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Abstract Strongly correlated electronic (SCE) materials
including high-temperature superconducting cuprate and
colossal magnetoresistance manganite thin films demon-
strate tremendous anisotropic Seebeck effect which makes
them very promising for developing high-performance
laser detectors. In this work, laser-induced thermoelectric
voltage (LITV) signals with nanosecond response time
have been measured in SCE La;_,Pb,MnOj; thin films
based on anisotropic Seebeck effect at room temperature.
The magnitude of the LITV signals increases linearly with
laser energy/power density in a wide range of laser
wavelengths from ultraviolet, visible to infrared based on
which a novel SCE thin-film laser energy/power meter has
been developed.
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1 Introduction

Strongly correlated electronic (SCE) materials have
attracted much attention in recent years owing to their
abundant and exotic electrical, magnetic, optical, thermal,
acoustic, mechanical and chemical properties resulting
from the strong interactions between charge, spin, orbital
and lattice degrees of freedom, which are important not
only for developing new theories but also for exploring
new applications [1-3]. At present, the research on SCE
materials has become a hot frontier of modern science
since the discoveries of high-temperature superconductiv-
ity (HTS) in cuprates and colossal magnetoresistance
(CMR) effect in manganites, where a small change of
magnetic field causes a great variation of resistance due to
a metal-insulator transition in the vicinity of the ferro-
magnetic Curie point [4-11].

Apart from the profound and dramatic phenomena such
as HTS and CMR, SCE materials also display diversified
phase diagrams which reveal the complex electrical and
magnetic structures of these materials [2]. In general, the
phase diagram of hole (electron)- doped HTS cuprates
shows that at low doping levels, electron repulsion causes
an exchange interaction resulting in an antiferromagnetic
ordering, and at higher doping levels a superconducting
region is created with the pseudo gap state above it [12].
For the CMR materials with the formula Re;_,A ,MnO;3
(Re: a trivalent rare earth element, and A: a divalent ele-
ment), the phase diagrams show that their electrical and
magnetic properties strongly depend on two parameters:
the band filling (or the doping level x) and the conduction
bandwidth (or electron hopping interaction) [13]. The
typical CMR materials such as La;_,Ca,MnO; (LCMO),
La;_,Sr,MnO3; (LSMO) and La;_,Pb,MnO5; (LPMO) are
especially interesting because they show long-range
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ordering of the Mn** (tggeé) and Mn** (tggeg) ions which is
linked to the antiferromagnetic spin ordering, the long-
range ordering of the Mn> " (eg) orbitals and the associated
lattice distortions [14]. Furthermore, it is known that
LCMO is an intermediate-bandwidth CMR material. At
x =0 and 1, it is A- and G-type ordering antiferromag-
netic, respectively; in the region 0.2 < x < 0.5, the ground
state is ferromagnetic metallic; while for x > 0.5, the
ground state becomes insulating and charge-ordered anti-
ferromagnetic [15]. LSMO is a large-bandwidth CMR
material and a canonical double-exchange (DE) system. It
has maximal Curie temperature (7;.) (380 K forx =~ 1/3) in
CMR systems and grows easily in large single crystals at
x < 0.4. In addition, it has relatively simple phase diagram:
it is antiferromagnetic insulating for x < 0.10 and ferro-
magnetic insulating for 0.10 < x < 0.165, above which it
is ferromagnetic metallic [16]. Besides LSMO, LPMO is
another high-7. CMR material whose T, is in the range of
315-361 K for x = 0.1-0.5 and is almost constant (about
360 K) for x > 0.3 [17, 18]. The advantages such as high-
T. above room temperature (RT), ferromagnetic metallic
ground state at RT, and large magnetoresistance at RT
make LPMO an ideal material for developing RT and high-
temperature magnetic devices [17-25].

At the beginning of the 1990s, laser-induced thermo-
electric voltage (LITV) effect was discovered in HTS thin
films such as YBa,Cu;0,_, (YBCO) and Bi,Sr,CaCu,0g
(BSCCO) which opened up new areas of research to
developing high-performance laser detectors based on
SCE thin films [26-28]. Photoelectric effect, pyroelec-
tricity and piezoelectricity are usually employed to ana-
lyze light-induced voltage phenomena; however, none of
them could satisfactorily explain the laser-induced voltage
effect in YBCO thin films. At last, the effect observed in
YBCO thin films was proved to be anisotropic Seebeck
effect, or LITV effect [26-29]. It is known that for HTS
cuprate single crystals, the Seebeck coefficient of the
conductive CuO, layer is different from that along c-axis,
i.e., the Seebeck coefficient of the crystals is a tensor rather
than a scalar [30, 31]. When a HTS thin film grows on a
vicinal cut single-crystal substrate, its c-axis inclines an
angle to the normal of its surface; and the sequence of the
conducting CuQO, layers and the less-conducting interme-
diate layers forms an atomic layer thermopile (ALT) that
consists of some millions of atomic scale thermocouples
[27]. When a laser pulse irradiates on the thin-film surface,
the up layer of the surface absorbs the energy and its
temperature increases which erects a temperature gradient
in the inner of the film, and due to the ALT effect a voltage
generates along the film surface—that is the microscopic
mechanism of the LITV effect [32]. Soon after, LITV
effect was found in LCMO thin films [33, 34]. It is
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unexpected that large LITV signals can be generated in
LCMO thin films because LCMO has a quasi-cubic
structure which leads to small anisotropy, and therefore no
obvious voltage signals should be observed. However, the
magnitude of the induced voltage signals in LCMO thin
films strongly depends on the doping level revealing that it
is the electrical structure rather than crystal structure that
plays a key role, i.e., it is the long-range cooperative Jahn—
Teller distortions caused by the Mn>" ions resulting in the
large anisotropy [34]. Interestingly, it is observed that
CMR materials doped with other divalent ions such as
LSMO and LPMO thin films also show large LITV effect
as described in Reference [35] and this work, which not
only confirms this theory but also provides a new method
to explore CMR mechanism. SCE thin-film laser detectors
based on ALT effect have super advantages. It has been
reported that LITV signals of about 400 ps have been
measured in ~ 10-nm-thick YBCO thin films at RT [36];
LITV signals as high as 250 V have been recorded in
YBCO thin films grown with a large tilt angle o ~ 10-20°
[32]; and YBCO thin films can respond to radiation over a
very wide wavelength range from ultraviolet to millimeter
wave [32]. In addition, more importantly, based on LITV
effect high-performance laser energy/power meter can be
designed. We have developed kinds of laser energy/power
meters based on YBCO, LCMO and LSMO thin films,
which all show great advantages over other conventional
detectors, such as fast (nanosecond order) response,
spectrally broad (from infrared through visible to ultravi-
olet) response and spectrally flat response [35, 37, 38]. In
this work, we develop a novel LPMO thin-film laser
energy/power meter based on LITV effect, which not only
enriches the study on SCE mechanism, but also opens a
new door to design high-performance laser energy/power
meter with high-T..

