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Abstract

We systematically investigated the ferromagnetic properties of LaMnO3; (LMO)
films grown on SrTiO; (STO) substrates with varying deposition oxygen pressure
Po2 (0.2 <P, < 200 mTorr). It was found that the films only deposited with Pg; <
20 mTorr showed exchange bias behavior and meantime the coercive field H¢ of
LMO films deposited below 20 mTorr is about one order of magnitude larger than
that of films deposited at 200 mTorr. When the LMO films were deposited at 20
mTorr on different substrates [LaAlIO; (LAO), (LaAlOs3)q3(Sr,AlTa0g)e7 (LAST),
SrTiO; (STO) and KTaOs], LMO/STO sample showed the maximum Hc, even
though all of them exhibit exchange bias behavior. Thickness dependence of
magnetic properties in LMO/STO films deposited at 20 mTorr indicated a
maximum coercive field and the existence of exchange bias for 20 nm-thick LMO
sample. Based on our results, the enhancement of coercive field and exchange bias
was attributed to the competition between different magnetic phases induced by
oxygen vacancies and Jahn-Teller effect from strain-induced orbital ordering.
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Introduction

Perovskite manganites, as one of the well-known strongly-correlated electron
systems, have raised strong interest for their novel electronic and magnetic
properties, due to the complex interaction among the spin, orbital, charge and
lattice degrees of freedom and a variety of potential applications in sensors and
memories [1-4]. Intriguing physical properties of perovskite manganites (such as
metal-insulator  transition, ferromagnetic-paramagnetic transition, colossal
magnetoresistance, phase separation, as well as charge/orbital ordering) are very
sensitive to external stimuli (magnetic field, electric field, doping level, strain and
so on). This allows a lot of schemes to manipulate the physical properties and
interface coupling in manganite systems [5-11].

The parent compound of LaMnO; (LMO) has been as a prototypical manganite
for investigating the interface coupling when adjoined to other complex oxides
[12-16]. Although showing A-type antiferromagnetic (AF) insulating ground state
in bulk [17], LMO thin films in heterostructures always exhibit ferromagnetic (FM)
behavior [12-16]. This unexpected FM behavior has gained renewed interests, and
there are many attempts to explain it.

It was initially suggested that the oxygen pressure during the LMO film growth
plays a key role in its FM behavior, which would change the valance of Mn ions
and resulting in a 3+/4+ mixed valance state [18-23]. However, x-ray absorption
spectroscopy measurements in LMO/LSAT thin films deposited at low oxygen
pressure indicated the existence of Mn®" component associated with the double-
exchange between Mn?*-O-Mn*",which gives rise to exchange bias [24]. On the
other hand, strain effect due to lattice mismatching between film and substrate
materials also plays a crucial role in the properties of the resultant films.
Theoretical studies indicated that the FM behavior in LMO thin films originates
from the strain-induced orbital ordering [25-27]. Experimentally, LMO films
grown on LaAlO; (LAO) substrates with decreasing thickness demonstrated an
increasing FM transition temperature [28]. Meanwhile, it was reported that by
reducing the growth oxygen pressure, LMO thin films deposited on SrTiO; (STO)
substrates can be tuned from FM to AF due to the strain-induced orbital ordering
[29]. Therefore, in spite of reports which investigated the effects of oxygen
pressure on the magnetic properties of LMO thin films, the relation between
magnetism with oxygen pressure and strain is still unclear. Besides, whether one



can realize two different magnetic phases coexisting in LMO film is also unknown,
and further investigations awaits along this direction [30].

As an attempt to address some of the previously mentioned issues, in this work
we fabricated a series of LMO thin films on STO substrates with different oxygen
pressures (Po2) and systematically studied their microstructures and magnetic
properties. From x-ray diffraction measurements, we found that the out-of-plane
lattice parameter increased with decreasing Po,. LMO/STO films deposited at low
Po2 (20, 2 and 0.2 mTorr) showed obvious enhancement of coercivity (Hc),
reaching up to 30 times that of LMO film deposited at 200 mTorr. On the other
hand, exchange bias (EB) effect was observed in LMO/STO samples with P, <20
mTorr. Minor loop measurements for samples with Po, < 20 mTorr revealed the
presence of two FM phases with different Hc. When the LMO films were
deposited at 20 mTorr on different substrates [LAO, (LaAlO3)q3(Sr,AlTaOg), 7,
STO and KTaOs], we found the LMO/STO sample showed the largest Hc. From
the thickness dependence of magnetic properties of LMO/STO films deposited at
20 mTorr, it was found that the 20 nm-thick LMO sample exhibited a maximum
Hc and EB. Our results indicated that the competition between different magnetic
phases induced by oxygen vacancies, and Jahn-Teller effect from strain-induced
orbital ordering, should play key roles in the magnetic properties of LMO films.

