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Abstract

The sol-gel (SG) method is used to synthesize Lay7Cap3MnO3; nanopowders
having mean particle thickness of 1.3 nm. Targets for pulsed laser deposition of
thin films are made from this material and compared with targets sintered from
micron-size powder prepared by a typical solid-state (SS) method. Emission
line intensity ratios observed from the laser plume give evidence that the paths
of atomic species deposited from the SS target are clearly longer. The sizes of
the particles in the SG plume are smaller than in the SS plume and agree with the
particle sizes in the corresponding targets. According to x-ray photoelectron
spectroscopy the deposited films have on the surface some excess of Ca and
deficiency in Mn. The composition of the films prepared from the SG target is
closer to ideal than the composition of the films made from the SS target. The
SG films have a steeper magnetic transition and smoother surface than the SS
films. Therefore the SG material is better suited for deposition of smooth thin
films.

1. Introduction

Since the discovery of the colossal-magnetoresistance (CMR) phenomenon in manganese oxide
perovskites [ 1-3], their magnetic and transport properties have been widely studied [4—7]. The
main goals of these investigations have been physical models of the magnetotransport properties
and achieving usefulness of these materials in device applications. It is well documented that
structural, magnetic and magnetotransport properties of the manganites depend critically on
the composition, growth conditions and microstructure of the material [8]. Even though pulsed
laser deposition (PLD) is an established preparation method for stoichiometric multicomponent
La;_,Ca,MnO3; (LCMO) films [4, 9, 10], details of the interaction with the laser beam and
the deposition target have not been investigated. When the target is made from a powder
obtained with the typical high-temperature ceramic method the final grain size is of the order
of 100 nm or larger. However, in many applications a powder with smaller grain size would
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Table 1. Metallic compositions of the SS and SG targets and ideal Lag 7Cag 3MnO3, obtained by
AAS.

Species (%)  Ideal LCMO  SStarget  SG target

La 35 333 34.1
Ca 15 14.6 15.6
Mn 50 49.6 49.8

be of advantage [10-14], e.g. when very smooth structures for studying spin-polarized current
transport are needed [15]. Because the particle size increases by thermal agglomeration when
the preparation temperature is increased, alternative synthesis routes using lower annealing
temperatures are required.

In this work we investigate the influence of the powder synthesis, either solid-state (SS) or
sol—gel (SG) reaction, on physical properties of the PLD target for growth of LCMO films. The
composition and size of the particles in the laser plume are investigated by optical emission
spectroscopy (OES) and by atomic force microscopy (AFM). The phase formation and surface
structure of the films are investigated using x-ray photoelectron spectroscopy (XPS), AFM and
magnetometry.

2. Preparation and characterization of the targets

The material of the SS target is made by calcining a stoichiometric mixture of high-purity
La,03, CaCO3 and MnO; salts for 35 h at 1320 °C in air, with intermediate grindings. Then
the powder obtained is pressed into a pellet and sintered for 22 h in air at 1375 °C. The density
of the SS target is 4.96 g cm ™ as determined by its volume and weight.

For the SG reaction, water solutions of the metal nitrates are mixed in the ratio of 0.7:0.3:1
= [La]:[Ca]:[Mn] for the metallic ions [14]. The concentrations of the solutions are deter-
mined by comparing their density with published data (wt%) [16]. Then the required amount
of 10 x ([La] + [Ca] + [Mn]) urea is added to the solution which is slowly heated to 150 °C. On
cooling back to room temperature a pink gel is obtained. This gel is fired in an oven at 250 °C for
3 hin air to obtain a precursor, which is calcined for 5 h at 600°C and 5 h at 800 °C in air with in-
termediate grindings. Using the pressure of 1500 kg cm™2 the powder is pressed into a pellet of
2 cm diameter and sintered for 6 h at 1175 °C in air. The density of the SG targetis 3.22 gcm .

The chemical compositions of both targets, determined by atomic absorption
spectroscopy (AAS), are compared with the composition of ideal Lagy 7Cap3MnOj3 in table 1.
Although the deviations from the nominal values are not large, the composition of the metallic
compounds is found to be in the SG target higher and closer to the nominal values than in the
SS target, indicating more impurities in the SS target.

The XRD patterns collected within the range of 260 = 20°-90° using the angular step
of 0.02° show that the diffraction peaks from the SS target are narrower and better resolved
than the peaks from the SG target. This indicates that the crystallites of the SG target are
smaller. Applying the Scherrer formula [18], the average particle sizes are Dsg = 46 nm and
Dgs = 128 nm for the SG and the SS targets, respectively, giving Dsg/Dss = 0.36. The
values obtained for the SG powder are close to those determined by XRD and transmission
electron microscopy [11, 12, 14].

