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The oxygen vacancy effect on the magnetic property of the

LaMnO5_; thin films
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The magnetic property of the LaMnO;_; films was systematically investigated with the variation
of the deposited oxygen pressure. The Curie temperature and the saturation magnetization of the
films were found increased with the decrease of the oxygen pressure. We believe that the double
exchange effect between Mn”" and Mn®" ions should be the origin of the ferromagnetism and the
enhanced conductivity, where the Mn" ions are generated with the oxygen vacancies due to oxygen
deficient, and the double-exchange interaction is enhanced with increasing the ratio of Mn*"/Mn’*.
The results of the x-ray absorption spectroscopy support our conclusion as well. © 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4798550]

Oxygen vacancies play a very important role in the
properties of transition metal oxides, such as resistive
switching characteristics,'” photoluminescence,” high-
temperature ferromagnetism,®’ catalysis,® and superconduc-
tivity.”'? The LaMnOs, as the parent material of the doped
manganites, has attracted considerable attentions due to its
fantastic properties,'' such as photo-induced infrared
absorption,'? pressure-induced insulator-to-metal transi-
tion,"? and dielectric anomaly.'* Oxygen nonstoichiometry
in LaMnOj; was also investigated by many groups, and the
magnetic structures of LaMnOj, s (excess-oxygen condi-
tion) exhibit the ferromagnetism, spin-glass state, or antifer-
romagnetism when 0 is at different regions.'>™'® Most of the
work has been reported on the origin of the ferromagnetic
property, and it was considered that double-exchange inter-
action'®'? and John-Teller distortions®** are responsible
for their ferromagnetism. The properties of the oxygen-
deficient case have also been investigated, and another mag-
netic phase was found in the powder LaMnO;_;.**> However,
the influence of oxygen vacancies on the transport and mag-
netic properties of the LaMnO; in the thin-film system has
not yet been explored, and the understanding of the relative
underlying physics still remains unknown. Recently, our
group has reported that the oxygen vacancies play a very
important role on the resistive switching phenomenon in
the LaMnO; films, and the resistive switching property
becomes more pronounced with more oxygen vacancies
in the films.** In this work, the structures, transport proper-
ties, magnetic properties, and the valence of the Mn ions of
the oxygen-deficient LaMnO;_; films have been investi-
gated. Unexpected hysteresis loops were observed in the
LaMnO;_; films with oxygen vacancies, and an increase
trend of the saturation magnetization of films was observed
with the decrease of the deposited oxygen pressure, which
was quite different from the well known anti-ferromagnetic
property of LaMnOj; in bulk systems.25 The results of
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x-ray absorption near edge spectroscopy showed that the
oxidation state of Mn ions changes from +3 to +2 due to
oxygen deficiency, and the ratio of Mn>"/Mn®" increases
with the decrease of the deposited oxygen pressures,
inducing the enhancement of the saturation magnetization
and the conductivity of the LaMnO;_s heterostructures
resulting from the enhancement of double-exchange
interaction.

The 100-nm-thick LaMnO;5_; films were deposited on
SrTiO5 (001) (0.8 wt. % Nb-doped) (SNTO) substrates by
the laser molecular beam epitaxy (Laser-MBE) using a
pulsed XeCl excimer laser (308 nm, ~1.5 J/em?, 2Hz) at
750°C under different oxygen pressures of 10, 5x 10",
5%x107%,5x 1072, and 5 x 10~* Pa, respectively. The crys-
tal structure of the LaMnOj_; films was investigated by the
high-resolution synchrotron x-ray diffractometry (SXRD)
(A=1.24 A) at BL14B1 beamline of Shanghai Synchrotron
Radiation Facility (SSRF). The x-ray absorption near edge
spectra (XANES) of the K-edge of Mn ions were measured
at BL14W1 beamline of SSRF using fluorescence measure-
ments, and the L ;,-edge spectra were probed at BLOSU
beamline of SSRF using the Total Electron Yield (TEY)
method. The magnetic properties of the LaMnO;_; films
were investigated by the physical property measurement
system (PPMS, Quantum design). The current-voltage (I-V)
behaviors of the LaMnO;_s/SNTO heterojunctions were
measured by a Keithley 2400 source meter at room
temperature.

