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Abstract A novel kind of synthesis for oxide materials, es-
pecially complex ones, has been developed. The process in-
volves the intense irradiation of the powder mixture of the
starting oxides by light at elevated temperature. The spec-
tral range tested extends from infrared to ultraviolet with
sufficient intensity for the solid-state reaction between the
reagents to take place. The resulting reaction speed exceeds
the conventional thermal one by up to two orders of magni-
tude. This method should be applicable for the synthesis of
epitaxial thin films of high-T¢ superconductors used in RA-
BITS or IBAD technologies, high-Q filters, and magnetic
oxide films for magnetoelectronics.

Keywords Complex oxides - High-temperature
superconductors - Magnetoelectronics - Solid-state
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The unprecedented growth of microelectronics over the past
50 years has largely been based on compounds of silicon or
combinations of [II-V elements, such as gallium and arsenic.
However, with the rapid progress in the miniaturization of
semiconductor electronic devices, intrinsic limitations are
beginning to be felt by the technology sector. Therefore,
novel approaches involving new materials, such as func-
tional oxides, are being explored, and the field of oxide elec-
tronics becomes more and more important. Advantages of
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oxide electronics lie in the possibility of size reduction due
to characteristic lengths on the nanometer scale and in novel
properties of oxides that are completely absent in conven-
tional semiconductors. For example, transition-metal oxide
compounds exhibit a broad range of functional properties,
such as high dielectric constant, piezoelectricity and fer-
roelectricity, superconductivity, spin-polarized current, and
ferromagnetism.

Stimulated by the discovery of high-T¢ superconductiv-
ity in cuprates [1], tremendous progress has been achieved
in the physics and technology of oxides over the past
20 years. This has led to numerous scientific and technolog-
ical breakthroughs, such as optically-transparent conductors
for solar cells, high-temperature superconductivity, colossal
magneto-resistance, multiferroicity, diluted magnetic semi-
conductors, etc.

Oxides are most commonly prepared by solid-state re-
action involving the repeated grinding and heating of the
reactant powders of oxides, carbonates, etc. This implies
long-term (tens of hours) heating of reactants in powder
form at high temperatures (800-1200 °C) in a furnace,
which is a highly time- and energy-consuming process
and increases product costs. Moreover, the long-term high-
temperature synthesis may result in deviations from stoi-
chiometry. Therefore, there is a significant worldwide effort
to develop technologies to considerably reduce the tempera-
ture and time needed for solid-state reactions.

It is known that the diffusion process of doped atoms
in semiconductors can be significantly accelerated by light
irradiation. In the past decades, such photostimulated pro-
cesses have been used effectively in semiconductor elec-
tronics for the creation of ohmic contacts and p—n junctions,
defect annealing, recrystallization of amorphous layers, etc.
[2-6]. Although the mechanism of this phenomenon is still
under discussion, experiments indicate that the rate of pho-
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tostimulated diffusion may exceed the conventional thermal-
diffusion rate by several orders of magnitude [7-10]. As the
solid-state reaction also depends on the diffusion of ions, it
is natural to check whether the synthesis of oxide materials
can be accelerated by light irradiation. However, at present,
the influence of photonic irradiation on the solid-state syn-
thesis of materials is largely unexplored.

In this letter, we report the first results of the photostimu-
lated synthesis of Laj g4Sr9.16CuQO4, YBayCuzO7_, high-
temperature superconductors (HTS) and colossal magne-
toresistive manganite (CMR) La; §Cag,MnQj3. It has been
shown that light irradiation leads to a dramatic increase
of the reaction speed and a lowering of the reaction tem-
perature. The photostimulated solid-state reaction (PSSR)
method demonstrated is quite general and opens up the pos-
sibility of fast synthesis of a wide range of technologically
important bulk and thin-film oxide materials.

The Laj g4Srg16CuO4 and YBayCuzO7_, HTSs were
synthesized from La; O3, CuO, SrCO3, and Y,03, BaCOs3,
CuO starting reagents in powder form, respectively. The
colossal magnetoresistive manganite La; gCag,MnO3 was
synthesized from La;O3, MnO3, and CaCO3 powder pre-
cursors. Initial precursors in stoichiometric ratio were mixed
thoroughly and pressed to form pellets of 12 mm diameter
and about 0.4 mm thickness. These pellets were then sin-
tered in two different home-built photon irradiation setups.

