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Abstract. Effects of oxygen content on the transport behavior of epitaxial Lag/3Sr1/sMnO3_s films on (110)
NdGaOgs and (001) SrTiOs substrates have been experimentally studied. A quantitative relation between
the temperature of metal-to-insulator transition (7,) and the content of oxygen vacancies is established,
and it is found that oxygen non-stoichiometry causes a monotonic decrease of T,,. A comparison to crystals
Lai—,Sr,MnOs indicates that the reduction of hole concentration due to the incorporation of anionic
vacancies dominates the variation of T}, while the vacancies themselves influence the detailed features of
the Tp-6 dependence. Strain in the film affects the effects of oxygen deficiency, and the metal-to-insulator
transition disappears at a smaller J value in tensily stressed films. In the temperature region above Tj,
oxygen vacancies affect the resistive behavior of the films mainly by modulating the content of Mn**. In
contrast, extra effects due to the scattering of oxygen vacancies become important at low temperatures,
causing an exponential increase of resistivity with 6. A further analysis indicates that oxygen deficiency
enhances magnetic scattering, and leads to a resistivity upturn of the form — In(7") when § is significant.

PACS. 75.30.-m Intrinsic properties of magnetically ordered materials — 73.50.-h Electronic transport

phenomena in thin films — 68.60.-p Physical properties of thin films, nonelectronic

1 Introduction

Effects of oxygen non-stoichiometry in the manganite
La;_A,MnO3; (A: divalent ions) have received a wide at-
tention since the discovery of colossal magnetoresistance
(CMR) in this kind of materials [1]. According to the dou-
ble exchange (DE) theory [2], e, electrons can hop be-
tween Mn3t and Mn*t ions under the help of intermedi-
ate oxygen while retaining their spin orientations, which
produces a magnetic coupling among Mn ions. The trans-
fer rate for the electron is proportional to cos(6/2), where
0 is the angle between two adjacent spins. Therefore, the
depression of spin fluctuation by an applied field or by
a paramagnetic to ferromagnetic transition will cause an
enhancement of conduction. In this picture, the CMR ef-
fects and why metallic conduction always occurs below
Curie temperature can be understood qualitatively. It is
obvious that oxygen vacancies will affect the contents of
Mn3t and Mn**, which are the principal ingredient for the
DE, yield lattice distortion/disorder and break the bridge
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for the charge exchange. All these are expected to have a
strong impact on the property of the materials.

In fact, attempts to elucidate the role of oxygen have
never stopped since the discovery of the novel magnetic
and transport properties of the manganites by Jonker and
Van Santen [3]. The earliest work may be that of Yekal [4].
In a paper published in 1955, he tried to establish a uni-
versal relation between crystal structure and the content
of Mn**t by doping divalent ions into the La-site or by in-
troducing vacancies into the oxygen sublattice. This work
revealed an expansion of lattice and a degeneration of
structure symmetry with the incorporation of oxygen va-
cancies, which are the general features of the effects of
oxygen deficiency on structure as confirmed by subsequent
researches. A further study was given recently by Mittchel
et al. [5] and Huang et al. [6]. Using neutron diffraction,
combined with the Rietveld data analysis technique, the
authors can determine the crystal structure and the oxy-
gen content simultaneously. They observed a tetrahedral
to monoclinic structure transition after significant oxygen
loss. It is obvious that oxygen non-stoichiometry will af-
fect not only the structure of the manganites but also their
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magnetoresistive properties. Ju and co-workers [7] re-
ported a reduction in magnetization and Curie temper-
ature and an increase in resistivity and magnetoresis-
tance in oxygen-deficient Lag7BagsMnOs. Meanwhile,
the fully spin-aligned state becomes hard to reach even
at low temperatures. Essentially similar phenomena were
observed by Léon-Guevara et al. [8] in single crystal
Laj_,Sr;MnO3_s and by Krishnan et al. [9] and Liu
et al. [10] in manganite thin films.

