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Abstract

Single-phase Lag;Sng;MnO; (LSnMO) thin films were fabricated on SrTiO3 (STO) substrates by pulsed laser
deposition (PLD). The as-deposited films, though were insulating with no sign of insulator-—metal transition (IMT), did
display paramagnetic—ferromagnetic transition (PFT) around 150 K. Ex situ annealing of the films at 850 °C in 250 Torr
oxygen for 4 h, nonetheless, not only significantly improves the crystallographic quality but also raises IMT and PFT at
315K and 320K, respectively. The manifestations of spin-glass-like behavior in both the as-deposited and post-
annealed films suggest that it could be intrinsic LSnMO, albeit transport properties can be drastically changed by the
strain originating from large ion-size misfit between Sn and La and film/substrate epitaxial relation. The preliminary
X-ray absorption spectroscopy shows signature of Mn®> " /Mn>" mixed-valence indicating that tetravalent Sn ions does

result in electron-doping into the e, band of Mn.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The colossal magnetoresistance (CMR) effect
and associated exotic physical properties exhibited
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in various hole-doped perovskite manganites have
been subject of extensive researches [1,2]. On the
other hand, due to the large size differences
between the trivalent La®>" and tetravalent ions,
it is generally very difficult to obtain single-phase
electron-doped manganites by ionic substitution.
In fact, Joseph Joly et al. [3] even argued that it is
almost impossible to replace La®" by tetravalent
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ions in polycrystalline manganite bulks. Indeed, all
early attempts in preparing Ce-doped RMnO;
(R = La, Pr, Nd) manganites by Das and Mandal
[4] showed signatures of mixed-phases and hence
blurred the interpretation of the obtained results.
In particular, it has been argued [5,6] that the
replacement of tetravalent ions to La®>* could lead
to the self-doped La;_,MnO;_s with localized
multiphase compounds, which might give rise to
very similar magneto-transport properties to those
of the hole-doped manganites and jeopardize the
genuine characteristics of electron doping.

Recently, successful fabrication of single-phase
electron-doped Laj;,Cey;MnO; (LCeMO) thin
films by pulsed laser deposition (PLD) has been
demonstrated [7-9], indicating that ionic con-
straints and stoichiometry conservation can both
be compromised provided proper growth condi-
tions were chosen [§]. Compared to LCeMO,
obtaining single-phase La,Sn;_ ,MnO; encoun-
ters an even more severe challenge because of
the larger ionic-size misfit between La®" and
Sn**. Nevertheless, CMR effect has been re-
ported in several La,Sn;_ MnO; and Fe-doped
La,Sn;_,MnOj; systems [10-12], albeit the phases
formed were still a matter of discussion [13]
and only limited doping (x = 0.04—0.2) has been
achieved in the thin film form [11,12]. Since most
manganites display optimum CMR effects at
x ~ 0.3, it is desirable to extend the study of
La,Sn;_,MnOj to higher doping. In this paper, we
report results of fabricating perovskite-like single-
phase Lag-Sng3;MnO; (LSnMO) films epitaxially
grown on SrTiOs; (STO) substrates by PLD.
Although, the as-deposited (AD) films were
insulating, it was found that ex situ post-deposi-
tion annealing not only raises the paramagnetic—
ferromagnetic (PM-FM) transition temperature
T. from 175 to over 320 K but also drives the films
to display a typical insulator-—metallic transition
at Tiv ~ 315K. The significant spin-glass-like
behavior [14] observed in both AD and annealed
films indicates that the absence of insulator—metal
transition in the AD film is not due to spin-glass-
induced effects [15]. Preliminary X-ray absorption
spectroscopy (XAS) also indicates the presence of
Mn?*/Mn*" signature, indicating the realization
of electron doping by Sn substitution.