Figure 1 shows the SXRD results of the LaMnO;_ s films
grown under the different oxygen pressures. The SXRD
results shown in Figs. 1(a)-1(e) reveal that only peaks from
the (001) diffraction of the SNTO and the LaMnQO;_g are
observed, and no diffraction peaks from secondary phases or
randomly oriented grains are observed, indicating that the
thin films are grown along the c-axis with a good single
phase. It is obviously seen from Fig. 1(f) that the c-axis lattice
constants of the films monotonously increase with decreasing
the deposited-oxygen-pressure from 10 to 5 x 10~*Pa. Since
the decrease of deposited oxygen pressure results in the

© 2013 American Institute of Physics
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FIG. 1. The SXRD patterns of the LaMnO;_; films grown under oxygen
pressures of (a) 10 Pa, (b) 5 x 10" Pa, (c) 5 x 10 % Pa, (d) 5 x 10> Pa, and
(e) 5% 107* Pa; (f) the oxygen-pressure-dependent c-axis lattice constant
deduced from the SXRD patterns. The vertical dot line denotes the (001)
peaks of SNTO.

increase of the concentration of oxygen vacancies in
LaMnOs_ thin films,*** we would ascribe this modulation
of the lattice constant to the effect of the oxygen vacancies
in the LaMnO;_; films, which weakening the lattice

Appl. Phys. Lett. 102, 122402 (2013)

inter-atomic forces and thus inducing the increase of the vol-
ume of unit cell.

The XANES spectroscopy is a very important probe for
materials.”* >’ As an atomic probe, the XANES is strongly
sensitive to the oxidation state and coordination environment
of the absorbing atom. The XANES spectra of the Mn ions
in the LaMnOj3_; films are displayed in Fig. 2, with the dif-
ferent concentrations of oxygen vacancies of the LaMnO;_;
films induced by the change of deposited oxygen pressure.
The Mn K-edge and L, j-edge spectra of the LaMnO;_;
films are displayed in Figs. 2(a) and 2(b), respectively. It is
well known that the Mn K-edge absorption is related to the
electron transition of the ls — 4p levels, while L;;-edge
absorption is corresponding to 2p — 3d levels. The shift of
the absorption edge indicates the change of the occupied
band structure. It is found out from Figs. 2(a) and 2(b) that
the main peaks of both the K-edge and L;;-edge curves of
Mn ions move to the low-energy side with the decrease of
the deposited oxygen pressure, which is denoted by the
dashed-dotted-arrow line and vertical-solid lines on the plots,
respectively. It is indicated that the average oxidation states
of Mn ions decrease with the change of the concentration of
oxygen vacancies with varying oxygen pressure from 10 to
5% 107* Pa.?” As is well known, the oxidation state of Mn
ions in the stoichiometry LaMnOs5 is 43, therefore charge
transition disproportionation of the Mn*"— Mn*" likely
occurs when the oxygen vacancies exist in the LaMnO;_
thin films, and the ratio of the Mn2+/Mn3+ should increase
with increasing the oxygen vacancies. Furthermore, it can
also be seen that the shape of the spectra is nearly
unchanged in Figs. 2(a) and 2(b), which is sensitive to the
coordination chemistry of the absorbing atom.?' Therefore,
we believe that the coordinated environment of the Mn ions
in the LaMnOj;_; films is almost unchanged, consistent with
the results from the SXRD analysis shown in Fig. 1. A simi-
lar changing trend of the oxidation state is shown in the spec-
tra of K-edge and L; -edge in Fig. 2. Moreover, it is
important to point out that the spectra of K-edge in Fig. 2(a)
obtained by using the fluorescence measurement give the
bulk absorption characteristics, while the spectra of L ;-
edge in Fig. 2(b) obtained by the TEY method only reflect
the surface information of LaMnO;_; thin films. As a sup-
plement and comparison, the L ;-edge spectra of a series
LagSrg1MnO; (LSMO)/SNTO films deposited under the
different oxygen pressures of 1 X 1075, 1x1072, 1 x 1073,
and 4 x 10~* Pa are also shown in Fig. 2(c). It can be

