in H=0 T and H
=5 T with decreasing temperature. Magnetization was measured
upon sample cooling in a field of 0.001 T.

also been seen in films of (001)-oriented LSMO below a
thickness of 3-5 nm when grown on (001) LaAlO5 and (110)
NdGaO; substrates.?’

V. MAGNETISM

As the transport properties differ between samples of the
same thickness but different orientations, the magnetic prop-
erties of such films should also vary due to the double-
exchange mechanism. The magnitude of the bulk saturation
moment at low temperature for the LSMO x=0.3 stoichiom-
etry is 3.7 ug/Mn or 600 emu/cm?®. For comparison, we
plot the magnetization as a function of temperature for 50-
nm-thick films on STO (111), STO (110), and STO (001) at
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FIG. 4. (Color online) Temperature of the peak in magnetoresis-
tance between zero field and H=5 T as a function of LSMO film
thickness. Open shapes are uniform films measured in the van der
Pauw configuration, and solid shapes are measured in a four-in-line
contact configuration from 1mm sections of the wedge samples.
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FIG. 5. (Color online) (a) Magnetization at 7=10 K with de-
creasing field for (001)- (squares), (110)- (circles), and (111)- (tri-
angles) oriented LSMO films. All three samples saturate at approxi-
mately 580 emu/cc. Low-field magnetization for (b) (111)-oriented
and (c) (001)-oriented films show marked differences above and
below the structural transition of the STO substrate.

H=0.001 T in Figs. 3(a) and 3(c), respectively. The T, ob-
tained from the temperature-dependent magnetization data in
0.001 T matches well with the peak in MR. Saturation
magnetization of 570-590 emu/cm?®, equivalent to
3.5-3.63 up/Mn, is achieved at fields greater than 0.5 T at
10 K as shown in Fig. 5(a). The large twofold in-plane an-
isotropy of (110)-oriented LSMO is inferred by the reduced
low-field magnetization, but the saturation magnetization is
consistent with the other film orientations.

The abrupt decrease in magnetization for all three types of
samples in Fig. 3 at 105 K is coincident with the STO cubic-
tetragonal antiferrodistortive transition.? While the change
in lattice parameter is on the order of 0.1%, the coherent
strain state of the LSMO films is extremely sensitive to such
breaking of symmetry as seen by the low-field magnetization
data in Figs. 5(b) and 5(c). In thick manganite films on STO,
strain relief occurs via creation of microtwin domains.?’-?
While the low-field film anisotropy below the transition
changes substantially as shown in Fig. 5, this change is re-
versible and disappears for temperature-dependent magneti-
zation scans taken at 3000 Oe. No coincident feature is ob-
served in the zero-field resistivity, which suggests that there
is no irreversible structural change in the films that would
increase boundary scattering or other mechanism to alter
transport properties. As near-bulk saturation magnetization
can be obtained below this transition, this structural pertur-
bation can be considered as a change in film anisotropy
rather than a change in total film magnetization.

A quantitative analysis of the sample magnetization, com-
posed of spin moment myy, and orbital moment 7, may be
extracted from the experimental XMCD spectra through sum
rule analysis for the 3d transition metals.?*° However, cer-
tain criteria must be met for sum rules to be applicable. For
example, samples measured in grazing incidence invalidate
the assumption that the total electron yield is proportional to
the x-ray absorption coefficient due to electronic saturation
effects.31:32 In addition, for the lighter 3d transition metals,
the comparatively small energy difference between the Lj
and L, absorption edges can lead to jj mixing and the trans-
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fer of spectral weight between the L; and L, absorption
peaks.® Finally, a correction to the spin moment Mgpin due to
magnetic anisotropy from spin-orbit interactions and low-
symmetry crystal field effects may not be negligible when
calculating the spin moment for magnetic ions in noncubic
symmetry such as at surfaces and interfaces.** The correction
may be represented by the expectation value of the magnetic
dipole operator term (7). With this in mind, we analyze the
relative change in extracted spin moment as a function of
position across the wedge samples and, thus, as a function of
thickness of the LSMO layer.

We can evaluate the spin moment (mgy,+7(T.)) and or-
bital moment m,y,, using only the integrated intensity of the
XAS and XMCD experimental spectra as well as the number
of 3d electrons per transition-metal cation. However, 7(T,)
must be known to calculate mg;,. The evaluation of the spin
moment may be performed as m;k:(mspm+7(Tz))=(10
—N3,) *(4g—6p)/r where p is the XMCD integral over the
L5 edge, g is the XMCD integral over both L; and L, edges,
r is the XAS integral over L; and L, edges with the con-
tinuum background subtracted, and N5, is the number of 3d
electrons per cation. Without correction for magnetic aniso-
tropy induced from spin-orbit interactions or surface effects
as represented by (T.), m; at the thickest portion of all three
orientations of wedge layers is approximately 2.75 ug/Mn
at room temperature at 1500 Oe.