2. Experimental

Sintered LSnMO target was prepared by con-
ventional solid-state reaction technique. Briefly,
La,O3; and SnO, powder were first calcined at
800°C for 8h. The calcined product was then
mixed and ground with stoichiometric (with
nominal x = 0.3) amount of MnCOj3 and sintered
at 1200 °C for 30 h. After repeating the grind-and-
sinter process three times, it was pressed into a
pellet and sintered at 1200 °C for 72h. LSnMO
films with a typical thickness of about 200 nm were
deposited on single-crystalline STO(100) sub-
strates using a 248 nm KrF excimer laser operating
at energy density of 2-3 J/cm? and repetition rate
of 5-10Hz. In trying to obtain LSnMO films
displaying CMR behavior in situ, we had changed
the substrate temperature (7'5) from 25 to 800 °C
while keeping the oxygen partial pressure (PO,) at
0.35Torr. However, all the AD films, though
exhibited PM-FM transition at lower tempera-
tures, were insulating and did not show metallic
transition. Consequently, post-deposition ex situ
anneals were carried out at 850 and 800°C,
respectively, in 250 Torr oxygen for 4h for films
obtained at each T. Since the results are rather
extensive, otherwise specified, we will compare
mostly the results of two representative samples
here and leave the systematic comparisons to a
separate publication. The temperature depen-
dences of magnetization (M(T)) and magneto-
transport properties were measured using a
Quantum Design® PPMS system with a max-
imum applied field strength of 8 T.

3. Results and discussion

Fig. 1(a) compares the X-ray diffraction (XRD)
results for an AD film obtained at T, = 780 °C to
that of a film deposited at the same 7’5 but ex situ
post-annealed (referred as PA hereafter) at 850 °C.
As is evident from the results, both the AD and
PA films have no observable impurity phases.
The energy dispersive spectroscopy analysis
for both films shows an average composition ratio
of La:Sn:Mn = 0.756:0.295:1 (normalized to
Mn = 1), in good agreement with the nominal



T.Y. Cheng et al. /| Physica B 365 (2005) 141-146 143

c —la
o N[N
c|g gl
g (e gl
<] ,9_ 0| ce
| S a
2|8
s |0o
S |=
o I3
[7]
- Sl
el o
el =
I3
ol 8
L ) Annealed
As-grown -~

.

10 20 30 40 50 60
(@) 206(Degree)

10000 . .
1000 ] STO(003)

o PAfilm ]
; —— AD film
100 ] i ]

10 4 1% 4
]
0.1 4
0.01 4
1E-3

| (arb. units)

(b) L (rlu))
10000 T T T T

—o—STO ]
—0— LSnMO(PA) !

I (arb. units)

1E-5 T T T T T T
35 36 37 38 39 40 4 42

(c) phi (deg)

Fig. 1. (a) XRD results for the as-deposited (AD) and post-
annealed (PA) LSnMO films grown on STO substrate at
Ts=780°C. (b) L-scan of AD and PA films across (003)
Bragg peak. (c) The Phi (azimuthal) scan across the STO (222)
and LSMO (222) Bragg peaks, respectively.

stoichiometry of the target. For further clarifica-
tion, L. scan of AD and PA films across (00 3)
Bragg peak were performed, as displayed in

Fig. 1(b). We note that a similar peak alignment
was obtained for the AD film, except that the peak
width of the film is wider, presumably due to the
extensive strain existing in the as-grown case. The
slight split of the (00 ¢) peaks between the PA film
and the substrate indicates that significant strain
relaxation must have occurred during annealing.
In addition, as illustrated in Fig. 1(c), the X-ray
scattering azimuthal scans of the PA film across
the STO (222) and LSnMO (222) Bragg peaks,
clearly show very narrow peak width and good
alignment between the peak positions, indicating
high-quality film crystallinity and the epitaxial
relation between film and substrate after pro-
longed annealing.