Now it is generally believed that the effects of oxygen
deficiency duplicate all the salient features of divalent ion-
doping. However, the lattice defects in this case may also
have a strong impact on the magnetic and transport prop-
erties of the manganites taking into account that oxygen
vacancies can block the DE path of the e, electrons like
the secondary ions at Mn-site [11]. Therefore, it is a rea-
sonable expectation that considerable difference can exist
between the effects of oxygen deficiency and divalent dop-
ing. A quantitative study can be helpful for the identifi-
cation of these effects noting that hole-concentration and
lattice defects may work independently in the DE pro-
cess. Because of the difficulty of the precise determination
of the oxygen content, unfortunately, most of the known
investigations provided a qualitative picture of the oxygen
effects. Though Ju et al. [7], Léon-Guevara et al. [8], and
Malavasi et al. [12] have tried to measure the content of
oxygen, the detailed dependence of resistivity on temper-
ature and oxygen content was not given, and the possible
extra effects associated with oxygen vacancies were not an-
alyzed either. Moreover, their researches were performed
for bulk manganites, for which inhomogeneous oxygen dis-
tribution is possible when the samples are treated under
various atmospheres to tune their oxygen content [13].

There are two differences between bulk materials and
thin films. The first one is that the surface-to-volume ratio
is large in the latter, which makes it is easy to remove or
insert an oxygen from or into the oxygen sublattice. The
second difference is that the strain in the film can be arti-
ficially controlled. Obviously, a quantitative study in this
case is more difficult since the sophisticated techniques
such as chemical titration and thermogravimetry for the
determination of oxygen content can not be utilized. To
avoid the difficulty of determining oxygen content, as an
alternative, people usually prepared or post-annealed the
film under different oxygen partial pressures [10]. Though
this procedure gives a systematic variation, a quantitative
relation cannot be gained in this way.

In this paper, we present a comprehensive study on
oxygen effects in Lag g7519.33MnOg3_s thin films via mea-
suring oxygen deficiency by lattice constant. Special at-
tention was paid to the quantitative relation between
transport property and oxygen content, and the difference
between the effects of oxygen non-stoichiometry and Sr-
doping. It is found that the behavior of vacuum-annealed
film mimics in general that of the bulk La;_,Sr,MnOs
with various Sr contents. We observed a monotonic
decrease of the critical temperature for the metal-to-
insulator (M-I) transition and an enhancement of resis-
tivity with the decrease of oxygen content. Compared
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with the bulk materials, however, the M-I transition in
oxygen-deficient film is broader and more ambiguous, and
the transition temperature is also lower. Furthermore, the
presence of oxygen vacancies affects the residual resistiv-
ity strongly, causing an exponential increase of the resis-
tivity with vacancy concentration. The arrangements of
this paper are as follows: The next section is a simple de-
scription of the experiment procedure. The mains results
are presented in Section 3, in which the effects of oxygen
deficiency on structure, transport property, and M-I tran-
sition are studied and compared to bulk La;_,Sr,MnOg
with similar hole concentrations. The last section gives a
simple summary.

2 Experiment

Two Lag ¢7S10.33MnO3_s films respectively on (001)
SrTiO3 (LSMO/STO) and (110) NdGaO3 (LSMO/NGO)
substrates were prepared from the stoichiometric targets
using a facing-target sputtering technique [14]. To elimi-
nate undesired extra effects, the two substrates with the
same size of 8x1 mm? were placed side by side on sample
holder. The substrate temperature was kept at 710 °C and
the O partial pressure at 30 mTorr during the deposition.
The film thickness was ~1500 A, controlled by sputtering
time with the deposition rate (0.32 A/s) being carefully
calibrated. To improve oxygen stoichiometry, the result-
ing samples were annealed at 900 °C in Os atmosphere
of 1 bar for 4 hours. Samples thus obtained (called as-
prepared hereafter) should be oxygen stoichiometric (§=0)
for that a further annealing has minor effects on the tem-
perature for the M-I transition.

The surface morphology of the LSMO film was stud-
ied by Atomic Force Microscopy (AFM), and the structure
was analyzed with a Huber four-circle X-ray diffractome-
ter using Cu K, radiation. Resistance was measured by
the conventional four-probe technique in the temperature
range from 24 K to 300 K. Four rectangle-shaped silver
pads with a space of 1 mm were evaporated on film sur-
face to improve the electric contact and to eliminate the
uncertainty of sample geometry that may influence the
estimate of resistivity.