The samples for AFM were prepared by ultrasonic spraying of a suspension of calcined SG
powder in ethanol on a polished crystalline silicon (100) plate. The particle size distribution
obtained from the AFM images is shown in figure 1. The mean particle height and the radius
calculated from these distributions are 25 = 1.3 nm and rgg = 90 nm, respectively.



Laser deposition of thin films from Lag7Cag3MnO3 targets 7167

50 L T T T T 50 T — T T T T

40 - B 40 - e
> (a) > (b)
= 30 - R = 30 - R
c c
3 20 B S 20 R
] @]

10 B 10 + R

0 1 1 1 0 1 = —d

0 05 1 15 2 25 3 35 0 50 100 150 200 250 300
hgg (nm) rsg (nm)

Figure 1. Distributions of the height (a) and the radius (b) of the SG particles imaged by AFM.
The total number of particles analysed is 160.
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Figure 2. Temperature dependences of Mp¢ and Mz ¢ for the SS (M and [J) and the SG targets
(® and O), respectively (a) and the behaviour of Mzpc (T) in the SS and SG films deposited on
a SrTiO3 substrate at the temperature 7y = 780 °C (b) (see section 4). The measurements were
made in fields of 1 mT (targets) and 8 mT (films) using a SQUID magnetometer.

The temperature dependence of the field-cooled (Mp¢) and zero-field-cooled (Mzpc)
magnetizations of small pieces cut from the SS and SG targets are shown in figure 2(a). In
the case of the SS target the ZFC and FC curves exhibit a sharp ferromagnetic (FM) transition
and diverge clearly below the Curie temperature 7¢. The magnetization data for the SG target
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Figure 3. Dependences of the length of the plume on the oxygen pressure for the SS target (dots)
and SG target (open circles) obtained from the CCD photographs. The solid curve is a fit of
equation (1) with experimental data on L valid for Py > 50 Pa.

show a much broader FM transition, suggesting a distribution of T¢ in the grains of the target.
This effect may be, at least in part, attributed to variation of the hole concentration, i.e. the
ratio Mn**/Mn**, in the perovskite structure of the SG target [19].

The magnetization of the SG target is smaller than that of the SS target. Since no spurious
phases are observed in the XRD data, the smaller M can be attributed to smaller effective grain
size due to a larger amount of amorphous component in small grains [11].

3. Investigations of the plume

3.1. Size and shape of the plume

The laser-driven plume was generated by a pulsed XeCl excimer laser working at A = 308 nm,
the pulse duration of t = 25 ns and the operation frequency of 10 Hz. The laser beam was
focused with an incidence angle of 45° relative to the surface of the rotating target. During
ablation the oxygen pressure in the stainless steel deposition chamber was Py = 35 Pa and the
laser energy per pulse was E = 110 mJ corresponding to the fluence of 2 J cm~2 over a spot
S = 5 mm? on the surface of the target.

The shape and the structure of the plume were imaged with a time-resolving charge-
coupled-device (CCD) camera through a window on top of the deposition chamber. The
plume, which is symmetric around the normal to the target, has a bright plasma cloud with
a pronounced glow near the surface of the target. Close to the target the plume expands in a
conical shape but is almost spherical far from it. The plume from the SG target is brighter and
narrower than the plume from the SS target. The light emission intensity and the length of the
plume, L, decrease when Py is increased.

As shown in figure 3 the dependences of L on P, are almost the same for the SS target
(dots) and the SG target (open circles). Below 50 Pa L is independent of Py, attaining the
maximum value of 40 mm which is also the maximum deposition distance. Assuming that
the cloud of high-pressure ablation products expands adiabatically, the experimental data on
L(Py) for Py > 50 Pa can be well fitted (solid curve) with an expression [20]

L — B[(y _ 1)E]]/3}/P0_]/3y‘/i(y_])/3y’ (1)
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Table 2. Emission line intensity ratios IsG/Iss of different species in the plume from the SG
and SS targets. The values in the third column are mathematical averages over the distance of
d = 3-30 mm from the target. In the fourth column the intensity ratios are given at the deposition
distance of 30 mm.

