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‘We investigate the effects of strain and film thickness on the coercivity of Lag.g7Cag.33MnO3 films grown on

SrTiO3 and LaAlOjs substrates. Textured microstructure with the grain [001] pseudo-cubic axis normal to the film

surface is obtained. The average grain size decreases with decreasing film thickness t. The magnetic anisotropy depends

upon the substrate-induced strain. Firstly, the intrinsic coercivity ; Hc increases as t varies from 5 nm to 10 nm, then

attains a maximum at ¢t ~ 10-25nm. A further increase in t yields a gradual reduction of ;Hc. By the analysis of

the dependence of ; Hc on the measured direction of magnetic field, the coercivity mechanism is assumed to be mainly

determined by the nucleation of reversed domain and the domain wall pining for ¢ <10nm and t >25nm, respectively,
which were further verified by the investigation of the initial magnetization curves for the LCMO/STO films with t=5,
10, 25 and 400nm, and the minor magnetic loops for the LCMO/LAO films with t=5 and 50nm. Moreover, the size of

the inhomogeneous region in which the nucleation or pinning takes place is discussed.
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1. Introduction

Manganite thin films have been studied inten-
sively during the last decade since the discovery of
colossal magnetoresistance (CMR). Both the under-
lying physics and the practical applicability of the
CMR effects are the reasons for their receiving ex-
tensive attention.!=7] Information on the magneti-
zation behaviour of these films, such as magnetic
anisotropy and coercivity, is clearly helpful for the de-
sign and fabrication of hetero-epitaxy devices such as
spin valve and tunnelling junctions, etc. With regard
to anisotropy, it is well established that a compres-
sively strained film will exhibit an out-of-plane mag-
netization, while a film with a tensile strain favors
an in-plane spin alignment.!”~ 1 Coercivity, especially
that of ultrathin films, is another important magnetic
parameter for these applications because the magne-
toresistance effect is usually related to the reversal of
the magnetic moment in magnetic field. In addition to

the magnetic anisotropy, strain imposed by substrate,

microstructure factors such as lattice defects near in-
terfaces, and grain sizes in the film, will all affect the
coercivity of the film. Thus, the investigation of the
coercivity of the manganites films is a necessary prepa-
ration for their further applications. Steren et all'l]
investigated the in-plane coercivity of Lag 7Srg.3MnOg
film, and suggested that the coercivity varies with film
thickness ¢ as 1/t when t increases from about 18nm
to 500nm. By a qualitative analysis, they ascribed
the coercivity mechanism to the inhomogeneous pin-
ning of domain wall. But up to now, whether the
behaviours mentioned by Steren et al are universal in
other manganites film remains open question, espe-
cially for the ultra thin films. Thus, the coercivity of
manganite films is still an interesting topic, and re-

quiring further systematic study.

Lag.67Cag.33MnO3 (LCMO) material is one of the
best studied materials, and the properties associated
with the CMR effect in this material are usually focus
of those studies. However, the coercivity of LCMO,
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especially that of LCMO films, has received less at-
tention before. Therefore, the LCMO film is chosen
as the object in this work. The magnetic anisotropy
was found to be dependent on the character of sub-
strate and the film thickness t was adjusted from 5nm
to 400nm. The coercivity of LCMO films is exten-
sively discussed in terms of magnetic anisotropy and

microstructure.
2.Experiments

The LCMO films were grown on [001] SrTiO;
(LCMO/STO) and (001)LaAlOs; (LCMO/LAO) sub-
strates by pulsed laser deposition. The substrate was
kept at 1073K under the Oy partial pressure of 200Pa
during deposition. The film thickness was controlled
by the deposition time. After deposition, the film was
cooled to room temperature in an oxygen atmosphere
of 200Pa. Surface morphology of the film was studied
by atomic force microscopy (AFM). The crystalline
structure of the samples was characterized by x-ray
diffraction using the Rigaku diffractometer with Cu
Ka radiation. The magnetization measurements were
performed in a commercial SQUID magnetometer at
temperature of 5K, and the diamagnetic substrate ef-

fects were corrected.
3. Results and discussion

As shown by the AFM images, the average grain
size d decreases with the decrease of ¢ for both the
LCMO/STO and LCMO/LAO films. As examples,
AFM images of the LCMO/STO films with t=150 nm
and t=10 nm are displayed in Fig.1. The values of d
are about 550nm and 100nm for ¢=150nm and 10nm,
respectively.