Experimental details

A series of epitaxial LMO thin films with different thicknesses were grown by
pulsed laser deposition with a laser wavelength of 248 nm on various substrates,
using a stoichiometric LMO target. The frequency and energy of the excimer laser
were 2 Hz and 1.5 Jcm™, respectively. The film growth took place at a substrate
temperature of 710°C under different P, in the range of 0.2 to 200 mTorr. After
the deposition, the samples were cooled down to room temperature naturally under
the same oxygen pressure environment.

Crystal structure of the films was characterized by high-resolution X-ray
diffractometery (Smartlab, Rigaku, Japan). Magnetic properties of the samples
were measured by vibrating sample magnetometery (VSM, Quantum Design). For
the field-cooled (FC) magnetization-temperature measurements, samples were
cooled down from 300 K to 3 K under an applied magnetic field of 1 kOe, and



were then measured under the same field during the warming process. The
magnetic hysteresis loops (M-H loops) were measured after FC the samples from
300 K to the desired temperatures under a 2 T magnetic field.

Results and discussions

Oxygen Dependence of Magnetic Properties. Fig. 1 shows the XRD profile of
the LMO films (30 nm) at different Po,, which shows clear (001) LMO peaks and
Is indicative of the high crystallinity and c-axis orientation. Laue fringes were
observed around the (001) diffraction peak, which further suggests the high quality
of the films. Remarkably, with decreasing Po, from 200 to 2 mTorr, the (001) peak
position shifts to lower angles, indicating an expansion of the out-plane lattice
constant ¢ (inset of Fig.1). As for the stoichiometric bulk LMO, the pseudocubic
lattice parameter (a ~ 3.93 A [31]) is similar to that of LMO film deposited at 200
mTorr, which indicates that the LMO/STO deposited below 20 mTorr are under
compressive strain. According to the reported results [32], the expansion of lattice
constant could be attributed to the effect of oxygen vacancies, which weakens the
lattice interatomic force and change the valence of Mn ions. By considering the
Mn ionic radii at different valence states (Mn?* (0.83A), Mn**(0.645A) and
Mn**(0.53A)) [24, 33] and the above results, it is likely that the Mn?* has appeared
other than Mn*" with decreasing oxygen pressure, which was verified in
LMO/LSAT films [24].
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FIG.1. XRD profile showing (001) peak of LMO films grown on (001) STO substrates at
different Po,. The dashed line is a guide to the eyes. Inset shows the Po, dependence of the out-
plane lattice constant c as extracted from the LMO (001) peak.

Magnetic properties of LMO/STO thin films as a function of P, are shown in
Fig.2. The FC magnetization-temperature (M-T) curves for samples deposited at
different P, are plotted in Fig.2a, with both FC and measurement fields being 1
kOe. It is obvious that the Cure temperature (T¢) of the LMO film decreases when
Po, drops from 200 mTorr to 20 mTorr, which is the same as those reported in
literature [18, 22, 34]. With further decreasing Po,, Tc does not show any
variations. As for the sample deposited at 200 mTorr, the M-H loop shows a robust
FM behavior with Hc of 280 Oe at 3 K (inset of Fig.2a), with Hc = (H,-H,)/2
where H; and H, are the negative and positive fields at which the magnetization
equals zero. It should be noted that the M-H loops in the present work were
measured with a 2-T field cooling from 300 K to the desired temperatures.

We also attempted to evaluate the presence of exchange coupling effect by
measuring the EB field (Hgg=(H;1+H>)/2). No exchange bias effect was found in
LMO/STO sample deposited at 200 mTorr, which is different from the reported
LMO films grown on LSAT substrates [24]. As the Py, decreases to 20 mTorr, one