To remove oxygen, the two side by side placed films
were heated at a rate of ~200 °C/hour, in a vacuum of
~8x10~" Torr, to a predetermined temperature between
200—400 °C first, then cooled to room temperature. A
lower temperature was set in the beginning of the treat-
ment to control the release of oxygen. Further deprivation
of oxygen requires higher temperatures when oxygen va-
cancies are significant. After each heating-cooling cycle,
the (220)/(004) peak was recorded carefully, which gives
the out-of-plane lattice parameter that has been used to
characterize the oxygen content of the film, and the re-
sistance as a function of temperature was measured. This
process was repeated to trace the variation of oxygen con-
tent and resistivity. Similar studies were also performed for
three Lag 67Cag.33Mn0O5_5 (LCMO) films on STO, NGO
and AIN(50A)/STO, respectively (1500 A in thickness
and prepared following the same procedure as the LSMO
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Fig. 1. X-ray diffraction patterns against vacuum annealing

for the Lag.7Sro.33MnO3_s films on SrTiOs (top panel) and

NdGaOs (bottom panel). The inset is a close view of the observed and calculated (004) peaks of LSMO/STO. Numbers in the
Figure indicate the § values of the corresponding spectra (see the context).

films). In the third film, a AIN buffer layer of 50 A was
sandwiched. It is found that the general features of the
vacuum annealing effects are the same for the LSMO and
LCMO films. Therefore, we mainly present the results for
the LSMO system here.

3 Results and discussions
3.1 Oxygen release and its characterization

According to the AFM study, the film is smooth with a
mean surface roughness of ~40 A, essentially indepen-
dent of substrate. X-ray diffraction (XRD) study shows

that both LSMO films are good epitaxial films, and only
those peaks coherent with the substrate were detected.
Figure 1 shows the XRD patterns of the as-prepared
and vacuum-annealed LSMO films. For LSMO /NGO, the
full width at half maximum (FWHM) of the (220) peak
(the highest peak) is ~0.1°, comparable to that of the
NGO substrate (~0.05°). ¢—scan of the same peak gives
a FWHM of ~0.1° for the film while ~0.06° for the
substrate (not shown). In contrast, the XRD peak of
LSMO/STO is much broader, and the reflections of Cu
Kq, and K,, can not be distinguished from each other.
Fitting the XRD peaks by two Gaussian functions, we
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obtained FWHM~0.18° (inset to Fig. 1), a width much
wider than that of the SrTiO3 substrate (~0.062°).

The large film-substrate lattice mismatch may be the
reason for the poor crystal quality of LSMO/STO. The
lattice parameter is 3.8804 A for bulk LSMO (For the sake
of simplicity, all the lattice parameters given here are for
the pseudo-cubic structure) and 3.905 A for the STO crys-
tal, then the lattice mismatch is ~0.64%. In contrast, the
lattice mismatch in LSMO/NGO is ~0.38% (the lattice
parameter is 3.8650 A for NGO). This analysis is consis-
tent with the experiment results. Taking the diffraction
peak of the substrate as a reference, the out-of-plane lat-
tice parameter of the film can be derived accurately from
the XRD data. It gives d = 3.8392 A and 3.8971 A for
the as-prepared LSMO/STO and LSMO/NGO. The for-
mer is smaller while the latter is larger than the bulk value
(3.8804 A), indicating a tensile stress in LSMO/STO and
a compressive stress in LSMO/NGO. The quality of the
substrate may be another factor affecting the film.

Annealing the film in high vacuum drives the XRD
peak to lower 20 angles. Take LSMO/NGO as an exam-
ple. The (220) peak shifts from 46.588° to 46.08° after re-
peated vacuum annealing, indicating a lattice expansion
of ~1% in the direction normal to the film plane. Fig-
ure 2 presents the out-of-plane lattice parameters of the
LSMO films (top panel). It shows a monotonic expansion
of the lattice. The lattice constant grows from 3.8950 A to
3.9362 A for LSMO/NGO and from 3.8448 A to 3.8831 A
for LSMO/STO. This result confirms the occurrence of
oxygen release considering the fact that it will convert
the smaller Mn** into larger Mn3* to keep valence bal-
ance (the six-coordinate ionic radius is 0.53 A for Mn**
and 0.645 A for Mn3*+ according to Shannon [15]). Cor-
respondingly, strain in the film changes conspicuously. In
the ultimately oxygen-deficient LSMO/STO, for example,
the lattice constant is 3.8831 A, essentially the same as the
bulk LSMO, which means that the film is nearly strain free
or slightly tensily strained. In contrast, the compressive
stress in LSMO /NGO is enhanced. A crucial observation
is that the lattice parameter varies at a similar rate for the
two films, as shown in the top panel of Figure 2. It is not
a coincidence, but an indication that the oxygen release
in both films is the same despite the different strains and
crystal qualities of the films.