Analysis of the x-ray diffraction pattern shows
that the grains in the film are strongly textured with
the (001) pseudo-cubic axis normal to the surface of
the film. Figure 2 shows the thickness dependence
of the out-of-plane lattice parameter c¢. The value
of ¢ for the LCMO/STO film is smaller than 0.7710
nm for the bulk LCMO, which implies the existence
of the tensile strain. The relaxation of the tensile
strain in LCMO/STO films is revealed by the mono-
tonic increase of ¢ with increasing t. On the con-
trary, the value of ¢ for LCMO/LAO film is larger
than that for the bulk, which implies the existence
of compressive strain, which is also relaxed since the
value of decreases with increasing t. It is interesting
that ¢ increases almost continuously from 0.7591nm
to 0.7825nm with the variation of ¢ for the two kinds

of substrates.

Fig.1. AFM images for the LCMO/STO films with
t=10 nm (top) and 150nm (bottom).
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Fig.2. Out-of-plane lattice parameters of the films as
functions of t.

Figure 3 shows the selected isothermal magnetiza-
tion M as a function of magnetic field H(M (H)), mea-
sured at 5K along the [100] and [001] directions of the
LCMO/STO and LCMO/LAO films with t=70nm, re-
spectively. The out-of-plane magnetization has been
corrected for the demagnetization effects. An interest-
ing observation is the different manner for the system
to approach the magnetic saturation Mg along differ-
ent directions. For the LCMO/STO films, for exam-
ple, M increases steeply along the [100] direction, and
reaches the value of Mg rapidly. In contrast, when the
field is applied along the [001] axis, M rises slowly to-
wards the saturation state. The magnetization along

the [110] has also been measured and compared with
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that along [100], and no visible difference was ob-
served. All these reveal the easy plane character of
the magnetic anisotropy in the LCMO/STO films. On
the contrary, the LCMO/LAO film exhibits a uniax-
ial anisotropy, with the easy axis directing to the film
normal. This observation is consistent with the con-
clusion obtained by Kwon et all”l that the magnetic
anisotropy is related to the strain in the film. As a con-

sequence, the magnetic anisotropy constant Ku can be

calculated by Ku = HdM — HdM, with
(001) (100)
the integration performed along the M(H) curves in

the [100] and [001] directions, respectively. Interest-
ingly, Ku displays a maximum at ¢ ~ 50-70nm for
both the LCMO/STO and the LCMO/LAO films.
The origin of the small Ku in ultra thin films is still

unclear.[8—11

Further work including the study of the
surface effect is required to elucidate this behaviour.
For thick films, the small value of Ku can be at-
tributed to the reduction of the strains as displayed
in Fig.2.l'"] Here, what we are concerned about is the
variation of magnetic anisotropy field Hy, defined as
Ha=2|Kul|/Ms, which is shown in Fig.4. It is obvious
that the variation of H, is mainly dominated by Ku.
The maximum value of puoHja, occurring at t ~50-

70nm, is ~0.23T for both series of films.
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Fig.3. Selected isothermal magnetization for LCMO/STO

(top) and LCMO/LAO (bottom) with ¢t=70nm, measured at
T=5K with the magnetic field parallel to (solid circles ) and

normal to (open circles) the film plane.
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Fig.4. Magnetic anisotropy field for LCMO/STO and
LCMO/LAO as functions of t.

The intrinsic coercivities iHC// and ;Hc | are de-
termined from the magnetic hysteresis loops measured
with the magnetic field parallel and perpendicular
to the film plane, respectively. As examples, the
magnetic hysteresis loops for the LCMO/STO and
LCMO/LAO films with t=70nm are shown in Fig.5.
The dependence of the intrinsic coercivity on t for
LCMO/STO and LCMO/LAO are shown in Fig.6.
The minimum value of pg;Hg is greater than 0.01T,
while the magnitude of pg;He is usually 0.001T for
bulk materials. This discrepancy is attributed to the
difference in the structure features of bulk and thin
films.[8=11 One observation of present study is that
the coercivity increases as t varies from 5nm to 10nm.
Then the coercivity gains a maximum at ¢t ~10-25nm.
A further increase in t yields a gradual reduction of co-
ercivity for ¢ > 25nm. The relation between ; Hc and
t for thick films (inset of Fig.6) can be well described
by the equation

