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The magnetic behavior of Lag ¢Sty 33MnO3 (LSMO) films grown on SrTiOs (110) substrates was
studied. In-plane uniaxial magnetic anisotropy with the easy axis aligned with the [001] lattice
direction was observed, together with an out-of-plane component. This is explained by the crystal
structure of the films, which shows a tilt of the (001) planes. This tilt creates a long body diagonal
which forces the easy axis out-of-plane and results in magnetic domain formation. The domain size
is estimated at 500 nm. The switching behavior of the magnetization is well described by a
two-phase model which takes both coherent rotation and domain wall motion into account. These
results are of importance for the application of LSMO in tunnel magnetoresistance devices, where
the (110) orientation is preferred because of the reduction in the dead layer in this direction. © 2010

American Institute of Physics. [doi:10.1063/1.3506407]

I. INTRODUCTION

Lag 7510 33Mn0O; (LSMO) is a half metal with a Curie
temperature of 370 K.' Half metals are of great interest for
spintronic devices, such as magnetic tunnel junctions
(MTJs). In these devices the tunnel current depends on the
relative orientation of the two ferromagnetic electrodes. Sev-
eral examples of LSMO tunnel junctions have been pre-
sented in literature,”* with a maximum obtained tunnel mag-
netoresistance ratio (TMR) of 4000. However the TMR
drops rapidly with temperature and the devices cannot be
prepared very reproductively. The interfacial dead layer of
LSMO is thought to be an important cause of the less than
ideal behavior.”™® At the interface between LSMO and the
barrier material, e.g., SrTiO; (STO), the La-Sr ratio sur-
rounding the interfacial Mn ions changes and this results in
locally overdoped LSMO.”"? Interface engineering, chang-
ing the local cation stoichiometry, has been applied to solve
this issue'® but with limited success.'"* An alternative ap-
proach is to fabricate the tunnel junction on a substrate with
pseudocubic  (110) orientation.”'® (We will use the
pseudocubic notation for LSMO in this paper.) With this ori-
entation the dopants are in the same atomic layer as the Mn
ions and no overdoping is expected.

As the TMR depends on the relative orientation of the
magnetization in the electrodes, the magnetic anisotropy of
the LSMO films, deformed by the strain imposed by the
substrate, needs to be studied. STO (110) is a promising
substrate for LSMO TMR devices because next to the al-
ready discussed (110) orientation, it applies tensile strain to
the LSMO. It is known for LSMO thin films that tensile
strain results in in-plane magnetization, which reduces mag-
netic domain formation.'”™" The magnetic anisotropy of
LSMO on STO (110) was first studied by Suzuki et al.*’ who
found in-plane uniaxial behavior with the easy axis aligned
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with the [001] crystal direction. Later studies also found
uniaxial anisotropy for films of Laj4;Cay33MnO; on STO
(110) (Ref. 16) and LSMO on STO (305).”"

Here, we studied the magnetic behavior of LSMO on
STO (110) and we found an overall uniaxial in-plane mag-
netic anisotropy with an out-of-plane component present as
well. This is explained by the observed tilt of the LSMO
(001) plane, resulting in an extended body diagonal in the
[111] direction. The out-of-plane component results in mag-
netic domain formation, to reduce the demagnetization en-
ergy. Further, we studied the magnetization reversal of the
LSMO films, as this is of importance for switching devices
such as MTJs. The magnetization reversal is well described
by a two-phase model in which both rotation of the magne-
tization vector in the magnetic domains as well as domain
wall motion occurs.

Il. EXPERIMENTAL

The as-received STO (110) substrates were cleaned with
acetone and ethanol before the anneal treatment. After an
annealing step of 1 h at 950 °C in a 1 bar oxygen atmo-
sphere, smooth terraces with straight stepedges, and half unit
cell step height (2.7 A) were observed, using atomic force
microscopy (AFM). LSMO thin films were grown on the
STO (110) substrates by pulsed laser deposition, from a stoi-
chiometric target in an oxygen background pressure of 0.27
mbar with a laser fluence of 2 J/cm? and at a substrate tem-
perature of 780 °C.® After LSMO deposition, the films were
cooled to room temperature in a 1 bar pure oxygen atmo-
sphere.