() K L b)) L [ (©
111 i Ly, Ly
15k 10 Pa L
FIG. 2. The XANES spectra of the
N 1x10” Pa LaMnO;_; films grown under different
@,; oxygen pressures: (a) the K-edge and (b)
E 1.0F - R the Lj ;-edge spectra of Mn ions; (.c)
= = - The Ly -edge spectra of Mn ions in
E = = s LSMO films. The dashed-dotted arrow
=) 1x10™ Pa . . ..
z 05 — 10 Pa line in (a) denotes the variation trend of
’ 5x10"Pa \ the main peaks of the K-edge of Mn
z: :gd :: 107 Pa ions, and the vertical solid lines in (b)
5x 10 Pa and (c) stand for the peak positions of
0.0 the L;;-edge spectra of Mn ions.
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concluded that the oxidation state of Mn ions has the same
changing trend as that of LaMnO;_; films with various
deposited oxygen pressure. It should be noted that the
XANES line shape of the LSMO film of 4 x 10™* Pa is dif-
ferent from the other lines displayed in Fig. 2(c). We propose
that it should come from the variation of the configuration
environment of the Mn sites due to the lattice distortion
caused by more oxygen vacancies in this LSMO thin film.
The magnetic properties of the LaMnOj5_; films are dis-
played in Fig. 3. The temperature (T)-dependent magnetiza-
tion (M) (100 0Oe, field cooled) and the hysteresis loops
(10K) of the LaMnO;_; films are shown in Figs. 3(a) and
3(b), respectively. The Curie temperature (T¢) of these films
deduced from Fig. 3(a) is plotted in Fig. 3(c). Here, T is the
calculated value obtained by fitting the high-temperature
M-T curves in Fig. 3(a). The curves in higher temperature
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FIG. 3. (a) The temperature-dependent magnetization (100 Oe, field cooled)
and (b) hysteresis loops (10 K) of the LaMnO;_ ;5 films grown under different
oxygen pressures; (c) The oxygen-pressure-dependent Curie temperature
(T¢) (circle-red-line) and saturation magnetization (M, 10K) (square-blue-
line) of the LaMnOs_ s films.
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can be fitted with the Curie-Weiss law y = 7= T , where y is
the magnetic susceptibility and proportional to the magnet-
ization, C is a material-specific Curie constant, and T is the
absolute temperature. And in the same way, the saturation
magnetization (M) of the LaMnO5_; films obtained from
Fig. 3(b) is also plotted in Fig. 3(c). The ferromagnetic
(FM) property was observed as shown in Fig. 3(b) in the
LaMnO;_; films, which was different from the well known
anti-ferromagnetic property of LaMnO; in bulk systems.”
Both T and M increase with decreasing the deposited oxy-
gen pressure varying from 10 to 5 x 10~* Pa, and the residual
magnetization and the coercive force also show the similar
behaviors, which is not drawn in Fig. 3, but can be clearly
seen in Fig. 3(b). The oxygen-pressure-dependence of T¢
and M, of the LaMnO;_; film of 5 x 107> Pa deviates the
variation tendency, which would indicate that the magnetic
structure is somehow different to the others. And this incon-
sistency has also been observed in the resistive switching
characteristics we reported previously in Ref. 24, in which
the resistance ratio of the high resistance state and the low
resistance state is the largest in all LaMnO;_; thin films of
5x 107 Pa we fabricated. The origin of the inconsistency
remains unrevealed.