can find the M-H loop at 3 K (Fig. 2(b)) exhibits a much higher Hc (4580 Oe) than
that of the film deposited at 200 mTorr (inset of Fig.2a). Another visible feature of
the M-H loop in Fig.2(b) is the loop shift towards the negative field, which is a
manifestation of the EB. At 3 K, Hgg of the LMO film deposited at 20 mTorr is
about 105 Oe. Even higher Hc and Hegg can be found in films grown under lower
Po2 (Fig. 2(c) for Po, = 2 mTorr, and Fig.2(d) for Po, = 0.2 mTorr). Such
observations of Hc enhancement and Hgg confirm that the exchange bias is
intrinsic for LMO thin films deposited under low P, (< 20 mTorr) and measured
at low temperatures. The EB behavior in LMO thin film suggests the presence of
multiple phases with different spin orders, which couples with each other and
results in EB.
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FIG.2. (a) M-T curves of LMO films deposited at different Po, and measured after 1 kOe field
cooling: 200 mTorr (black), 20 mTorr (red), 2 mTorr (green), 0.2mTorr (blue). Inset shows the
M-H loop of LMO film deposited at 200 mTorr at 3 K. (b)-(d) M-H loops of LMO films
deposited at Po, = 20 mTorr (b), 2 mTorr (¢) and 0.2mTorr (d) and measured at different
temperatures. All the M-H loops were measured after 2T field cooling from 300 K.



As reported in literature [35-37], with increasing temperature Hc and Hegg
decrease and Hgg vanishes at the blocking temperature (Tg). In Fig. 3 we
summarize the temperature dependence of H¢ and Hgg for LMO films deposited
with different Po,. For all LMO samples studied, Hc drops monotonously with
increasing temperature and approaches zero at around 90 K, which is T¢ as
determined from M(T) (Fig. 2a). We point out that Hc increases up to about 30
times with decreasing Po, (from 280 Oe for Po, = 200 mTorr to 8200 Oe for Pg, =
2 mTorr) as shown in Fig.3(c). As for the Hgg (Fig.3(b)), it abruptly decays with
increasing temperature and disappears at Tg [38, 39] about 50 K for the samples
with P, <20 mTorr (Fig.3(b)). It is noticeable that Tg is a little smaller than the Tc.
Indeed, the competing magnetic interactions is known to lead to an exponential
temperature-dependent decay of Hc and Hgg, which has previously been observed
in  Lag7Sro3sMnO3/SrMnO;  bilayers  [40], La;.,CaMnO; ferromagnetic/
antiferromagnetic multilayers [36] and Lag;Sro3sMnO; nanoparticles [41]. The
temperature dependences of Hc and Hgg can be fitted by the phenomenological
formulae [36, 40]

He = Hc(0)exp(-T/Ty)
Heg = Hes(0)exp(-T/T2), 1)
where Hc(0) and Heg(0) are the extrapolations of Hc and Hgg to absolute zero, and
T, and T, are constants. The fitting results (solid lines in Figs.3(a) and 3(b))
indicate there should exist different magnetic phases in LMO films when deposited
at low oxygen pressures. With increasing Pq,, Heg firstly decreases and then
almost keeps constant, which is similar to the variation of H¢ as shown in Fig.3(c).
Obviously, Hc and Heg show the similar variation with decreasing Po;.
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Fig.3. (a) Temperature dependence of Hc of LMO thin films deposited at 200 mTorr (inset), 20
mTorr (red squares), 2 mTorr (green triangles) and 0.2mTorr (blue circles). (b) Heg as a function
of temperature with different Po,. The solid lines in (a) and (b) are the fits using Eq.(1). (c) The
deposited oxygen pressure Po, dependence of Hc and Hegg.

Apart from the enhancement of H¢ and EB, the most outstanding feature of low-
temperature M-H loops for LMO films deposited with low Pg; is a distinct kink at
low magnetic field range (c.f. Fig. 2). Such a behavior indicates the possible
existence of another FM phase with lower Hc. The coexistence of two phases of
magnetic materials with different Hc would lead to the exchange spring effect [42,
43], which has been studied in heterogeneous hard/soft FM bilayers such as
NigoFe o/SmygFegy [37], CoCr/CoPtCrB [44], and Lag7Sry3Co0s/Lag7Sre3sMn0O;
[45]. As for the manganites, the phase separation with the coexistence of different
magnetic phases in a single system provides “homo-interfaces” and resulting in
numerous fascinating phenomena [24, 46, 47]. In particular, the electronic phase



separation in LMO bulk [48] and films [24] have been confirmed, typically
accompanied by different magnetic phases. On the other hand, the exchange spring
effect has been observed in bulk Pr,.,Ca,Co0O;3; [30], where the long-range ordered
FM phase (low H¢) coexists spatially with a short-range FM phase (high Hc),
indicating two different FM phases can coexist in a single material system.