To give a further account on the present results,
we first note that in the PM state the resistivity for
the AD and PA films (Fig. 2) differs drastically, by
nearly two orders of magnitude. While this can be
attributed to charge localization effects associated
with lattice distortion [22,23], the absence of a
temperature-induced 77y in the AD film can be
more subtle and complicated. De Teresa et al. [15]
argued that it might be related to the absence of
long-range FM order signified with a manifesta-
tion of spin-glass-like behavior at lower tempera-
tures. This would imply that the large epitaxial
strain originally existing in the AD film not only
induces enormous charge localization effect but
also hinders the formation of long-range FM
ordering. If this argument is true, one expects to
see the opposite for the PA films. At the first
glance, it seems to explain the over 200%
enhancement in magnetization and dramatic
increase in Ty rather consistently. However, since
the M(T) data were measured under an applied
field of 0.1 T, the magnetizations of the samples
are not yet saturated and cannot be used to
estimate the saturated magnetic moment in the
FM state. Instead we estimate the saturation
magnetization of AD and PA films by using the
results obtained from the magnetization vs.
applied magnetic field (M—H) measurements. The
estimated values for AD and PA films are, in the
unit of Bohr magnetons (ug), 1.34upg and 3.54ug,
respectively. Though both values are still signifi-
cantly less than the expected value of 4-5ug for
electron-doped manganites, it nevertheless shows
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Fig. 2. The field-cooled and zero-field-cooled temperature-
dependent magnetizations measured at 0.1 and 0.01 T for (a)
the AD and (b) the PA films, respectively, showing that the
typical spin-glass-like behavior occurs in both films. The zero-
field temperature dependence of resistivity for both films is also
displayed. Note the drastic difference exhibited.

an even pronounced enhancement in magnetiza-
tion for PA films as compared to that implied in
the M(T) results taken at 0.1 T.

Despite of these seemingly consistencies with the
strain-induced suppression of long-range magnetic
ordering suggested by De Teresa et al. [15], we
note, however, as shown in Fig. 2, significant spin-
glass-like behavior, characterized by the pro-
nounced irreversibility between the field-cooled
(FC) and zero-field-cooled (ZFC) M(T) curves, is
evident for both cases. This implies that the
insulator—-metal transition and spin glass are not
necessary mutually exclusive. Furthermore, Fig. 2
also reveals some features deviating from that
reported for low-doping LSnMO [12]. That is,

progressive suppression of spin-glass-like behavior
with increasing Sn doping was observed and has
been attributed to an increase of Mn*" ijons
induced by La vacancies resulted from Sn doping.
However, we suspect this scenario may not apply
to our case. This is hinted firstly by the absence of
impurity phase revealed by the XRD results and
the stoichiometric composition of metallic ions
observed. In addition, the 30% substitution of La
by Sn would imply the existence of 90% Mn*"
ions [16], which will be well beyond the phase
region exhibiting CMR effects in most manganites.
Finally, we note that in our case (x = 0.3) the spin-
glass transition not only emerges at a much higher
temperature (7'; ~ 250K) than that reported in
Ref. [15] (75 K- 20K for x = 0.04 - 0.18) but also
is very sensitive to the applied field. Apparently,
the spin-glass-like behavior and CMR effect
observed in the annealed LSnMO here, neither
arise from Sn-doping-induced disorder [15] nor
from the La-vacancy-induced divalent doping
but are related to the strain relaxation in a more
subtle manner. The other feature to be noted is the
dramatic suppression of the low-temperature
magnetization for the AD film when measured at
0.01T. Since the basic ingredients for spin glass to
occur are disorder and magnetic interaction
randomness plus anisotropy and frustration [14],
it would be interesting to conduct further experi-
ments to delineate the underlying physics respon-
sible for these observations.

Fig. 3 shows p(T) as a function of applied field
for the PA film. The resistivity was measured with
the field applied parallel to the film surface. For
the AD film, although there exists a typical
PM-FM transition with T.~ 175K, the p(T)
increases steeply with decreasing temperature
(Fig. 2(a)) and has no sign of metallic transition
for applied field up to 8 T. On the contrary, for the
PA film, in addition to having nearly two orders of
magnitude reduction in resistivity as compared to
the AD film in PM state, it also displays typical
CMR behavior with Ty = 314K at zero field.
T1v shifts to over 350K at an applied field of 8 T.
The maximum magnetoresistance (MR) ratio,
defined as Ap/p = (p(0)~p(H))/p(0) with p(0)
and p(H) being the resistivity at zero field and
that at field H, respectively, appears around 300 K
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Fig. 3. p(T) as a function of applied field for the PA LShMO
film. The inset illustrates the field dependence of MR ratio.
Note that the maximum MR appears around the same
temperature (~300 K) for all fields.