As we know, the bulk LaMnOj exhibits a ground -state of
an A-type anti-ferromagnetic (AFM) order,> however in
some special cases, the LaMnOj; could display the FM behav-
ior, such as in some specific oxygen-excess LaMnOs, s
ceramic'®*? and weak tetravalent cation-doped LaMnO;.**’
In order to interpret the ferromagnetic property of the tetrava-
lent-cation-doped LaMnO5; mentioned above, as well as the
conductivity of the system, Mandal et al® and Roy et al®
have suggested that the substitution of tetravalent cations in
LaMnO; material could be considered as electron-doping,
1.e., some Mn?" jons in Mn>" matrix, and then double
exchange interaction would occur in the mixed-valent system
of Mn®"-Mn>". This explanation has been confirmed by
the experimental evidence of the presence of Mn?" in the
tetravalent-cations-substituted LaMnO5.*** The Mn*"/Mn>"
ratio can intensely influence the strength of the double
exchange interaction and then induce the variation of the ferro-
magnetic property. In our oxygen-deficient LaMnO;_; films,
the charge transition disproportionation of the Mn®** — Mn*"
occurs and the ratio of the Mn>"/Mn" increases with the
decrease of the deposited oxygen pressure. We believe that the
double exchange effect should exist between the Mn”*" and
Mn*" ions in our oxygen-deficient LaMnO;_; films, similar
to the case between the Mn’" and Mn*" ions in the hole-
doped manganites. With increasing the amount of the Mn”"
ions induced by the increase of the density of oxygen vacan-
cies, the ratio of Mn**/Mn>* becomes larger, resulting in the
enhancement of the double exchange interaction. Therefore,
M, and T increase with the decrease of the oxygen pressures
from 10 to 5x 10~* Pa, and the residual magnetization
increases as well.

The I-V curves in Fig. 4 show the transport property of
the LaMnO;_s/SNTO heterostructures deposited under dif-
ferent oxygen pressures. With the decrease of the deposited
oxygen pressure, the conductivity of the films becomes obvi-
ously larger. This enhancement of transport property would
also be explained by the enhanced double exchange
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FIG. 4. The I-V curves of LaMnO;_; films grown under different oxygen
pressures of 10Pa (red-line), 5 x 107! Pa (green-line), 5 x 1072 Pa (blue-
line), 5 x 103 Pa (magenta-line), and 5 x 10~* Pa (olive-line).

interaction in the LaMnO;_; layer of the LaMnO;_5/SNTO
junctions due to the occurrence of the charge transition dis-
proportionation of the Mn>" — Mn>". The enhancement of
the double exchange effect would induce the rapidly increase
of the conductivity electrons with the increase of the concen-
tration of oxygen vacancies and then give rise to the larger
electronic conductivities.** In the other hand, the oxygen
vacancies are double donor defects in transition metal
oxides;*® therefore, the carrier density in the LaMnO;_;
films would increase abundantly with increasing the oxygen
vacancies induced by the decrease of deposited oxygen pres-
sure. The electric conductivities thereby greatly enhance
with decreasing the oxygen pressure.

In conclusion, the magnetic and transport properties of
the LaMnOs_;s films on the SNTO substrate fabricated
under various oxygen pressures have been systematically
investigated. The oxygen-deficient LaMnO;_s thin films
are found at the FM phase, and the Curie temperature and
the saturation magnetization of the films increase with
decreasing the deposited oxygen pressure. The electronic
conductivities of the LaMnOs5_s/SNTO heterojunctions also
enhance with the increase of the oxygen vacancies. The
valence state of the Mn ions has been investigated by syn-
chrotron radiation techniques, and the results of the
XANES spectra of the K-edge and the L;; ;;,-edge spectra of
Mn ions indicate that the charge transition disproportiona-
tion of the Mn** — Mn?" occurs in the oxygen-deficient
LaMnO;_; thin films and the ratio of the Mn*"/Mn*"
increases with the decrease of the deposited oxygen pres-
sure. We believe that the change of the magnetism origi-
nates from the double exchange effect between the Mn*"
and Mn>" ions, and the enhancements of the magnetic prop-
erties and electronic conductivities result from the enlarge-
ment of the ratio of Mn?"/Mn>" ions with the decrease of
the deposited oxygen pressure.

This work was supported by the National Basic Research
Program of China (Nos. 2012CB921403 and 2013CB328706)
and the National Natural Science Foundation of China (No.
11134012). The SXRD and the XANES measurements were
supported by Shanghai Synchrotron Radiation Facility (SSRF).
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