Figure 6(a) shows the room-temperature uncorrected spin
moment m, measured at different positions on LSMO
wedge/2 nm STO cap samples as a function of position along
the sample and thus as a function of LSMO film thickness
for each orientation. In addition, Fig. 6(b) plots typical room-
temperature x-ray absorption and dichroism spectra for the
Mn L;, edges of the LSMO samples with dichroism scaling
corrections for x-ray circular polarization and angle of inci-
dence with respect to the surface normal. A saturation mag-
netic field of 1500 Oe was applied along the [100] direction

for (001) LSMO, [001] for (110) LSMO, and [110] for (111)
LSMO. While large fields are necessary to saturate the films
at 10 K as shown in Fig. 5(a), 1500 Oe is enough to saturate
all three samples at room temperature at 2.9 up as verified
by superconducting quantum interference device (SQUID)
magnetometry. While the XMCD-derived spin moment of all
three orientations converges toward a maximum value of
2.75 up, it is the (110) LSMO film orientation that ap-
proaches the maximum value at the smallest film thick-
nesses. Park er al.! observed significant suppression of the
magnetization at the surface of (001)-oriented 190-nm-thick
LSMO thin films, and such a suppression is consistent with
the reduction in spin moment of films up to 25 nm thick. The
more recent results of Infante et al.,? indicating a difference
in temperature dependence and Curie temperature of (001)
and (110) LCMO thin films, are consistent with the recovery
of the spin moment for our (110)- and (111)-oriented LSMO
films at smaller film thickness as compared to (001) LSMO
films.

The dependence of spin polarization on the crystallo-
graphic orientation of LSMO suggests that the mere presence
of a surface or interface does not necessarily suppress the
spin polarization in these materials. Here A=La;Sry; and
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FIG. 6. (Color online) (a) Room-temperature uncorrected spin
moment m: derived from XMCD spectra using sum rule analysis
for LSMO films of various orientations as a function of thickness as
compared to the expected value of 2.9 up from room-temperature
magnetization measurements. The magnetic field of 1500 Oe was
applied along the [100] direction for (001) LSMO, [001] for (110)
LSMO, and [110] for (111) LSMO. (b) Absorption and dichroism
line shapes for the 28 nm section of the (001) LSMO wedge mea-
sured at room temperature.

B=Mn where ABOj; is the perovskite structure. Experimen-
tally, the (110) [ABO]** surface of the perovskite appears to
be more bulk-like magnetically compared to the [AO]*7* or
[BO,]%7~ planes of the (001) surface. This difference is in
part due to the strong driving force to relieve strain that in
turn affects the B-O-B exchange interaction.®> Lebedev et

35nm LSMO(001)
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al.* found that microtwinning of a Lay ¢St ;sMnO; film on
a (110) STO substrate occurred due to corrugation of the
nominal (110) surface into (001) planes, thus allowing for
strain relaxation without the need for the formation of inter-
facial misfit dislocations. It should be noted that the (001)
ABOj; cubic perovskite stacks with alternating [AO]%"* and
[BO,]%7- layers while the (110) orientation stacks with alter-
nating [ABOT* or [0,]* planes of atoms,*”3® and the (111)
orientation stacks with alternating [AO;]** and [B]***
planes.* The more polar (110) and (111) surfaces may be
more susceptible to reconstruction and hence strain relax-
ation, thus allowing for the quicker recovery of spin moment
as a function of film thickness.

A further examination of the room-temperature Mn Lj
XAS in Fig. 7 illustrates that 35 nm films of all orientations
exhibit identical line shapes which implies that the same
chemical environment exists at the interface of the LSMO
film and STO cap layer. As film thickness is decreased below
35 nm, the Mn Ly line shape changes substantially for both
(001) and (110) film orientations. de Jong et al.*” attributed a
feature on the low photon energy side of the Mn L; absorp-
tion edge as originating from Mn?*, but the suppression of
magnetization for (001) films and retention of magnetization
for (110) films point to the changing symmetry of the Mn
environment under epitaxial strain as the cause of this
change in Mn L5 spectral weight. The weak thickness depen-
dence of the (111) LSMO multiplet features can be corre-
lated with the weak thickness dependence of both the lattice
parameter as seen in Fig. 2 as well as the spin moment as
shown in Fig. 6.

The difference in the unit-cell volume for thin films of
different orientations combined with the above change in
spectral weight for the Mn L; line shapes suggest that the Mn
environment varies both as a function of strain and film ori-
entations. Examination of strained (La,Ca)MnOjs films illus-
trated that Mn-Mn cation distances and thus Mn-O bond
angles varied under epitaxial strain.*! A change in Mn-O
bond angle results in variation in the double-exchange trans-
fer integral and thus directly affects both transport and mag-
netization properties. Clearly, the changes in structural sym-
metry due to epitaxial strain give rise to significant variations
in surface spin polarization in LSMO, with the larger strain
in thinner films resulting in substantial differences in spin
moment at the surface. This variation can, in turn, be ex-
ploited by choosing (110)- and (111)-oriented films that

——35nm LSMO(110) == 5nm LSMO(001) === 5nm LSMO(110) === 5nm LSMO(111)
——35nm LSMO(111) —35nm LSMO(001) ——35nm LSMO(110) == 35nm LSMO(111)
@) (b) (©) (d)

Intensity (arb. units)

FIG. 7. (Color online) Mn L; x-ray absorption
spectra as a function of film orientation. While
the line shapes for the 35-nm-thick films (a) lie
on top of each other, there is substantial differ-
ence in the line shape for the (b) (001)- and (c)
(110)-oriented 5 nm LSMO films. In comparison,
the (111)-oriented sample (d) shows little change
in line shape as a function of thickness.
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achieve near-bulk magnetization for devices such as mag-
netic tunnel junctions in which the interface spin polarization
plays a dominant role in determining device properties.

VI. CONCLUSION

In summary, we have found that the magnetization of
(110)- and (111)-oriented Lag;Sry3MnO5/SrTiO; interfaces
is more bulklike as a function of thickness whereas the mag-
netization at the (001)-oriented La, 7Sty sMnOs/SrTiO5 inter-
face is suppressed significantly below a layer thickness of 20
nm. Both magnetization and spin polarization depend on the
crystal surface plane and are not equally suppressed for all
surfaces or interfaces.
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