Based on the above discussions, we deduce that the LMO thin films deposited
with Po, < 20 mTorr contain two FM phases with different Hc, and the exchange
spring effect between these two FM phases could explain the observed EB. In
order to characterize the second FM part with lower Hc in details, we measured the
minor hysteresis loop at 3 K for the LMO/STO sample with Po, = 20 mTorr (Fig.
4). For extracting the minor loop I, a magnetic field up to 2 T was first applied, and
then the field was swept down to -2000 Oe before it was ramped up back to 3000
Oe. A clear minor loop is observed, which shows a smaller saturation
magnetization and a lower Hc compared with the major loop. Similar minor loop
behavior can be observed when the field is swept from —2 T, reversed at 2000 Oe
and then ramped up again at —3000 Oe until the major loop is completed when the
field reaches 2 T. The Hc of minor loops (defined at fields where the magnetization
equals to the half of the sum of the moment at A and B in Fig. 4) are about 510 Oe
(loop 1) and 540 Oe (loop II), which are similar to that of LMO film deposited at
Po2 =200 mTorr (Fig.2) and much smaller than that in the major loop.
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Fig.4. Major and minor loop measurements at 3 K, for LMO thin film deposited at 20 mTorr. See
text for the field sequences used to obtain the loops.



Substrates Dependence of Magnetic Properties in LMO. To further investigate
the unusual magnetic behavior of LMO films at low Pg,, a series of LMO films
with thickness 24 nm were deposited on (001)-oriented LAO (lattice parameter a =
3.793A), LSAT (3.868A), STO (3.905A) and KTO (3.989A) single crystal
substrates at 20 mTorr. Noting the pseudocubic lattice parameter of stoichiometric
LMO bulk is a ~3.93 A [31], hence LMO films will be closely matched with STO
compared to others substrates, but suffer from out-of-plane tensile stress on LAO
and LSAT, and compressive stress on KTO. This is verified from the XRD profiles
in Fig. 5(a), which show epitaxial growth of LMO films on all the substrates but
with strongly tensile, moderately tensile, weakly tensile, and strongly compressive
strains, respectively. It is known that the magnetic behavior of LMO films is
closely related to the substrate-induced strains [25], as the epitaxial strain
influences the oxygen-octahedron rotation and Jahn-Teller distortion which will
play an important role on the magnetic behavior of manganite films [49].
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Fig.5 (a) X-ray diffraction 8-28scans of LMO films on LAO, LSAT, STO and KTO. The dashed
line indicates the position of the bulk LMO 26 value. (b) Field-cooled magnetization vs.
temperature for LMO films. Both the field cooling and measuring fields were 1 kOe. (c)
Magnetic hysteresis loops of LMO/LAO, LMO/LSAT, LMO/STO and LMO/KTO films at 3 K.
All the samples were cooled from 300 Kto 3 K atafield of 2 T.



Fig. 5(b) exhibits the field cooling M-T curves of LMO films, upon cooling
field and measuring field with an external field of 1 kOe. The magnetization of
LMO films under strongly compressive or tensile strains are much smaller below
100 K, and the magnetization of LMO/LSAT is slight smaller than that of
LMO/STO. This temperature dependence of magnetization for LMO films
deposited at 20 mTorr is consistent with the strain state of LMO films on different
substrates, i.e. when the LMO film is slightly strained it shows robust
ferromagnetic behavior, and the compressive or tensile strain will result in the
progressive reduction of magnetization in LMO film. First-principles calculations
[26, 50] and experiments [51] indicated that as the compressive or tensile strains of
LMO film induced by different substrates increase, the ferromagnetism of LMO
film will be more strongly suppressed. Ferromagnetism of film is found to be
stable in a small tensile strain range according to the calculations [26, 50]. That is
similar to our data for LMO films grown on different substrates. As regards the
orbital ordering, calculations [26] indicated that the compressive strain LMO will
show x3-1/y*-1 orbital ordering, while tensile strain will result in (x*-y?)+(z*-1)
orbital ordering only which will induce FM in LMO films, and then change to z*-1
ordering with further increasing tensile strain. On the other hand, oxygen
octahedral rotation is another nontrivial factor in determining the FM of LMO
films when grown on STO [14, 16, 51, 52], in which the strong coupling with
Jahn-Teller distortion results in orbital ordering. So even if the mismatch is
minimum between LMO and STO, the tensile strain and oxygen octahedral
rotation will cause orbital ordering, and give rise to FM in LMO/STO film.
Therefore, the interplay between the Jahn-Teller distortion, oxygen octahedral
rotation and orbital ordering will cause the complex magnetic behavior of LMO
films grown on different substrates.