Setup I contains a bank of 19 halogen lamps, each with
1 kW power and a color temperature of 3200 K. With this
setup, a maximum temperature of 1200 °C could be reached
in 7 sec. Light irradiation was performed in pulsed mode,
with the pulse length being 20 sec. The sample was mounted
on a quartz plate, and its temperature was measured by a
quick-response thermocouple attached to the upper surface
of the pellet. In the light-irradiation setup II, a combina-
tion of halogen and ultraviolet lamps was used as shown
in Fig. 1: three halogen lamps (1) of 1 kW electrical power
each and the same color temperature as in setup I and a Wild-
fire IronArc® metal halide 400-W UV lamp LMP-400D (2).
The sample (3) is placed on the surface of a flat, transparent
quartz plate (4) mounted in a section of high-quality opti-
cal quartz tube (5). This construction allows the irradiation
process to be performed in oxygen or other gas atmosphere.
The UV lamp is mounted above the quartz tube collinearly
to the halogen lamps. The sample temperature is measured
by a fast response K-type thermocouple (6), in direct contact
with the sample surface. The setup is covered by a ceramic
(kersil) arc (7), and the glazed inner surface of this arc acts
as reflector. The system is equipped with a lamp power con-
trolling unit. Using this setup, samples can be irradiated with
an intensive light in a broad spectral range because the halo-
gen lamps provide mostly infrared and visible light and the
metal halide lamp provides UV light.

The samples were characterized by X-ray diffraction, and
their magnetic properties were studied using a vibrational
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Fig. 1 Schematic cross section through the home-built photon irradi-
ation setup II for fast solid-state synthesis of oxide materials
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Fig. 2 Temperature dependence of the zero-field-cooled (ZFC) and
field-cooled (FC) magnetic moment for the Laj g4Sr9.16CuO4 sample
in a magnetic field of 20 Oe. The sample was synthesized by light
irradiation at 7 = 1000 °C (total irradiation time: 2 min)

sample magnetometer (VSM) from CRYOGENIC Ltd op-
erating in a temperature range of 2-300 K and in magnetic
fields of up to 5 T. Prior to the magnetization measurements,
the samples were crushed into powder to minimize surface
effects and to probe the bulk magnetic properties.

It was found that superconducting samples of Laj 8451916
CuOy4 could be obtained by light irradiation in setup I. The
samples were irradiated for periods of 20 sec. After each
irradiation step, the sample was allowed to cool and then
irradiated again from another side for 20 sec. The super-
conducting properties were studied as a function of the total
photon exposure time and the reaction temperature. Figure 2
shows, as an example, the superconducting transition in a
polycrystalline sample of Laj g4Sro.16CuQy irradiated with
three pulses on each side separately at T = 1000 °C.

Figure 2 shows that the sample is superconducting with
an onset Tc near 37 K, which is close to the optimum 7¢ =
38 K observed in bulk Laj g4Srp.16CuO4. The superconduct-
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Fig.3 Superconducting volume fraction of Laj g4 Srg 16CuO4 samples
obtained by the photon irradiation and the conventional furnace-heat-
ing process at different synthesis temperatures. For all samples, the
total synthesis time was 2 min

ing volume fraction estimated from zero-field-cooled (ZFC)
magnetization is about 30 %, revealing the bulk nature of
the superconductivity. Note that the strong diamagnetic mo-
ment in the superconducting state is a very useful indicator
to characterize the extent of synthesis because the size of the
diamagnetic moment is proportional to the superconducting
volume fraction.

To determine the role of the thermal factor in our syn-
thesis process, we performed the following control test: An
identical pellet for synthesis of Laj g4Srg16CuQOy was in-
serted for 2 min into a conventional furnace preheated to
1000 °C. The sample obtained in this way showed only
traces of superconductivity, with a volume fraction below
0.5 %. A similar comparison of the superconducting volume
fractions of light-irradiated and normal furnace-prepared
samples was performed at different temperatures. For all
samples, the total synthesis time was 2 min. The results are
shown in Fig. 3. As can be seen, the superconducting volume
fraction is negligible in furnace-prepared Laj g4Srg.16CuOg4
samples up to 1000 °C. In fact, it is well known that
the synthesis of Laz_, Sr,CuO4 samples by standard solid-
state reaction in a furnace requires tens of hours and tem-
peratures well above 1000 °C. On the other hand, in the
Laj 84Srp.16CuOy4 samples prepared under light irradiation
in setup I, the superconducting phase forms already at about
825 °C and increases linearly with increasing temperature.

We can conclude that, compared with synthesis in a nor-
mal furnace, light irradiation during the synthesis of the
Laj 84Srg.16CuO4 HTS drastically enhances the rate of the
solid-state reaction. This process can be called photostimu-
lated solid-state reaction (PSSR).

We also synthesized the colossal magnetoresistive
(CMR) manganite Laj gCap2MnO3 by PSSR using setup
1. The pellet of the mixture of precursor materials was irra-
diated with three pulses of 20-sec duration on each side sep-
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Fig.4 Temperature dependence of the field-cooled (FC) magnetic mo-
ment for the La; gCap2MnO3 sample in a magnetic field of 100 Oe.
The sample was synthesized by light irradiation at 7 = 1200 °C (total
irradiation time: 2 min)