The crystal structure of the films was determined from
x-ray diffraction (XRD) measurements. (Bruker D8 Discov-
erer equipped with a Vantec-1 array detector) Reciprocal
space maps were obtained around the STO (420), (240),

(331), and (331) reflections, as shown in Fig. 1. All maps
showed an LSMO peak with in-plane momentum transfer

© 2010 American Institute of Physics
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FIG. 1. (Color online) Reciprocal space maps around the (a) (420), (b)

(240), (c) (331), and (d) (331) STO reflections of the 22 nm thick sample.
All film peaks have in-plane momentum transfer equal to that of the sub-

strate. In (c) and (d) a dissimilar spacing of the (331) and (331) LSMO
reflections is clearly observed. This indicates a tilt of the LSMO (001)
planes with respect to the [001] lattice vector. A schematic of the crystal
structure is shown in (e) and (f) with the view along the [001], respectively,

[110] direction. The solid dotted line indicates the STO substrate while the
blue line is the LSMO unit cell. The a, b, and c lattice parameters and the
long body diagonal d are indicated. The angle & corresponds to Z[(a
+b),c].

equal to that of the substrate peak, indicating coherent
growth and therefore in-plane lattice parameters equal to
those of the substrate. Due to the tensile strain the out-of-
plane (110) plane spacing of the LSMO is reduced with re-
spect to the bulk value. This results in an angle y between
the a and b lattice vectors of 90.8°. We found no significant
strain on the a=b=3.88 A lattice parameters themselves,
which are equal to the bulk LSMO values.”> Further, we
observed a difference in out-of-plane momentum transfer be-

tween the LSMO (331) and (331) reflections. This indicates
a tilt of the (001) planes with respect to the plane of the
substrate. From the difference we calculate an angle of 90.6°
between the LSMO (001) and (110) planes. This results in an
angle a=(B=)90.4° between the b(a) and ¢ lattice vector.
This corresponds well with the angle between the lattice vec-
tors in bulk rhombohedral LSMO (a cube compressed along
the [111] direction with a=B8=y=90.35°). In conclusion
LSMO grown on STO (110) has two main deviations from
the bulk rhombohedral crystal structure: the ¢ lattice param-
eter is elongated to match the lattice parameter of the STO
and the angle y is increased from 90.35° to 90.8°. The lattice
parameters and angles are summarized in Table I.

The surface topology of the LSMO films was determined
by AFM, showing a smooth surface with roughness at the
unit cell step height (2.7 A) level. The clear step and terrace
structure of the substrate could no longer be observed. The
magnetic properties of the samples were characterized with a
vibrating sample magnetometer (VSM) (Physical Properties

J. Appl. Phys. 108, 103906 (2010)

TABLE I. Lattice parameters of LSMO, grown on STO (110), as determined
from XRD measurements. The in-plane lattice parameters are equal to those
of the STO (110) surface unit cell. The error in the length is 0.005 A and the
error in the angle is 0.1°.

Length LSMO Angle
LSMO film lattice vectors (A) angles (deg)
3.88 a 90.4
b 3.88 B 90.4
c=agyq (in-plane) 3.905 v 90.8
|(a+b)| (out-of-plane) 5.45 6=/ [(a+b),c] 90.6
|(a=b)|=1\2ag70 (in-plane) 5.552 2[(a=b),c] 90
/[(a=b),(a+b)] 90
d (long body diagonal) 6.82
LSMO bulk
a=b=c 3.88 a=B=7y 90.35

Measurement System of Quantum Design and Model 10
VSM of Microsense). The Curie temperature of the samples
is 350 K and the low temperature saturation magnetization is
3.7 wup/Mn.

lll. RESULTS AND DISCUSSION: MAGNETIC
PROPERTIES

Angle dependent measurements were performed at room
temperature with the field applied in the plane of the film.