and reaches about 65% in a field of 8T.
Combining with the M(T) results shown in Fig. 2
for both the AD and PA films, the results
demonstrate that annealing not only changes the
magneto-transport properties of the LSnMO films
dramatically but also significantly enhances
the magnetization by more than 200%. Guo
et al. [11], by varying the film thickness in their
Lag oSng ;MnOs . 5 films, have found similar en-
hancement in raising 7y with increasing films
thickness. However, there was no noticeable
change in 7, and low-temperature magnetization
with film-thickness variations, which led them to
conclude that the enhancement of T}y was due to
strain relaxation instead of oxygen or La defi-
ciency [5,6,16-20]. Similarly, Thomas et al. [21]
have attributed the improved magneto-transport
properties observed in their high-temperature
(900°C) annealed Lay-Cags;MnO; films to the
massive stress relaxation and improved crystal-
linity accompanied with grain growth. However,
they did not give how magnetization and T,
changed with annealing. From the present results
(Fig. 1(a)—(c)), it appears that similar effects may
have occurred in our case. The other possibility is
that although post-annealing can improve the film
crystallinity, it may also simultaneously yield La-
deficient manganites [9]. In such a case, the

material will become hole-doped and one expects
to see enhanced manifestation of Mn**.

In order to check the effect of Sn doping on the
valence states of Mn ions, XAS measurements
were performed at the National Synchrotron
Radiation Research Center of Taiwan. As is
evident from the preliminary results shown in
Fig. 4, the spectra of Mn-L,; demonstrate that
the present samples indeed display qualitative
characteristics of Mn?"/Mn®* mixed-valence
state, indicating that Sn doping does drive Mn>*
to Mn?>". In particular, it is most discernible on
the Mn-L; peak. As marked in Fig. 4, the peak
positions of Mn?", Mn®* and Mn*" (obtained

Mn3*/Mn4*

Lag7Cag sMnO3

MnZ*/Mn3*

LSnMO(AD)

Total Electron Yield (arb. units)

MnZ*/Mn3*

LSNMO(PA)

MnO
T T T T T T
640 648 656
Photon Energy (eV)

Fig. 4. The X-ray absorption spectra of Mn-L, ; for LShnMO
film and various reference compounds. Note the evolution of
the e,-band peak as the valence of Mn ions changes from
Mn*", Mn“/Mn“, Mn®", Mn“/Mn“, to Mn>", indica-
tive of electron doping resulting from the tetravalent Sn-
substitutions.
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from the powder samples of MnO, Mn,0O3, and
MnO,, respectively) are located at 640, 641.8, and
643.3 eV, respectively. On the contrary, the Mn-L;
peak of LSnMO is situated between 640 and
642¢eV and that of LCaMO is located somewhere
around 642-644¢V. It is evident that both the AD
and PA films are indeed of Mn>"/Mn>* mixing.
We also find that there is noticeable difference
between the detailed spectra of AD and PA films.
Whether or not it is arising from the strain-
induced effects is not clear at present. Detailed
analyses along this line, including O-XAS, are
certainly needed to give a more quantitative
account on the exact nature of these Sn-doped
manganites.

4. Conclusion

In summary, we have successfully prepared
single-phase epitaxial Lag;Sng;MnO; films de-
spite the tremendous challenges put forth by the
large ionic size difference between La®" and Sn** .
The ex situ post-deposition annealing not only
improves the structure of AD film and gives rise to
epitaxial c-axis-oriented LSnMO films but also
leads to above room temperature CMR effects.
Both the AD and PA LSnMO films display
significant features of spin glass that would need
further studies for a complete understanding.
Preliminary Mn L-edge XAS analysis shows
features of Mn’*/Mn?" mixed-valence states,
indicating that the tetravalent Sn ions indeed
result in electron doping into e, band of Mn.
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