Species  Wavelength (nm)  Isg/Iss (average)  Isg/Iss (30 mm)

Ca(l) 445.48 0.95 0.25
Ca(Il) 396.85 1.53 0.27
La(I) 545.51; 593.06 0.69; 0.64 0.46; 0.45
La(II) 407.73; 412.32 0.90; 1.07 0.26; 0.26
Mn(I) 403.08 1.19 0.30
LaO 441.8 0.99 0.24
MnO 558.5 1.00 0.52

where E is the energy of the laser pulse, V; =~ vytS is the volume of the plasma, with
vo = 1 x 10° cm s™! [21-23], T = 25 ns and S is the size of the light spot on the target. For a
conical plume with a spherical end [20],

1/3
B=<1+ : )[ Jand ] , @
tan¢ /| w + 27 tan ¢

where the expansion angle ¢ is 25°, as determined from the CCD images. For the fitting
parameter y whichis the ratio of the specific heats of the plume gas, we gety = C,/C, = 1.55
close to the value for ideal gases [21, 22, 24, 25]. In the expansive stage (shock wave
propagation), the front of the plume extends into a region where its pressure exceeds that of
the external gas [26—28]. Once these pressures are equal, the ejected particles are transported
to the substrate by diffusion [29-31].

3.2. Light emission from the plume

Light emission spectra of the plume between A = 300 and 600 nm were observed at distances
of d = 3,6, 10, 20, 30 mm from the target using a 25 cm Ebert monochromator followed by a
fast photomultiplier tube and a digital oscilloscope synchronized with the XeCl laser pulses. In
figures 4(a) and (b) we show the intensities of the Ca(I), Ca(Il), La(I), La(Il), Mn(I), LaO and
MnO emission lines [16, 32, 33] as a function of d for the SS and SG plumes. The intensities
of the ionized atom emission lines reach a maximum at about d = 10 mm in both cases. The
explanation for this maximum lies in the fact that in addition to atoms and molecules the laser
pulse removes larger hot particles from the target [23, 34—-36]. While flying in the plume these
particles decompose to atomic species, reaching their maximum number at d corresponding
to the maximum emission line intensity. In both plumes the relative amount of La increases
at larger d. The relative intensities of the Ca emission lines from the SG target are smaller at
large distances than the corresponding intensities from the SS target. The average emission
line intensity ratios over the distance d = 3—30 mm for the SG and SS targets and the respective
ratios at d = 30 mm are shown in table 2. The values of /5 /Iss at d = 30 mm are remarkably
below the average, giving evidence that the path of the atomic species deposited is much longer
from the SS target than from the SG target.

A cloud of material, which absorbs laser light because of the photoionization and the
inverse Brehmsstrahlung processes, is formed near the surface of the target. The absorbed
energy increases the temperature of the plume and leads to a faster expansion until the plume
is in thermal equilibrium. The ratio of the densities of the ionized and the neutral species, n;
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Figure 4. Emission line intensities observed at various distances from the surface of the SS target
(a) and the SG target (b): Ca(l) (+: 445.48 nm), Ca(Il) (x: 396.85 nm), La(I) (H: 545.51 nm,
0O:593.06 nm), La(Il) (x: 407.73 nm, [1: 412.32 nm), Mn(I) (®: 403.08 nm), LaO (A: 441.8 nm),
MnO (A: 558.5 nm).

and n,, respectively, can be obtained from the Saha’s equation [37]

32
n; T
EL— e E:/kT,
ny n;

3)

where E; is the first ionization energy and x = 2.4 x 10" is a constant [38]. The temperature
of the plume, T', can be determined from the experimental formula [34]
T(x)=1324Kcem™ ! x x %% + 2089 K, 4)

where x is the distance of the front of the expanding plume from the target. Using the expression
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Figure 5. Relative intensities of the ionized species in the laser plume /j;, calculated from
equation (7) for La (solid curve), Ca (dashed curve) and Mn (dotted curve).

n, = n—n;, where n is the total particle density, we solve equation (3) for the relative densities
of the ionized species as a function of x:

E = i|: Olz(x) +4na(x) - oz(x)], (5)

n 2n
where a(x) = K T3/%(x) exp[—E;/kT (x)]. The total particle density n can be estimated from

a=N_ N ©)
Vv 4T”ab2
where N is the total number of particles and a and b are the semiaxes of the plume ellipsoid.
The ratio of a and b can be determined from the CCD images as b/a = 0.67 and the total
number of the particles can be estimated as [39, 40] N = 10'3. The observable intensities I«
are calculated from

Iix = Aixni, @)

where A;; is the spontaneous emission probability of the species. Using equations (4)—(7),
the ionization energies E; (5.61 eV for La, 6.11 eV for Ca and 7.43 eV for Mn)[16] and the
emission probabilities A;; (7.6 X 102, 8.6 x 10° and 5.78 x 10°, respectively)[17], we can
calculate the emission intensities for La(I), Ca(I) and Mn(I). As shown in figure 5 the intensity
of Ca(I) should be highest and the intensities of Mn(I) and La(I) should be effectively the same.
This agrees well with our experimental results in figure 4.