The in-plane angle of the applied field with the [110] direc-
tion was varied to determine the magnetic anisotropy. For all
field angles a full magnetization loop was measured and the
remanent magnetization, M,, was obtained from the loop.
Figure 2 shows the magnetization loops of a 22 nm sample
with the field aligned with the two high symmetry directions.
In all figures the linear diamagnetic contribution from the
substrate is subtracted. Figure 2(a) shows the magnetization
measured parallel to the applied field, M. Uniaxial behav-
ior is observed; the loop obtained with the applied field par-
allel to the [001] crystal direction is almost square shaped,
indicating that this is the easy axis, while the loop obtained

with the field parallel to the [110] direction shows an almost
linear dependence of the magnetization on the applied field
close to remanence, corresponding to the magnetic hard axis
direction. However, the remanent magnetization in the easy
direction is only 75% of the saturation value (400 kA/m).
This is clearly seen in Fig. 2(b) which shows that the film is
saturated only for an applied field larger than about 200
kA/m. Similar behavior for the magnetization loops mea-

sured with the field aligned with the [110] and [001] axes
was observed for all temperatures down to 10 K, indicating
that the easy and hard axis directions do not change with
temperature.

The VSM used for this work allows for simultaneous
measurement of the two components of the magnetization
vector, parallel and perpendicular, M, to the field and in
the plane of the film. The perpendicular component is pre-
sented in Figs. 2(c) and 2(d). When the field is aligned with
the easy axis almost no signal is measured, while for the hard
axis loop a large magnetization is measured around zero ap-
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FIG. 2. (Color online) Magnetization loops, circles (triangles) denote measurements with the field aligned with the [001] ([110]) direction. Plotted are (a) and
(b) the magnetization parallel to the field (M), (c) and (d) the magnetization perpendicular to the field and in the plane of the film (M), () and (f) the
total in-plane magnetization (M= \fMéar+M12,erp) and (g) and (h) the angle of the magnetization vector with respect to the [001] easy direction (®y). The data
has been normalized to the room temperature saturation value (400 kA/m). The left and right columns present identical data, respectively, a close up around
remanence and the full loop including saturation. [Note that after the switching of the main domain in the hard axis loop, the angle of the magnetization is not
well defined due to the presence of domains which have not yet switched. Therefore no datapoints are presented between 7 and 8 kA/m in figures (g) and (h).]

plied field. This indicates that the magnetization is rotated
90° from the applied field and is aligned with the easy axis,
as expected for uniaxial anisotropy. A switch in the magne-
tization is observed at a field strength of 7 kA/m, at which
M .., changes sign. This switching field, Hy,,, is much larger

than the coercive field of M, shown in Fig. 2(a) and will be
discussed later in this paper. Figures 2(e) and 2(f) show the
total in-plane magnetization, M= \"Mlz)aﬁM;erp- Two fea-
tures deserve attention. The total in-plane magnetization

around remanence is only 70% to 80% of the saturation
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FIG. 3. (Color online) Schematic representation of the magnetization at
remanence in the different domains for the case of a partially out-of-plane
easy axis. The size of the schematics indicates domain size. (a) Symmetric
anisotropy energy with regard to a mirror in the surface plane with easy axes
+& and —¢ degrees rotated away from the in-plane direction. (b) Anisotropy
energy which is not symmetric with respect to a mirror in the surface plane,
such as LSMO grown on STO (110). In this case a single easy axis is at +&.

[110]

| —F

[001]

value. Second, the total in-plane magnetization is reduced at
the switching field, especially for the hard axis loop.

The reduction in the remanent magnetization can either
be caused by domain formation into domains with opposite
in-plane magnetization direction or by a rotation of the mag-
netization out of the film plane. We assume both mechanisms
occur simultaneously. An out-of-plane component to the
magnetic anisotropy corresponds well with the observation
of an elongated long body diagonal in the [111] direction,
Table I. LSMO usually has an easy axis aligned with the
maximum tensile strain direction” and for LSMO on STO
(110) the tilt of the [110] vector in the [001] direction favors
a partially out-of-plane easy axis. An out-of-plane compo-
nent of the easy axis then results in magnetic domain forma-
tion due to the high demagnetization energy of a thin film in
the out-of-plane direction. This results in domains with alter-
nating out-of-plane component and equal in-plane compo-
nent of the remanent magnetization. However, in the case of
LSMO on STO (110) the symmetry between the two out-of-
plane directions is broken due to the tilt of the [110] vector.
Therefore domains with alternating out-of-plane components
should also have an alternating in-plane component. This
alternating in-plane component further reduces the observed
remanence. Note that in order to observe any remanence in
this domain structure the domains aligned with the previ-
ously saturated directions have to be larger compared to the
domains in the opposite direction, see Fig. 3.