P
iHc :Hb+t_ﬁ7 (1)

where Hy, is the extrapolated bulk coercivity and P
a constant that depends on the film substrate and
growth condition. The fitting parameter 8 is ~ 1/2.
The values of poHy, and poHyy are 0.011T and
0.010T for the LCMO/STO films measured with the
field parallel and perpendicular to the film plane, re-
For the LCMO/LAO films, the corre-
sponding values of poHy,/ and pgHy 1 are 0.014T and
0.016T, respectively. As expected, there is little differ-
ence between Hy; and Hy, . All the values of Hy, are

spectively.

in the same order with that reported in Ref.[8]. How-
ever, ( is equal to 1 according to the result in Ref.[11],
suggesting that 3 is also dependent on the growth con-
dition. In other words, this finding suggests that the
1/t dependence of coercivity is not a universal phe-

nomenon for other manganite films. Generally, the
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coercivity is affected by the factors such as the mag-
netic anisotropy, strain imposed by substrate, lattice
defects, grain size, and surface roughness, etc. There-
fore, all these factors are the possible reasons for the
variation of P and 3. To give a quantitative expla-
nation for the change of P and g, further theoretical
investigation is required. Giving a qualitative descrip-
tion and explanation of the variation of coercivity is

the purpose of this study.
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Fig.5. Magnetization hysteresis loops for LCMO/STO (top)
and LCMO/LAO (bottom) with t=70nm, measured with the
magnetic field parallel to the film planes.
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Fig.6. Intrinsic coercivity iHgy and ;Hc) as func-
tions of ¢t for LCMO/STO (top) and LCMO/LAO
(bottom). Insets: intrinsic coercivity vs 1/t1/2.

Another interesting observation is that there is
a difference between iHgy, and ;Hg,. For the thin
LCMO/STO films with ¢ <10nm, ;H¢; > iHcy. Af-
ter the coercivity goes through the maximum value at
t ~ 25nm, ;Hc)/ turns out to be smaller than ;Hq .
Moreover, the difference between iHcy, and ;Hc,| can
be as large as ~30% at ¢t ~25nm. Similar case is also
found for the LCMO/LAO films except that the re-
lation between ;Hc, and jHc, is contrary to that
for the LCMO/STO films. The intrinsic coercivity is
usually analysed according to the well-known modified

Brown formulall2-13]

iHco = ayay — Neg Ms, (2)

toMs

where oy depends on the nature and size of the defect
regions in which nucleation or pinning takes place, and
oy takes account of the misalignment of the grains
in the magnet, and N.g is the averaged local effec-
When the angle ¢ be-

tween the applied field and easy magnetization di-

tive demagnetization factor.

rection increases from zero, the value of ay increases
and decreases for the coercivity mechanism of domain
wall pinning and nucleation, respectively.12:13-16]
As a result, the coercivity along the hard axis is
larger(smaller) than the one along the easy axis for
the coercivity mechanism of domain wall pinning (nu-
cleation). According to the analysis of the magnetic
anisotropy, Hc, and {Hcy are the coercivity along
the easy axis for LCMO/STO and LCMO/LAO films,
respectively. Considering the relation between ;Hc
and ;Hcy, it follows that the magnetization rever-
sal is mainly controlled by nucleation of magnetic re-
versed domain for ¢ <10 nm for both of the films,
while the coercivity is determined by the mechanism
of domain wall pinning for £ > 25nm. Similarly, Cal-
legaro and Puppin!!” have proposed different micro—
magnetic reversal process in Ni films: magnetic mo-
ment rotation for thin film and domain wall movement
for thick films. Only domain wall pinning is found in
the Lag 7SrgsMnOj; film,[1%11] which may be due to
the large value of ¢ in Ref.[11].

To gain a further insight into the magnetic re-
versal progress, the initial magnetization curves for
the LCMO/STO films with selected t=>5, 10, 25 and
100nm were investigated. As depicted in Fig.7, it is
obvious that the magnetization for the three films with
t >10nm shows a rapid increase at the field around

