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Ferromagnetic and perovskite-like thin ®lms (<1 lm) of La1)xCaxMnO3+d have been routinely
prepared by heat treatment of an amorphous La±Ca±Mn precursor. The precursor was electro-
deposited cathodically in the absence of oxygen and water onto polished silver substrates from a
nonaqueous solution of the components' nitrates. Analysis by X-ray di�raction and SQUID mag-
netometry shows these materials exhibit the appropriate structural and magnetic phases indicative of
colossal magnetoresistance.

Keywords: electrochemical deposition, La1)xCaxMnO3+d thin ®lms, nanowires, giant magnetoresistance,

colossal magnetoresistance, CMR applications

1. Introduction

Colossal magnetoresistance (CMR) in the doped rare
earth manganites A1)xBxMnO3+d has been the sub-
ject of intense investigation over the last three years
[1±8]. Although sometimes referred to as a large
`giant magnetoresistance' (e.g. [1]), the convention of
CMR is adopted throughout this paper for the
A1-xBxMnO3+d magnetoresistive e�ect. Here A is the
trivalent rare earth and B the divalent doping ion that
sits on the A site within a perovskite-like structure.
While the need for noninduction magnetic sensors
(essential for the new generation of high density hard
disk drives) is now a major driving force in this in-
terest [9], the huge change in resistivity, q, by appli-
cation of a magnetic ®eld H (q0/qH� 1 000 000 has
been seen) [6] is fascinating from a purely scienti®c
point of view and is, in itself, worthy of further in-
vestigation. Further possible applications, such as
memory and magnetic switching devices [10], ensures
this will continue. The discovery and de®nition of
CMR (q0/qH P 1000) [3] in La1)xCaxMnO3+d means
much attention has focused on that particular system,
and hence it is the subject of this paper.

The applications of these materials dictate that
thin ®lms or nanowires must be manufactured cost
e�ectively. Current proposed methods of production
include molecular beam epitaxy, ion beam sputtering
and pulsed laser deposition. Electrochemical deposi-
tion (ECD) is an attractive alternative due to the fact
that it is carried out in conditions approaching am-
bient temperature and pressure and that, with such a
relatively simple technique, the costs are low. It also
negates the need for making/acquiring the bulk tar-
gets that the above processes require. A high degree

of control of the structure and thickness of deposited
®lms o�ers further re®nement. Part of the control
stems from the way in which the rate of deposition is
determined by the current, for example, by altering
the charge passed the ®lm thickness can be altered.
Furthermore, reproducible deposition of precursors
to superconducting ®lms has been achieved within
our group by use of this method [11]. One ®nal and
highly desirable advantage of ECD is that it can be
readily implemented as part of a continuous process.
In this paper we report what is believed to be the ®rst
production of La1ÿxCaxMnO3+d by cathodic ECD.

2. Experimental details

2.1. Preparation and electrodeposition

All ECD experiments, including solution prepara-
tion, were carried out in an argon ®lled dry box to
exclude oxygen and water. The need for a nonaque-
ous solution is also apparent here due to the higher
reduction potentials of La3+, Ca2+ and Mn2+ ()2.37,
)2.76 and )1.03 V vs SHE, respectively) compared to
that of water ()0.83 V vs SHE) [12]. Dimethylsul-
foxide solvent (DMSO) from Aldrich (purity 99.9%)
was used as-received but was opened in the dry box to
prevent atmospheric water contamination. Nitrate
salts of lanthanum, calcium and manganese (Aldrich,
purity P 99.99%) were stored for not less than one
month over phosphorous pentoxide in order to
minimize water content.

The electrolyte bath composition was determined
empirically from a set of preliminary experiments for
a target Ca stoichiometry of x = 0 and x = 0.4 as
follows:
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LaMnO3+d precursor. 32mM La(NO3)3 and 8mM

Mn(NO3)2 to give the ratio La3+:Mn2+ of 4 : 1 in a
total 40mM solution.
La0.6Ca0.4MnO3+d precursor. 48.0mM La(NO3)3,
19.2mM Ca(NO3)2 and 12.8mM Mn(NO3)2 to give
the ratio La3+:Ca2+:Mn2+ of 15 : 6 : 4 in a total
80mM solution.