When La, Ca and Mn atoms travel through the background O, gas they can be oxidized
according to the reaction X + O, — XO + O, in line with the data in figure 4 where the LaO
and MnO emission intensities remain relatively high at large d. In table 3 we show the bond
dissociation energies in diatomic molecules, Dxo, and their changes, AD, in oxygen [16].
Because of the high exothermicity and bond dissociation energy, La is oxidized very easily
resulting in enhancement of the LaO emission intensity in the O, ambient. The reaction of
Mn with O, is expected to be less effective because of the low bond dissociation energy and
negative exothermicity of MnO. The relative intensities of LaO and MnO are also higher in
the SS plume than in the SG plume at d = 30 mm. It is possible that the reaction Ca + O,



7172 H Huhtinen et al

Table 3. Bond dissociation energies of diatomic molecules, Dxo, and the exothermicities, A D, of
the chemical reaction X + O, — XO + O [16].

XEV) O Ca Mn La

Dxo 5.16 3.65 4.17 8.16
AD 0 —-1.51  —-0.99 3.0

Table 4. Average values of the height, ., and the diameter, D, of the particles captured in the
plume at different distances d for the SS (left value) and the SG target (right value).

d (mm) & (nm) D (nm) h/D

10 24/46 161/238  0.015/0.019
25 47/1.8  219/181  0.021/0.010
41 40/1.6 165/143  0.024/0.011
59 1.6/1.7  175/149  0.009/0.014

produces diatomic oxide molecules in the gas phase, but the exothermicity of the reaction is
insufficient to generate electronically excited CaO.

3.3. Farticles in the plume

For AFM investigation a proportion of the particles were captured on four sector-shaped
silicon (100) plates located inside the plume at distances d = 10, 25,41, 59 mm from the
target. In figures 6(a) and (b) we plot the distributions of the average volumes of the particles,
V, = %h D?, as a function of their hei ght, h, and width, D, determined by AFM at different d.
As can be concluded from figure 6(b) and from the values of D in table 4, the particles deposited
from the SG target are big near the target but their size decreases rapidly with increasing d
up to 25 mm, so the thickness of the particles at the normal deposition distance of 35 mm
is only 1.7 nm. For the SS target, V, is largest at d = 40 mm in the centre of the plume
and at d = 25 mm when the distance / is 25 mm. The particles are thicker than 4 nm for
d between 25 and 41 mm and have a tendency to grow when going from the centre of the
plume towards the surface. According to the theory of nucleation during expansion of the
plume, the agglomeration and condensation of the clusters is determined by a combination of
temperature and vapour pressure in the background O, gas [41-43]. As shown by the AFM
images, the average ratio of the heights of the particles deposited from the SG and the SS
targets at Py = 0.25 Torr and d = 35 mm is hsg/ hss = 0.4. This value is approximately the
same as the ratio of the grain size calculated from the XRD data for the targets.

4. Analysis of the films

The films were deposited from the SS and SG targets on SrTiO3 substrates under the oxygen
pressure Py = 35 Pa varying the temperature of the substrate, 7y, between 600 and 780°C
(maximum temperature available). The optimal deposition distance was found to be 35 mm,
corresponding to the situation when the tip of the weak external part of the plume comes near
the substrate. In figure 7 we show AFM images of the SS (a) and the SG (b) films and in table 5
we give the values of the surface rms roughnesses determined over five randomly selected areas
of size 80 x 80 .m? on the films. Clearly the value of T = 600 °C is too low for deposition of
smooth films from both targets. The SG films deposited at 7, = 780 °C have the average rms
roughness of only 2.3 nm and are smoother than any of the SS films. The surface density of
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Figure 6. Distributions of the particle volumes in the plume emitted from the SS (a) and SG (b)
targets, as functions of d and the distance from the symmetry axis of the plume, /.

Figure 7. AFM images of the SS (a) and the SG (b) films deposited at 7, = 780 °C. The area of
the images is 80 x 80 um? and the greyscales give the height variation of 20 nm.

the droplets, being only 0.03 .zm~2 over the area of 80 x 80 um?, is about five times smaller
on the SG films and their average size is also smaller (mean height for the SG film 19 nm and
for the SS film 26 nm), as shown in figure 7.