The key problem for a quantitative investigation of the
effects of oxygen non-stoichiometry is the determination
of oxygen content. Lattice parameter could be used for
this purpose. For bulk materials, early experiment has re-
vealed an expansion of unit cell with the concentration of
oxygen vacancies [4,7]. For an epitaxial film, lattice ex-
pansion could take place mainly along the film normal
since the lateral lattice has to match the substrate. On the
analogy of the bulk manganites, the variation of oxygen
content vs lattice constant is expected to be linear when
it is not large, i.e., 6 = aAd, where Ad is the change of
lattice parameter due to oxygen losing. We analyzed the
data of the Laj_,Sr,MnOg crystals, and found that the
low temperature resistivity is much more sensitive to the
content of oxygen compared with T}, [13]. Therefore, we
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Fig. 2. Out-of-plane lattice parameters (top panel) and the
content of oxygen vacancies (§) (bottom panel) against the
heating-cooling cycle. The preset temperature for each anneal-
ing cycle is marked by a label in the top panel. Solid lines are
guides for the eye.

use it to calibrate the oxygen content in the LSMO films.
A typical feature of the p — z curve of Laj_,Sr,MnOs3
is the presence of an obvious upturn at x =0.18, below
which the resistivity grows rapidly with the decrease of
x [16]. A basic assumption for our calibration is that a
similar feature should appear when the Mn*t content is
modulated by oxygen vacancy. As will be seen in the fol-
lowing section, this requirement can be met by setting ¢
to 0 for the as-prepared LSMO/NGO film and to 0.077
after 7 annealing cycles (z = 1/3 — 20 ~ 0.18). Regarding
the lattice parameter of 3.8956 A and 3.9219 A in these
two cases, it is easy to obtain § = 2.864Ad. Noting the
accuracy of ~0.0005 A of lattice constant based on XRD,
a variation of ~0.002 in oxygen content can be reliably
detected. Though the actual precision could be somewhat
lower due to possible lattice relaxation, it is still enough
to capture a tiny variation of oxygen content.

The bottom panel of Figure 2 presents the content of
oxygen vacancies thus obtained. According to Figure 2,



J.R. Sun et al.: Effects of vacuum annealing on the transport property of Lag ¢7Sro.33MnQOg3_s films 485
1 20 _ T T T T T T T T T T T T T ] L] L] L] L] L]
o 0/0° 10°3
1 A 0.023/0.1° & S
. 100+ & 0.055/024°7 E ] %
fZ O 0.104/0.44° 1 > 10" s
S 801 ® 0.14/059° A g E 9
5 ; i Annealed
< - =
< 2 10°, , As-prepared
= IS
£ 1 =
c
()
= -1
= i 10 3
46.0 46.5 47.0 47.5 48.0
7 20 (Degrees)
459 46.0 46.1 46.2 46.3 46.4 46.5 _——
26 (Degrees) 8091 o As-prepared T
Fig. 3. X-ray diffraction patterns for LSMO /NGO at different ® Annealed
stages of vacuum annealing. A shift in peak position [A(26)] 60 - J
and a renormalization in intensity were made for comparison.
Labels in the figure are the values of 6/A(20). IS
O 40 J
g
a
significant oxygen losing occurs at 200 °C. This is a tem- 20 7
perature much lower than that required by bulk LSMO,
for which a minimum temperature for considerable oxygen 0 sl
release is ~700 °C. The larger surface-to-volume ratio of i T
thin films explains this difference. The presence of oxygen T

vacancies does not influence the crystal quality of the film
significantly. Figure 3 illustrates the peak profiles of the
(220) reflection of LSMO/NGO. It shows that the FWHM
of (220) remains unchanged at different stages of the vac-
uum annealing (the slight broadening of the K, peaks in
the case of 6 = 0 and 0.023 is due to the contribution of
substrate). Therefore, the effects associated with the ran-
dom distribution of oxygen vacancies may be unimportant
when the concentration of oxygen vacancies is small. How-
ever, irreversible peak broadening takes place for §>0.14.
In this case, a cooperative lattice distortion due to the
incorporation of oxygen vacancies could occur.