Cathodic ECD was carried out at a constant po-
tential ()3.25V vs Ag quasi-reference) for 30min
using a standard three electrode arrangement with a
25.0mm ´ 12.5mm counter electrode of 52 mesh
platinum gauze (Aldrich, purity 99.90%). Deposition
was on a 25.0mm ´ 5.0mm ´ 0.125mm silver
working electrode (WE) foils (Advent Research Ma-
terials, purity 99.97%) that had been previously
cleaned and polished using 0.3 lm alumina, distilled
water and cotton wool (any residual alumina on the
silver foil was removed by a ®nal clean in an ultra-
sonic bath). The back face of the WE was masked
using silicone sealant (Dow Corning, 738 adhesive/
sealant) so that deposition occurred on one side only.
The three electrodes were suspended vertically in an
undivided cell of ®xed geometry to ensure their rela-
tive positions remained constant for each ECD. The
electrolyte temperature was maintained at
(29.50�0.1) °C by placing the cell in a `dri-block'
heater.

2.2. Film composition and crystallization

As-deposited ®lm composition was determined using
energy dispersive X-ray spectroscopy (EDS). These
amorphous precursor ®lms were crystallized by heat
treatment in ¯owing oxygen at various temperatures
and times within the range 700±900 °C and 1±3 h.
Cooling for all samples was at 1 °C min)1. Film
structure was examined by X-ray di�raction using

monochromatic CuKa radiation. Magnetization
measurements were carried out using a 6 tesla
SQUID magnetometer.

3. Results and discussion

3.1. Film growth and stoichiometry

A plot of the deposition current density, i, as a
function of time, t, is shown in Fig. 1. The smooth
plot indicates unperturbed ECD with a pro®le
typical of that expected within a di�usion con-
trolled environment. Indeed, the i)2/ t dependency
predicted for this by the Cottrell equation [13, 14]
was found to hold for short times as shown by the
inset of Fig. 1. This implies that the deposition is
mass transport controlled. Estimates of the di�u-
sion coe�cient, D, were obtained from the inset
gradient and Cotttrell equation and resulted in a
value of D about 10)6 cm2 s)1 for all samples. The
total charge, Q, passed during each experiment was
determined from the integral of current with time
giving values in the range 0.42C O Q O 0.58C.
Assuming perovskite phase densities of 6.72 g cm)3

for LaMnO3 and 4.25 g cm)3 for La0.6Ca0.4MnO3,
®lm thickness estimates of about 700 nm were
obtained for both sets from the charge and EDS
composition results.

EDS results showed typical La :Mn and La :Ca
:Mn ratios of 1.04 : 1.00 and 0.60 : 0.42 : 1.10, res-
pectively, with variations in stoichiometry of not
more than 10%, from area to area, over the surface.

3.2. Perovskite-like crystal structure

The X-ray di�raction patterns of two representative
samples are shown in Fig. 2. Clear perovskite peaks

Fig. 1. Typical plot of the current density as a function of time for La±Ca±Mn precursor ®lm. Cathodic ECD was carried out in a dry
argon atmosphere at 29.5 °C using a constant potential of )3.25V (vs Ag quasi-reference). The inset shows the linear relationship between
(current density))2 and time (®rst �tens of seconds) as predicted for an initially di�usion dominant regime.
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Fig. 2. X-ray spectra of (a) LaMnO3+d annealed at 800 °C for 2 h and (b) La0.6Ca0.4MnO3+d annealed at 900 °C for 2 h. Both samples
were heated in ¯owing oxygen and cooled at 1 °C min)1. Part (c) shows the X-ray spectra of the amorphous as deposited precursor to (a).
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can be seen despite not being able to optimize the
radiation beam width of our machine for the small
®lm areas involved (typically 0.5 cm2). The spectra
compare well with other samples (e.g. [6]) showing no
particular dominance of any (h k l) plane and hence
indicating a polycrystalline structure. This was fur-
ther con®rmed by contrast with calculated powder
di�raction peaks [15]. The lattice parameter, a, cal-
culated from these patterns ((390�1) pm for the
parent and (387�1) pm for the doped compound)
also compares well quantitatively with the samples of
[6] (392 pm and 385 pm, respectively). The reduction
in a with Ca content is expected due to the corre-
sponding increase in Mn4+ ions at the expense of
Mn3+ ions. As Mn4+ has a smaller ionic radius
(52 pm) as compared with Mn3+ (70 pm) [16] this
leads to an overall smaller lattice parameter. Indeed a
calibration between a and Mn4+ content [17] shows
�20% level in the parent (x = 0) compound that
indicates an excess oxygen content, d, normally as-