Figures 2(g) and 2(h) show the angle of the magnetiza-
tion vector with the [001] easy direction. The angle of the
magnetization in the easy axis loop is either 0° or 180°, thus
in this case the in-plane magnetization is parallel to the easy
axis for all field values, as expected. For the hard axis loop
the magnetization rotates from the angle aligned with the
field at saturation (*=90° for large |H|) to the easy axis angle
at remanence (respectively, 0° and 180°). When |H| increases
from zero after switching sign for increasing and decreasing
field the (in-plane) magnetization angle increases further to
about 20° and 200°, respectively at the switching field, H;
=7 kA/m. At the switching field the magnetization suddenly
switches almost 180° and for high field strength the magne-
tization rotates toward the field direction again.

In Fig. 4(a) we plotted the dependence of the remanent
magnetization on the in-plane field angle. The angular de-
pendence is typical for predominantly uniaxial anisotropy of

J. Appl. Phys. 108, 103906 (2010)
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FIG. 4. (Color online) (a) Angular dependence of the remanent magnetiza-
tion (open circles), coercivity (closed squares), and switching field (closes
stars). The data has been normalized to the room temperature saturation
values [M,, =400 kA/m and H,(0)=0.47 kA/m]. The fits are based on the
models described in the text. (b) Angular dependence of the remanence
fitted with four different models: (1) single easy axis (dotted line), (2)
Gaussian distribution of easy axes (dashed line), (3) biaxial anisotropy con-
tribution (solid line), and (4) magnetization aligned partially with the hard
axis direction (solid line).

the sample, where the magnetization, which is aligned with
the easy axis at zero applied field, is projected onto the di-
rection of measurement:

Mrem(6)=M0 COS(H), (1)

in which M, is the remanent magnetization, 6 is the angle
between the applied field and the easy axis direction, and M
is the remanence in the easy direction. This relation is plotted
with the solid blue line in the figure. There is some deviation
from ideal behavior, especially pronounced in the hard direc-
tion, where the remanence is not equal to zero.

Four fits to the remanence data are plotted in Fig. 4(b):
ideal uniaxial behavior, uniaxial behavior with a spread in
easy axis directions, a combination of uniaxial and biaxial
behavior, and uniaxial behavior with a magnetization contri-
bution aligned with the hard axis. For all fits the value of the
remanence at 0° was fixed. The dotted blue line is the ideal
uniaxial behavior, Eq. (1), also shown in Fig. 4(a). The
dashed magenta line, fit 2, is the fit based on the model with
a Gaussian spread in easy axes distribution, e.g., due to strain
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relaxation into different grains of the film. In this case, the
best fit was obtained for a distribution centered around 0°
and with a standard deviation of 11°. It does not fit the data
well, from 10° to 70° the model predicts a smaller remanence
while around the hard axis the model predicts a smooth,
rounded angular dependence which is also not observed. The
other two fits, 3 and 4, describe the data very well. Fit 3 is
based on the model which includes a biaxial contribution to
the anisotropy. This results in a system with two easy axes,
located symmetrically around the uniaxial easy direction.”
From the fit easy axes at 3.5° and —3.5° are obtained. Fit 4
assumes that a part of the magnetization is aligned with the
hard axis at zero field. This part is 4.5% of the easy axis
magnetization for the fit presented in the figure. Although fit
3 and 4 result in identical remanence curves, the physical
interpretation is different. If the sample would have two dif-
ferent easy axes, the magnetization curves should show
double switching. At the first switch the magnetization angle
should change by 7° and then only at the second switch
should the magnetization be reversed. The switch of 7° is
clearly not observed in Fig. 2(g) which shows a smooth ro-
tation of the magnetization. Therefore, we conclude that the
sample has a single easy axis at 0° and fit 4 is the right
interpretation of the data. Previously we concluded that the
magnetization at remanence consists of different domains.
We therefore attribute the 4.5% magnetization aligned in the
hard axis direction to the magnetic signal contained in the
domain walls. This implies Bloch domain walls.