After repeated vacuum annealing, the films were
socked in 1 atm O3 gas at 300 °C for 1 hour. It is found
that with the restoration of the initial lattice constant,
the original resistivity recovers simultaneously if the con-
centration of oxygen vacancies is not too large (Fig. 4).
This result indicates that the effects of irreversible lattice
relaxation and the intra- or interlayer atomic diffusion are
negligible, which justifies the measurement of oxygen de-
ficiency by Ad.

3.2 Transport property

Figure 5 presents the temperature dependence of the re-
sistivity of LSMO, p(T'). For the as-prepared film, a typi-
cal metallic conduction is observed in the entire tempera-
ture range investigated. The resistivity decreases smoothly

0 50 100 150 200 250 300 350 400 450
T (K)

Fig. 4. X-ray diffraction spectra of the as-prepared and re-
peatedly annealed (in vacuum and in oxygen atmosphere)
LSMO/NGO film (top panel) and the corresponding resistivity
as a function of temperature.

with cooling at first, then drops rapidly near 7}, ~ 350 K,
at which a paramagnetic to ferromagnetic transition takes
place according to the bulk materials. After this transi-
tion, the gradual and smooth variation of resistivity re-
covers. The residual resistivity, extrapolated to 0 K, is
~2x107* Qcm (slightly film-dependent), a value compa-
rable to that of single crystals (denoted as LaSr) with sim-
ilar Sr content (0.5x10~* Qcm) [16]. With the progress
of oxygen release, the p(T') curve above T}, flattens grad-
ually and, finally, changes into a semiconductive conduc-
tion (dp/dT'<0) when ¢ exceeds 0.015 (corresponding to
x = 1/3 — 20 = 0.3). Accordingly, the overall resistiv-
ity increases, and a resistive upturn emerges and develops
below ~60 K. Accompanying with these, the critical tem-
perature T}, which delimits the metallic and the semicon-
ductive behaviors, shifts to low temperatures, and the M-I
transition broadens systematically.

These are results similar to those observed by other au-
thors in oxygen-deficient films except for that the anionic
vacancies are quantified in the present case, which allows
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a quantitative study of the effect of oxygen deficiency on
T, and the p — 6/p — T relations. In Figure 6 (top panel)
we show the resistivity as a function of ¢ at six selected
temperatures between 25 K and 400 K. Results of LaSr
are also presented for comparison. An approximately ex-
ponential increase of p with ¢ is observed for a large range
of § at all the temperatures. The In(p) — § slopes can be
classified into two definitely different groups, and they are
~23.6 and ~16 below and above T}, respectively. The lat-
ter is obviously smaller. Similar results are obtained for
LSMO/STO except for that the slope is a little different
(inset in Fig. 6). The rapid increase of resistivity with oxy-
gen deficiency is consistent with the dramatic reduction of
magnetization. We have measured the hysteresis loop of
LCMO/AIN/STO, and found that, in addition to a slow
increase of coercivity, the magnetization at 5 K decreases
from ~ 3.6 pp/Mn for 6 =0 to ~ 1 pp/Mn for 6 = 0.06
(not shown).
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Ordinarily, the reduction in the Mn** concentration
will cause an increase of resistivity, but this change is
rather smooth when z varies in the range 0.18-0.4 as
shown by the results of the LaSr crystals (bottom panel
in Fig. 6) [16,17]. The great difference between the LaSr
crystals and the LSMO films may be an indication that
other mechanisms are in play. Different from the former,
the hole concentration in the latter is modified by oxygen
vacancies instead of divalent ion. In this case, two extra
factors disfavoring the electronic conduction are expected.
First, La-site potential fluctuation due to the simultane-
ous presence of La’t and Sr?" remains large when the
Mn*t content reduces. Second, oxygen vacancy will affect
the ferromagnetic coupling between Mn ions by breaking
the Mn?*-Mn** pair in addition to reducing the content
of Mn**t. The latter may be more important for that not
only the Mn ions in the Mn-V-Mn chain (V denotes the
oxygen vacancy) but also all the ions within a certain dis-
tance from the vacancy could be affected. In fact, though
an anionic vacancy releases two electrons, the two elec-
trons would be tied to the vacancy by electrostatic attrac-
tion. This reminds us of the halide, in which each anionic
vacancy binds one electron, forming a color center [18].
It is noteworthy that the binding energy of the vacancies
could be significant. Alonso and co-workers [19] have dis-
cussed the effects of Ga-doping on Lag ¢7Cag.33MnO3, and
pointed out that the electrostatic potential which binds
the nearby Mn* ions to a Ga®* ion is ~0.5 eV. As a con-
sequence, the Mn ions near an oxygen vacancy may prefer
to stay at a low valence state, which will affect their ac-
tivity in the DE process. Based on the above analysis, we
can understand why the p — § relation is nonlinear. As for
the exponential variation of p against d, its physical origin
remains to be revealed.