The most important result on the strain dependences of the magnetic properties
Is shown in Fig.5 (c), which depicts the hysteresis loops of LMO films on different
substrates (hence strain states) at 3 K; all the samples were field cooled ina2 T
external field from 300 K to 3 K. It can be seen that the shape of M-H loops of
highly-stressed LMO films (with LAO, LSAT and KTO) are much slenderer than
that deposited on STO, and only in LMO/STO are the Hc enhancement and the
“kinked” behavior in M-H loop observed. As when we plot the substrate lattice



dependence of Hc and Heg (Fig.6), Heg decreases with increasing substrate lattice
parameter, while Hc peaks at the lattice parameter of STO and then decreases.

The maximum H¢ in LMO/STO sample can be explained by the appearance of
second FM part with higher H¢, which may only be found when the lattice of film
matches well with the substrate. With strong tensile or compressive strains, the FM
state in LMO films grown at 20 mTorr will be suppressed, and AF ordering will
appear and become the dominant phase in LMO film, which would result in the
decrement of magnetic moment and Hc and a much slender M-H loop. The
mechanism of the strain dependence of the magnetic ordering and the coupling
among them in LMO film deposited at 20 mTorr is complex and can related to the
effects of strain-induced magnetic phase transition, Jahn-Teller distortion, and
oxygen-octahedron rotation [49], which need be further investigated by
experiments and theory.
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Fig.6 The substrate lattice dependence of the Hc and Hegg.

Another interesting point for M-H loops in Fig. 5(c) is the presence of distinct
kink at low magnetic field range, which is particularly prominent in LMO/STO
sample. In order to further study this behavior, we measured a series of M-H minor
loops for this sample at 3 K (Fig.7(a). These minor loops were obtained by firstly
saturating the sample with +2 T, then ramping down the field to a value H, such
that the field is increased back to 2 T. For example, in Fig. 7(a) the value of H,
changes gradually from —0.2 T to -0.8 T. For the minor loop with H, =-0.2 T, the



minor loop is a normal hysteresis loop with Hc ~ 380 Oe. With increasing H, from
-0.2 to -0.6 T, the minor loop opens up. A plot of the normalized minor loop area
Anmino/ Amajor (A major refers to the complete M-H loop measured between +2 T) as
a function of H, (Fig. 7(b)) shows negligible value for H, between 0 to -0.3 T, but
dramatically rises with higher magnitude of H,. This is the prototypical exchange-
spring behavior [53]. Therefore, the LMO/STO film deposited at 20 mTorr may
exhibit two FM phases with different H,, and the exchange springing between
these two FM phases results in the EB.
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Fig.7. (a) Normalized hysteresis loops (both major and minor loops) at 3 K for LMO/STO
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Thickness Dependence of Magnetic Properties. From the results of the LMO
films on different substrates deposited at Po, = 20 mTorr, we can see the high
sensitivity of the LMO film magnetism on the substrate-induced strain. We
therefore further explored the strain effect by preparing LMO films of different



thicknesses (t nm) on STO at 20 mTorr. Fig. 8(a) displays the XRD profiles around
(001) peaks for LMO films with 8 <t < 105. With t increases up to 38 nm, the
diffraction peaks shift to high angles, indicating a gradual strain relaxation of the
LMO film. When the film thickness further increases up to 105 nm, no further
shifting of diffraction peak can be found. From the thickness dependence of the
out-plane parameter ¢ of LMO/STO films (Fig. 8(b)), it is found that ¢ decreases
dramatically with increasing thickness up to 38 nm, and is almost constant with
further increasing t, suggesting a strain-relaxed LMO/STO film with t > 38 nm.
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Figure 8. (&) XRD 6-26 patterns around (001) diffraction of the LMO films on STO substrates
with different thickness. Vertical dashed line is guideline for the comparison of the LMO peaks
with different thickness. (b) Variation of the out-plane parameter ¢ of LMO/STO films deposited
at 20 mTorr as a function of thickness t. (c) M-T curves of LMO films deposited at 20 mTorr
with different thickness, after cooling in 1 kOe field and were measured with the same field. (d)
Thickness dependence of T¢ (blue square) and saturation magnetization Ms (red circle) for the
LMO/STO films. () Normalized M-H loops of LMO films with different thicknesses, measured
at 3 K after field-cooled from 300 K to 3 K in a field of 2 T.