Now that the amount of magnetization in the domain
walls is known, we can calculate the average domain size
usin%Sthe domain wall thickness. The latter can be estimated
with

[ JS?
o= E’ (2)

u

in which & is the domain wall thickness, J is the exchange
integral, S=1.85 is the spin of an Mn ion, K,=7 kJ/m? is
the uniaxial anisotropy energy, and a is the interatomic dis-
tance between the Mn ions. K, was be determined from the
hard axis magnetization loop. The exchange integral J is
equal to”

_ Mele )40y, (3)
2z8(S+1)

in which kg is Boltzman’s constant, 7 is the Curie tempera-
ture, and z=6 is the number of nearest neighbors. Using
these values we estimate a domain wall thickness of 55 nm.
With two times 4.5% of the magnetization present in the
domain walls, it follows that the average domain size is 500
nm.

Figure 4(a) also shows the angular dependence of the
coercive field. An M-shaped curve is observed with the
maximum coercive field at an angle of 5°~10° from the hard
axis. Similar curves were observed for LSMO grown on
NdGaO; and indicate magnetization reversal by a combina-
tion of domain wall motion and magnetization rotation.”’
The curve can be described with the relation®®

J. Appl. Phys. 108, 103906 (2010)

H(6)=H0)~ (N, + Ny)eos 0 4)

, sin? @+ (N, + Ny)cos” 6’

in which H, is the coercive field, N, and N, are the demag-
netizing factors in the z-axis direction (corresponding to the
in-plane easy axis direction of the thin films considered here)
and x-axis direction, respectively. Both axes are in the plane
of the magnetic field and of the magnetization rotation. Ny
=H,/M, is a formal parameter which describes an effective
demagnetization factor other than shape anisotropy. H, is the
anisotropy field and M, is the saturation magnetization. The
ratio y=(N,+Ny)/N,=116 and H,(0)=0.47 kA/m are used
as fit parameters to obtain the fit in the figure. The two-phase
model describes the angular dependence of coercivity well
and is in agreement with the magnetization loops shown in
Fig. 2. The reduction in the total magnetization during the
switching, Fig. 2(e), is naturally explained by the presence of
magnetic domains with opposite magnetization directions. In
Fig. 4(a) we also plotted the angular dependence of the
switching field, Hy,, which deviates from the coercive field
close to the hard axes. Where the coercive field approaches
zero at the hard axes in the two-phase model due to the
rotation of magnetization in the domains, the switching field
is largest for values close to the hard axes. The switching
field is fitted well with the Kondorsky29 relation for domain
wall motion H,=H,(0)/cos 6.

IV. CONCLUSION

In conclusion, the magnetic behavior of LSMO films
grown on STO (110) substrates was studied. Next to the
earlier observed in-plane uniaxial magnetic anisotropy with
the easy axis aligned with the [001] lattice direction, we
found evidence for an out-of-plane component to the mag-
netic anisotropy. This can be explained by the crystal struc-
ture of the films, that shows a tilt of the (001) planes. This tilt
creates a long body diagonal which forces the easy axis out-
of-plane and results in magnetic domain formation with an
estimated domain size of 500 nm. We found that the switch-
ing behavior of the magnetization is well described by a
two-phase model which takes both coherent rotation and do-
main wall motion into account. These results are of impor-
tance for the application of LSMO in TMR devices, where
the (110) orientation is preferred because of the reduction in
the dead layer in this direction. Our results indicate that the
device area should be smaller than 500 500 nm? for opti-
mum TMR performance as then the tunneling from a single
magnetic domain is measured.
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