For the curves below 200 K, there is a visible upturn
at  ~ 0.077, which interrupts the exponential variation
of resistivity. It is likely a consequence of the reduction of
hole concentration. Mott et al. [20] has investigated the
conduction of a system with random potential fluctua-
tion, and suggested the presence of minimum conductiv-
ity at the transition from an extended state to a localized
state: omin ~ 600/a Q" tem™! ~150 Q 'em™!, where a
is the lattice constant and it is ~4 A for the mangan-
ites. Extrapolating the p(T) relation of LSMO to 0 K,
we obtained o ~ 257 Q7 'cm ™! and 42 O 'em™! respec-
tively for 6 = 0.055 and 0.077. These values are very near
the minimum conductivity. Therefore, it is possible that
charge localization occurs in the low temperature region
for 6 > 0.077, causing the rapid resistivity increase. A sim-
ilar but more drastic resistivity increase is also observed
in LaSr [16,17]. According to Yamada et al. [21], polaron
ordering takes place in the low temperature region be-
low a critical x, which localizes the conduction electrons.
The resistive upturn in LSMO film may have a similar
origin. It is interesting to note that the resistivity of the
LSMO films is smaller than that of LaSr for x < 0.17,
which is presumably a result that the polaron ordering
in the former is not perfect due to the presence of lat-
tice defects. Therefore, the behavior of the LSMO film is
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Fig. 6. Resistivity as a function of the concentration of oxygen vacancies (top panel) or holes (bottom). Data for the
Lai—SroMnOs single crystals (LaSr) are extracted from reference [16].

miscellaneously determined by the variation of the con-
tent of Mn*t and the vacancy scattering to the DE. The
former is more important in the low temperature region.

Differences between the film and the crystal are not
significant in the temperature region above ~350 K. As
shown in Figure 6 (bottom panel), the p (400 K)—4 curves
of the LSMO films and the LaSr crystals coincides with
each other fairly well though the minor deviation from
the exponential variation of the latter, and there are no
any anomalies around x ~0.18. Similar phenomenon is ob-
served at T' = 350 K. All these results reveal the insensi-
tivity of the semiconducting conduction to lattice defects.
According to the previous work, the conduction above T},
is dominated by the hopping of small polarons between
Mn ions [22,23]. In this case, the scattering by misaligned
spins and the trapping by Mn3+O§_ octahedra (Jahn-
Teller distortion) [24] of the e, electrons play a dominative

role, while the scattering of anionic vacancies may act as
an unimportant perturbation when their content is not
larger.

Another interesting issue is the temperature depen-
dence of resistivity, which involves the mechanism influ-
encing the transport process. Generally, people fit the p(T")
relation by [25-27]

p=p, +al?+ pT%2 (1)

The first term is residual resistivity, the second term corre-
sponds to a single-magnon process, its presence has been
discussed by Jaime et al. [25], and the third term to a
two-magnon process [28]. Figure 7 shows the prototypi-
cal results of curve-fitting for selected samples. The in-
sets show the difference between the measured and cal-
culated data. An excellent fitting is obtained in a wide
temperature region below 7}, when ¢ is small. For §=0,
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Table 1. Concentration of oxygen vacancies, fitted parame-
ters, and the critical temperature for the M-I transition for
LSMO/NGO.