arately (total irradiation time: 2 min) at 7 = 1200 °C. Fig-
ure 4 shows the temperature dependence of the field-cooled
(FC) magnetic moment for the Laj §Cag2MnO3 sample in
a magnetic field of 100 Oe. As can be seen, the sample
is ferromagnetic, with the Curie temperature and the low-
temperature magnetic moment in agreement with the values
reported in the literature for a Laj §Cag2MnO3 CMR man-
ganite [11]. We note that the conventional synthesis of CMR
manganites in a furnace requires several hours at 1200 °C.
We also attempted the synthesis of the technologically
important YBap;CuzO7-, (YBCO) HTS using the PSSR
method in setup I, but the samples showed only traces of su-
perconductivity. As the formation of the YBCO phase is re-
lated to complex reactions between the starting oxides [12],
apparently longer times are needed to synthesize this high-
temperature superconductor than for Lay_, Sr,CuO4. More-
over, reducing the reaction time significantly by increasing
the synthesis temperature would not be an option because
YBCO melts around 1000 °C. Therefore, it is necessary to
perform the PSSR process below this temperature and dur-
ing a relatively long period of time. We performed such a
synthesis in setup II (see Fig. 1), which allows continuous ir-
radiation of samples for time periods of up to 1 h. The super-
conducting properties of the YBCO samples obtained were
studied as a function of the photon exposure time and the re-
action temperature. Experiments showed that 900 °C is the
optimum temperature for YBCO synthesis by PSSR. Fig-
ure 5 shows the superconducting transitions of the YBCO
samples obtained at 900 °C irradiated for 30 min using dif-
ferent methods. One sample was irradiated by both UV and
halogen lamps. The second sample was irradiated only by
halogen lamps. The control sample was inserted into a con-
ventional furnace preheated to 900 °C and quickly removed
after 30 min. All reactions were performed in air. To en-
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Fig. 5 Temperature dependence of the zero-field-cooled (ZFC) mag-
netic moment of the YBapCu307_, samples in a magnetic field of
20 Oe. The samples were synthesized at 7 = 900 °C during 30 min

sure maximum oxygen content, all samples were annealed
in flowing oxygen at 550 °C for 3.5 h after the reaction.
One can see from Fig. 5 that a good-quality supercoduct-
ing sample with Tc = 93 K is obtained after the PSSR pro-
cess using a combination of UV and halogen lamps. The vol-
ume fraction of the superconducting phase estimated from
the ZFC magnetization is about 80 %. The sample irradi-
ated only by halogen lamps has 20 % of the superconducting
phase and exhibits a broad superconducting transition. This

demonstrates the crucial role of UV photons in the synthesis

process of YBCO. Figure 5 also shows that the conventional
solid-state reaction in a furnace at the same temperature and
time is ineffective because the sample obtained under these
conditions has only about 2 % of the superconducting phase.
In fact, it is known that it takes about 30 h to obtain YBCO
at 900 °C [13]. With PSSR using a combination of UV and
halogen lamps, it takes only 30 min as evidenced by Fig. 5.
The results obtained provide evidence that the solid-state
reaction rate in oxides is strongly enhanced under photon
irradiation as compared with the usual heat treatment in a
furnace under equivalent thermal conditions. This suggests
that some nonthermal processes take place during PSSR.
One apparent difference between a conventional furnace and
lamp heating is the distinct spectral intensity distribution of
the irradiation. According to the formula of black-body ra-
diation, at temperatures around 900 °C, the photons emitted
from a normal furnace have wavelengths larger than 1 pm
and an energy below 1 eV. These infrared photons mainly
contribute to sample heating. Tungsten halogen lamps have
a color temperature about 3000 K and emit photons mostly
in the near infrared and visible range with energies of 0.5—
2 eV. The metal halide lamps used in our experiments pro-
vide UV light, with the main intensity in the 250400 nm
wavelength range, which corresponds to photons with an en-
ergy of 3-5 eV. While the mechanism is not yet understood,
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it is possible that the high-energy photons from the halogen
and especially from the UV lamps may lead to an acceler-
ation of various chemical and physical processes and as a
result to the observed PSSR. It is clear that such processes
should start at the surface of the pellets, as light in the visi-
ble/UV range cannot penetrate deep into the samples being
studied. However, the photostimulated process, which starts
at the surface, must also proceed deep into the material to
macroscopic distances because we were able to synthesize
bulk samples by PSSR. Further experimental and theoretical
studies are needed to establish the microscopic mechanism
of this process.

In conclusion, a novel method of photostimulated solid-
state synthesis of oxide materials was developed that enables
a dramatic increase of the reaction speed and also a lower-
ing of the synthesis temperature. This method involves the
irradiation of the mixture of starting oxides by light in a
broad spectral range, from infrared to ultraviolet, with suf-
ficient intensity at high temperature for starting the solid-
state reaction between the reagents contained in the pow-
der mixture. Using this method, fast synthesis of polycrys-
talline HTS and CMR oxides was demonstrated. The pro-
posed method may find broad application because most ad-
vanced ceramic materials, such as magnets, solid fuel cells,
solar cells and catalysts, are produced by solid-state reaction
in high-temperature furnaces. Therefore, the preparation of
these materials using the PSSR method can significantly re-
duce both the synthesis time and the temperature. As the
penetration of light is usually limited by the sample thick-
ness, we expect that the PSSR method will be even more
effective in the preparation of oxide thin films, which have a
high technological importance.
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