The data on the composition of the surface of the films determined by XPS before and after
Ar-ion sputtering are given in table 6. Clear excess of Ca and deficiency in Mn are observed
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Table 5. The rms surface roughness and the Curie temperature 7¢ for the SS and SG films deposited
on SrTiO3 substrates at different temperatures 7.

rms roughness (nm) Tc,onset (K) Tc derivative (K)

T, (°C)  SS/SG SS/SG SS/SG

600 12.61/14.85 220/220 104/163
650 3.22/4.46 250/240 104/179
700 9.94/4.99 220/240 102/179
750 4.36/3.48 225/245 128/184
780 6.06/2.28 225/190 143/136

Table 6. Metallic concentrations of the LCMO films observed by XPS before and after sputtering
the samples with Ar ions.

Sample Sputtering time (min) La(%) Ca(%) Mn (%)

Nominal 35 15 50

SS film 0 33.1 30.9 36.0
1 46.8 11.5 41.7
5 47.8 10.2 42.0

SG film 0 32.6 22.9 44.5
1 48.2 10.1 41.7
5 50.3 8.6 41.1

in both cases but this is more pronounced on the surface of the SS film. After sputtering for
5 min at the rate of 2 nm min~!, the compositions of the films are found to be similar to but
different from the compositions of the targets (see table 1). Because of possible preferential
sputtering it is impossible to say whether the real compositions of the films after sputtering are
the same as the compositions of the targets. However, it can be deduced that the compositions
of the SS and the SG films differ on the surface from each other but not below it, because the
relative concentrations stay almost the same when the sputtering time is increased. We should
emphasize that the compositions found on the surface may not be affected by preferential
sputtering, and that the surface of the SG film is closer to nominal than the surface of the SS
film. These results agree well with the emission line intensities (figure 4), where the Ca(l) line
intensity is higher at typical deposition distances in the SS than in the SG plume.

The magnetizations of the films (figure 2(b)) show FM ordering below the onset
temperature T¢,, which is slightly lower than observed usually at the Ca concentration of
0.3 [3]. At high deposition temperatures the value of 7, remains the same in the SS film,
being slightly smaller in the SG film. The FM transitions are clearly steeper in the SG films than
in the SS films. The value of 7, defined as a peak in the magnetization derivative dM (T') /d T,
is much higher in the SG (184 K) than in the SS films (143 K). In the SS films deposited at low
Ty, the transition occurs in two steps indicating that there is a small amount of material which
has higher 7¢. This phenomenon disappears and the transition is sharpest when the optimal
deposition temperature 780 °C is used.

The FM transition temperatures are substantially lower in the SG and the SS films than
in the targets and the transition is much broader in the SS films than that in the SS target. The
broadening of the transition in the films may result from the spread of different FM regions
caused by chemical disorder, nonuniform distribution of Mn** and Mn** pairs and local oxygen
stoichiometry [19, 44, 45]. In the manganese perovskites, 7¢ varies with the oxygen content,
and thus the deviation of the oxygen stoichiometry at the surface appears to be negligible [46].
It is also known that the films post-annealed in air, N, or O, have higher magnetization and
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higher T¢ than as-grown films [1, 4].

5. Conclusions

Preparation of Laj 7Cag 3sMnOs films by laser deposition from targets made with the SG and the
SS methods is investigated. Data on the chemical compositions and structural properties show
that the SG target is purer and more homogeneous than the SS target. The basic fragments in
the SG target are flakes having average thickness of 1.3 nm and radius of 90 nm. The particle
size ratio for the SG and SS targets measured by XRD is Dgg/Dgs = 0.36.

The atomic species evaporated from the SG and SS targets, as investigated by OES for the
two targets, are quite similar, with the exception of excess Ca at normal deposition distance
(~30 mm) in the case of the SS target. The paths of the atomic species deposited from the
SS target are much longer, indicating higher kinetic energy and temperature of the particles at
the distance of 30 mm along the axis of the plume. AFM investigations show that the average
ratio of heights of the particles in the plume at the distance of 35 mm is hgg/hgs = 0.4.

According to XPS measurements, the films ablated from the SG and SS targets have a
surface layer rich in Ca and deficient in Mn but reveal deeper in the film compositions closer
to that of ideal material. The AFM investigations give evidence that, using optimized ablation
parameters, the SG films are smoother than the SS films. Also the FM transitions are steeper
and the Curie temperature higher in the SG films than in the SS films. On basis of this study
we conclude that the SG material provides clear advantages in PLD of thin LCMO films.
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