§ T, (K) a(@QecmK™?) g (QecmK™™) v (Q2cm)/InK

0 355 2.09%107* 1.1x1071°
0.023 3384  7.68x107* 2.0x1071°
0.033 329.7  1.04x1073 3.2x1071°
0.047 308 1.90x1073 9.1x1071°
0.055 288 3.32x1073 2.0x107° 1.008
0.077 2382  1.97x107? 1.5x1078 8.343
0.104 120 34.297
0118 0 45445.6

the relative difference between the fitted and measured
data is smaller than 1% when the fitting parameters
po = 2x107* Qcm, a = 1.1x1078 QemK—2, and
8 = 6.5 x 107 QemK 92 are used. These are pa-
rameters reasonably consistent with those obtained by
Okuda et al. [17] for LaSr (pg = 0.8 x 107* Qcm
and a = 0.67 x 1078 QemK™2), Jaime et al. [25]
for Lage7(Pb,Ca)o.33MnO3 (pg = 1.3x107% Qcm and
a = 1.28x107% QecmK~2) and Zhao et al. [26] for
Lag.75Cag.25MnO3 (ﬁ =12x10""® Qcm K_Q/Q). With the
progress of oxygen release, the fitting remains quite well,
while the fitting parameter increases rapidly (Tab. 1). To
clarify the variation of the fitting parameters with oxygen
deficiency, in Figure 8 we show the a —x dependence. Re-
sults of LaSr are also presented for comparison. Obviously,
« increases against x more rapidly in the LSMO films. Ac-
cording to Jaime et al. a oc1/(k3.D?), where kp represents
the Fermi wave vector and D the stiffness of spin waves. It
is obvious that both the reduction in x and the increase in
6 will depress kr and D. Therefore, the magnon-electron
interaction in oxygen-deficient films is stronger compared
to the LaSr with similar hole content.

It is obvious that the low temperature resistivity up-
turn in the p(T") curves for 6 > 0.077 can not be described
by equation (1). A careful analysis indicates that the de-
viation from equation (1) emerges even when § is small,
and can be described by a new term of the form — In(7),
which is particularly apparent in the case of § = 0.104
(x = 0.125). For a manganite with a perfect ferromagnetic
order, the magnetic scattering of the e, electrons could be
negligibly small according to the DE theory. However, the
lattice defects in oxygen-deficient films may weaken the
ferromagnetic coupling between Mn ions, producing an
inhomogeneous magnetic structure. It is possible that de-
viations from the ferromagnetic spin alignment occur first
near oxygen vacancies, which act as centers for magnetic
scattering and lead to the Kondo-effect-like behavior. We
also investigated the p(T") relation of LaSr (x = 0.15), and
found a different relation p oc 77352,
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Fig. 8. Parameter of curve-fitting as a function of hole concen-
tration. Results for the single crystal Laj_,Sr,MnOs are also
presented.

3.3 Metal-to-insulator transition

As is well known, electronic transport enhances at T, for
the manganites because of the ferromagnetic alignment
of the core spins of the Mn ions, which favors charge ex-
change. Generally, T, coincides with T, and, therefore, is
a convenient measure of the magnetic coupling between
Mn ions. In Figure 9 we show the variation of 7, with
the content of oxygen vacancies. T, locates respectively
near ~355 K and ~348 K in the oxygen stoichiometric
LSMO/NGO and LSMO/STO. It is slightly lower in the
latter, which may be a consequence of tensile strain. Oxy-
gen losing causes a monotonic decrease of 1},. The T}, — ¢
curve is relatively flat when § is small, and the variation of
T, speeds up gradually with the increase of 6. T}, decreases
only by 25 K when ¢ increases from 0 to 0.03, while AT}, is
~44 K for the next increment of Ad ~ 0.03. No M-I transi-
tion can be identified when ¢ > 0.104 for LSMO/NGO and
0>0.08 for LSMO/STO. Similar phenomena are observed
in the LCMO films except for that the T, — ¢ relation is
linear when § is not too large (This could be a common
feature of the LCMO system because similar behavior ap-
pears in the films on different substrates.)

There are reports about the effects of the content of
Mn** on T, [16,29]. The top inset of Figure 9 is a compar-
ison of the normalized ngs of the LSMO films and the LaSr
crystals, depicted as functions of x. The overall tendency is
very similar for the films and the crystals, which suggests
the predominant role of the Mn** concentration. This is
different from what occurring in the low temperature re-
gion, where the vacancy scattering governs the transport
process.