the value of intrinsic coercivity, which suggests the
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occurrence of the domain wall pinning in the mag-
netic reverse process. Notably, as t decreases from
100nm to 10nm, the magnetization tends to rise more
slowly. Transmission electron microscopy has proved
that, due to the lattice mismatch between the sub-
strate and film, more defects are found in the thinner
films. These defects generally act as the pining cen-
ters. Therefore, the slow increase in the magnetization
for thin films can be qualitatively understood in terms
of the dominating mechanism of the domain wall pin-
ing. However, compared with the 10nm film, the mag-
netization for LCMO with ¢=5nm shows a rapid in-
crease in the magnetization (though more defects are
expected in the ultra thin film), which implies that
factors other than the pining mechanism are in play
in the variation of the initial magnetization. In fact,
the nucleation of magnetic reversed domain is another
important factor affecting the magnetic reversal pro-
cess, which usually leads to a fast rise of the magneti-
zation against the magnetic field. Thus, the presence
of nucleation mechanism could be the reason for the
abnormal rapid increase in the magnetization for the
film with ¢=5nm. Actually, it is highly likely that the
nucleation mechanism is the dominating factor affect-
ing the magnetic reversal progress in the ultra thin
films, which is consistent with the analysis of the re-

lation between iHgy, and ;Ho |
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Fig.7. Initial magnetization curves for the LCMO/STO films
with t= 5, 10, 25 and 100nm. Inset: a close view of the initial
magnetization curves in the low magnetic field region.

The minor magnetic loops for the LCMO/LAO
films with ¢t=5 and 50nm were measured through one
cycle between a maximum field H .y and —Hpax-
Then, the dependence of remanence M,(Hp,.x) and
coercivity Hc (Hmax) are obtained, as shown in Fig.8.
For the LCMO/LAO film with ¢t=5nm, as Hpax in-

creases, M,(Hpa.x) approaches the saturation state

more rapidly than Hc(Hpmax), which is a key feature
of the coercivity mechanism determined by the nucle-
ation. On the contrary, for the LCMO/LAO film with
t=50nm, Hc(Hmax) shows a more rapid increase to-
wards the saturation state than M, (Hpyax), confirming

the domain-wall-pinning-controlled coercivity in the
film. 18]
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Fig.8. Comparison of the Hpax dependence of

M;(Hmax) and Hc(Hmax) for the LCMO/LAO film
with t=5 and t=50nm. Inset: a close view of the

comparison in the low magnetic field region.

Based on the analysis of Hp, the smaller value
of Hp in thinner films is the possible reason for the
reduction of Hc when t decreases from 10nm. Accord-
ing to the magnetic anisotropy of the LCMO films, the
single-domain size and the Bloch domain wall width
0p of these films are estimated to be about 100nm and
10nm, respectively. These orders of magnitude are
consistent with several previous reports.[”:19 Because
the grain size is about several hundred nanometres for
the films with ¢ >10nm, the low intrinsic coercivity
can be due to a multi-domain grain structure besides
the low magnetic anisotropy. For films with ¢ <10nm,
a single-domain grain can be expected. As the intrin-
sic coercivity is less than the magnetic anisotropy, ay
in Eq.(2) is less than 1. In other words, there are
defect regions in the films. Considering the single-
domain structure for thin films, the defect regions are
mainly in the grain boundaries. «j for ¢ =25nm is
approximately equal to that for t=10nm according to
Eq.(2) using the intrinsic coercivity (shown in Fig.6)
and the magnetic anisotropy (shown in Fig.4). How-

ever, the coercivity mechanism for t=25nm is differ-
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ent from that for t=10nm. As reported in Ref.[20],
ro/0B >1 can be concluded for the thin films consid-
ering the value of oy, where r( is the width of the mag-
netic inhomogeneous regions. Therefore, the average
width of inhomogeneity regions in the grain bound-

aries is larger than 10nm.
4. Summary

The effects of strain and film thickness on the co-
ercivity of Lag.¢7Cag.33MnO3 films grown on SrTiOg
and LaAlOj3 substrates have been systematically stud-
ied. The magnetic anisotropy is tuned by the strain
imposed by the substrate. It is found that the coerciv-

ity increases first as t varies from 5nm to 10nm, then

attains a maximum value at ¢ ~10-25nm. A further
increase of ¢ leads to the gradual reduction of coerciv-
ity. By the analysis of the coercivity measured with
the magnetic field parallel and perpendicular to the
film surface, the coercivity for ¢ < 10nm and ¢t >25nm
are mainly controlled by the nucleation of reversed do-
main and inhomogeneous pinning of domain wall, re-
spectively, which were further confirmed by the initial
magnetization curves for the LCMO/STO film with
t=>5, 10, 25 and 400nm, and the minor magnetic loops
of the LCMO/LAO films with ¢t=5 and 50nm. The
inhomogeneous region in which nucleation or pinning
takes place is mainly localized in the grain boundary

and its width is estimated to be greater than 10nm.
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