sociated with these ®lms when they are annealed in
oxygen. The unknown peak U in Fig. 2(b) may be
due to a distorted orthorhombic perovskite of La1-x-
CaxMnO3+d as this line is positionally (2h) within
1% of that found in just such a distorted phase of
LaMnO3 [18]. This should be investigated further
with a full set of samples (0 O x O 1) to see whether
or not this is a peculiarity of x = 0.4 in polycrys-
talline thin ®lms. Heat treatment was always required
for crystallization of the precursor ®lms as can also
been seen in Fig. 2(c). No peaks were observed in
these as-deposited samples which thereby indicates
their amorphous nature.

3.3. The ferromagnetic signature and its relation
to CMR

Magnetization measurementsM, carried out using an
applied ®eld of 1 T in the plane of the ®lm, are shown
in Fig. 3. WithM � 200 e.m.u. cm)3 at 50K falling to

Fig. 3. Magnetization measurements of representative samples of (a), the parent perovskite with a Tc estimate of 275K, and (b) the doped
material with Tc about 285K. The broad pro®le from strongly ferromagnetic down to FM onset at the transition temperature is char-
acteristic of La1)xCaxMnO3+d thin ®lms.
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a clear transition temperature, Tc, the ®lms are evi-
dently strongly ferromagnetic (FM) [4]. The broad
transition is characteristic of La1)xCaxMnO3+d thin
®lms [2 and 3] which, along with the same order M,
gives con®dence that the correct magnetic phase has
been produced. It should be noted here that although
the ideal stoichiometric LaMnO3 is an antiferro-
magnetic (AFM) insulating compound, an excess of
oxygen has the same net e�ect as Ca doping. This
means that the necessary number of intrinsic Mn3+

ions are oxidized in order to maintain charge balance
and produce a mixed Mn3+/Mn4+ state. Zener's
model of double exchange [19] can then be used to
explain how the onset of conductivity (due to indirect
hole movement between the Mn3+/Mn4+ pairs via
interstitial oxygen) is inextricably linked with the FM
alignment of the Mn moments and thus the onset of
the FM state necessary for CMR. Tc estimates were
obtained from the gradient maxima of magnetization
against temperature plots and gave values in the
range 270 KO Tc O 285K. Similar near room tem-
perature Tc (�275K) has been observed in bulk
samples [6], sintered for a period of days in oxygen, as
opposed to lower Tc (in the range 180±220K) found
in as deposited and orientated thin ®lms [2, 8].
However, no signi®cance should be attached to the
temperatures found here without a detailed study of
polycrystalline thin ®lms over a far greater range of
temperatures and times.

4. Conclusions

Precursor ®lms of La±Ca±Mn have been produced by
a process of cathodic electrochemical deposition.
Heat treatment of these samples has produced
La1-xCaxMnO3+d thin ®lms of the correct structural
and magnetic phases necessary for CMR and hence
proves the feasibility of this method as a cheaper and
simpler alternative to current techniques such as
molecular beam epitaxy and pulsed laser deposition.
This is especially so now that epitaxial growth is no
longer a prerequisite for large CMR [6, 20]. The
technique would require no further processing steps
for nanowire deposition (carried out using an elec-
trode masked by commercially available porous ce-
ramic) with the principle already well established for
other FM materials [21]. Hence, these results give
con®dence in its direct applicability, as nanowires
allow CMR measurement/use without the need for
substrate removal. This last process is required for
thin ®lms due to their `current-in-plane' geometry
providing a substrate short circuit path across the
material. The `current-perpendicular-to-plane' ar-
rangement of nanowires negates this problem and
means they are currently the main focus of our

attention. Further promising work on a heat treat-
ment method in which an insulating layer is grown
between the perovskite and substrate is also being
pursued in addition to thick ®lm (>1 lm) removal by
use of high temperature adhesive. Results from these
studies will be presented in due course.
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