However, differences in the detailed features of the
T, — x curves do exist for the three systems. First, though
the two curves for LSMO/NGO and LaSr coincide with
each other quite well in the range x = 0.2 — 0.33, discrep-
ancy appears and develops below x = 0.2. At =z = 0.14,
difference in T}, can be as large as ~32% (correspond-
ing to ~50 K noting that the 7}, for the as-prepared film
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Fig. 9. Critical temperature for the metal-to-insulator tran-
sition (T,) as a function of the content of oxygen va-
cancies. Top and bottom panels correspond to the LSMO
films and the LCMO films, respectively. The inset presents
a comparison to the results of the corresponding crystals.
LaSr (data from Ref. [16]) and LaCa (data from Ref. [24])
represent Lai_,Sr,MnO3 and Laj_,Ca,MnQOs3s, respectively.
LCMO/AIN/STO denotes the LCMO film on STO with a AIN
buffer layer.

is ~355 K at @ = 0.33). Second, T}, varies with § more
rapidly in LSMO/STO than in LSMO/NGO. The differ-
ence in T}, of the two films is ~10 K for § =0 and ~70 K
for § = 0.06. As a consequence, the critical oxygen content
for the disappearance of the M-I transition is different for
the two films, and the Aéd can be as large as ~0.023. This
may be a common feature of the vacuum-annealed films
for that a similar phenomenon is observed in LCMO. In
that case, the difference of the critical § is ~0.031 (bottom
panel of Fig. 9).

It has been proved that one percent Ga can cause a
decrease in T, of ~12 K [30]. If the effects due to the
vacancy scattering are more or less the same, an extra re-
duction of ~50 K of T, for 4% oxygen vacancies (6 = 0.12)
is expected. In Figure 10 we show the excessive change of
T, of LSMO/NGO, obtained by simply subtracting the
two sets of Tjs of LSMO/NGO and LaSr with the same
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Fig. 10. Reduced T, against the content of oxygen

vacancies for LSMO/NGO and the content of Ga for
Lag.67Cao.33Mni—,Ga, O3 (LaCaGa) (data from Ref. [30]).

x values. T}, of the Lag.¢7Cag.33Mn;_,Ga, O3 compounds
is also presented, as a function of y, for comparison. The
general features of the T), —x and T), — §/3 curves are quite
similar (0/3 is used considering the fact that there are
three oxygen anions in each perovskite unit cell). This re-
sult proves that the discrepancy between the LSMO films
and LaSr crystals is due to the scattering of oxygen va-
cancies.

The difference in the critical § values for the films on
STO and NGO may be a consequence of the fact that
the strains in the films are different. It is generally be-
lieved that a compressive stress will drive T}, to higher
temperatures, while a tensile stress depresses T}, [31]. The
strain effects may become stronger as the hole concen-
tration decreases (or ¢ increases). As reported by Chen
et al. [32], the change in 7. can be as large as ~50%
when the strain in the Lag.9Srg.1MnOj3 film changes. With
this in mind, the increase of AT}, with ¢ and the different
critical ¢’s in the two films are readily understood. T}, is
lower in LSMO/STO is also consistent with the observa-
tion that the resistivity of this film is higher compared
with LSMO/NGO (inset in Fig. 6).

4 Summary

Effects of oxygen content on the transport behavior of
epitaxial Lag 3811 ,3MnO3_5 films on (110) NdGaO3 and
(001) SrTiOg substrates have been experimentally stud-
ied. The oxygen release, measured by the change of lat-
tice parameter, can be controlled by annealing the film
at different temperatures in vacuum. It is found that
oxygen escapes at similar rate for the two films despite
their different strains and crystal qualities. Oxygen non-
stoichiometry causes a monotonic decrease of the criti-
cal temperature for the metal-to-insulator transition (7},),
and a quantitative relation between 7}, and ¢ is estab-
lished. A comparison to crystals La;_,Sr, MnOg indicates
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that the reduction of hole concentration due to the in-
corporation of anionic vacancies dominates the variation
of T,, while the vacancies themselves influence the de-
tailed features of the 7},-0 dependence. Strain in the film
affects the effects of oxygen deficiency, and the metal-
to-insulator transition disappears at a smaller § value
in the tensily stressed film. Similar phenomena are ob-
served in Lag ¢7Cag.33MnOs_s films. In the temperature
region above T, oxygen vacancies affect the resistive be-
havior of the films mainly by modulating the content of
Mn**. In contrast, the extra effects due to the scattering
of oxygen vacancies become important in the low temper-
atures region, and cause an exponential increase of resis-
tivity with 4. A further analysis indicates that magnon-
electron scattering determines the low temperature resis-
tivity. Oxygen deficiency enhances this scattering signif-
icantly, and a resistivity upturn of the form — In(T") can
be resulted when § exceeds 0.05.
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