Fig. 8(c) displays the M-T traces of LMO films (8 <t < 105 nm), after field-
cooling in 1 kOe and measured in the same fields. It is obvious that the saturation
magnetic moment Mg (at 2 T) and transition temperature T¢ increase with rising t.
In order to see clearly the thickness-dependent variation of T and M;, we



summarize the results in Fig. 8(d), where T¢ and M show the same variation with
increasing thickness. Obviously, below t = 27 nm, the increasing rapids of T¢ and
M; are little faster than that of above 27 nm samples, indicating the strain plays an
Important role in its magnetic properties.

Fig. 8(e) exhibits the normalized M-H loops of LMO films of different
thicknesses at 3 K, after field cooling the samples in 2 T from room temperature to
3 K. Importantly, all the LMO/STO samples show Hgg, enhanced H¢ and a kink at
low magnetic field range (c.f. Figs. 2 and 7). The maximum Hc (collected from the
major loop) can be observed in the 20 nm-sample. In Fig. 9 we plot Hc and Hegg
collected from the major loop of Fig. 8(d) as a function of t, and both of them show
the similar variation, i.e. a sharp increase with increasing t, reaching a maximum at
20 nm, and then gradually decrease with larger film thickness. Apparently, the
exchange coupling between two FM part of LMO film at 20 nm reaches maximum,
resulting in maximal Hc and Hegg.
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Figure 9. Thickness dependence of Hc and Hegg of LMO films deposited at 20 mTorr.

Based on the above results and discussion, we conclude that the magnetic
properties of LMO thin films are very sensitive to the P, and epitaxial strain. At
low P, one can find the enhanced H¢ and Hgg, as well as a distinct kink in M-H
loop at low field resulting from different FM components that demonstrate
exchange spring effect. One possible explanation is the presence of magnetic phase
change [30]. The observed magnetic interaction reaches a maximum at the film
thickness of 20 nm. From the study of XRD measurement with Po, (Fig. 1) and
previous reported results [24], decreasing Po, leads to the formation of Mn*,



which is associated with the double exchange in Mn?*-O-Mn*" and hence produces
robust ferromagnetism. As for the epitaxial strain, it would drive the rotation of the
MnOg octahedra due to the Jahn-Teller effect [2, 3], and then affects its electronic
structure and physics properties [2, 54]. Theoretical investigated on the LMO films
also indicated that a large cooperative coupling of Jahn-Teller distortion to oxygen-
octahedron rotations has a significant effect on its magnetic property, which can be
manipulated by the epitaxial strain [26, 49]. Experiments and theories [14, 16, 25,
27] have confirmed that the FM in LMO/STO film is resulted from the strain
induced orbital ordering. According to our results, it further confirms that strain
plays an important role in the magnetic and exchange bias of LMO films.

We also note that STO undergoes a phase transition near 100 K from a high
temperature cubic to a low temperature tetragonal phase [55, 56]. The twining in
the STO substrate in the tetragonal phase will induces twinning domains in
manganite films grown on STO [57, 58]. Thus, it may be thought that the effect of
structural coupling between LMO and STO may make some contribution to the
observed magnetic behavior, which need to be further investigated.

Conclusion

In summary, we systematically studied the tuning of magnetic properties of
LMO films by deposited oxygen pressure and strain, and have the following
findings.

1) Depositing LMO films on STO substrates with different oxygen pressure Po,
indicated that films prepared at low oxygen pressure showed enhancement of H,
and EB effect. Hgg decreases with incre Po, < 20 mTorr show a kink at low field
range at low temperature, possibly due to the existence of two different FM phases,
and the exchange spring effect between these phases induced exchange bias.

2) Comparing the magnetic properties of LMO films grown on LAO, LSAT, STO
and KTO substrates at 20 mTorr, it was found that LMO/STO sample showed
maximum Hc, even though all of them exhibit exchange bias.

3) Investigating the thickness dependence of magnetic properties of LMO/STO
films deposited at 20 mTorr, we found that LMO/STO always showed enhanced
Hc and Hgg between 8 nm and 105 nm at 3 K, and at 20 nm both quantities
achieved the maximum value.



Our results indicate the magnetic properties of LMO thin film are closely related to
the deposited oxygen pressure and substrate, and the enhanced coercive field and
exchange bias are attributed to the competition between different magnetic phases
induced by oxygen vacancies and strain-induced Jahn-Teller effect.
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