2 Theory

The LITV signal in a SCE thin film is given by the formula
[39]:

_ apElsin(20) S 2 2 )

U(t) = ——=(Sa — Sc (e’%—e’m
0 4dpcoV/ nDt ° )

(1)

Where o is the laser absorption coefficient of film, E is the
laser energy density per pulse, [ is the illuminated length of
film, o is the tilted angle, S,, — S. is the Seebeck coeffi-
cient anisotropy, p is the mass density, cq is the specific
heat, J is the laser penetrating depth into the thin-film
material, D is the thermal diffusion constant and d is the
film thickness.
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The peak value of LITV signal U, is given by
U, = ApE, (2)
where A}, is the sensitivity and

o= 2O 51— 5016, ®)
where f(J, d) is the function about 6 and d. Based on the
linear relationship U, = ApE, a peak voltage-type laser
energy meter can be designed. Because the response time is
proportional to 1/D, in order to obtain fast response SCE
material with large D can be selected. Furthermore, Eq. (3)
shows that A, is independent of D, therefore, the response
speed can be raised by increasing D without changing the
sensitivity.

3 Experimental

LPMO thin films were grown on LaAlO; (LAO) single-
crystal substrates by pulsed laser deposition technique. A
polycrystalline target of nominal composition LPMO was
synthesized by a coprecipitation method. The laser beam
from a pulsed KrF excimer laser of wavelength 248 nm,
pulse width 20 ns was focused onto the rotating target. An
optimized laser fluency of 1.6 J/cm? and repetition rate of
5 Hz was utilized. The depositions were carried out in the
oxygen pressure of 0.4 mbar and at a substrate temperature
of 780 °C. After the deposition, the samples were annealed
in situ at 530 °C for 1 hin the oxygen pressure of 1 bar, and
then the films were cooled to RT in about 30 min. The
structure characterization was made by X-ray diffraction.
Two methods were used to test the prototype LPMO laser
energy/power meter. One method is for pulsed laser detec-
tion in which the LITV signals are recorded by a digital
oscilloscope, as shown in Fig. 1a. The other one is for con-
tinuous-wave (CW) laser detection, in which a lock-in
amplifier is used to obtain high signal-to-noise ratio, as
shown in Fig. 1b.

4 Results and discussion

X-ray diffraction indicates all the LPMO thin films
deposited on LAO substrates are single-phase and (001)-
oriented since besides (00!/) peaks, the LPMO thin films
show no peaks originating from impurities [40].

LITV experiments were performed at RT, and a
360-nm-thick La,;Pb;,sMnO; thin film grown on a 15°
tilted LAO substrate was used for laser irradiation.
Figure 2 shows a typical LITV signal induced by the
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Fig. 1 Two schematic diagrams of the two methods used to measure
LITV signals in a SCE device induced by a pulsed and b CW lasers,
respectively
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Fig. 2 A typical LITV signal in Lay/3Pb,,3MnOj thin film induced by
the pulsed KrF excimer laser with A = 248 nm. U, is the peak
voltage. 7, = 14.4 ns and 7 = 44.8 ns

pulsed KrF excimer laser. A LITV signal is characterized
by its response time and peak value. To analyze the
response time we define two parameters: the rise time 7,
(the time taken from 10 to 100 % of the signal peak) and
the signal width © (FWHM—the full width at half-maxi-
mum of the signal). It can be seen the La,/;;Pb;,3MnOj; thin
film has nanosecond response time: its 7, and t are 14.4 and
44.8 ns, respectively. It has been reported T, of La,/;Pby,
3MnOj; can be as high as 361 K [41], and thus below 7, and
at RT its ground state is ferromagnetic metallic, which
results in high electrical conductivity. According to Wi-
edemann—Franz law (x/c = LT, where k, g, L, and T are
thermal conductivity, electrical conductivity, Lorenz
number, and temperature, respectively), at the same tem-
perature x is proportional to g, i.e., D is proportional to .
Therefore, the existence of ferromagnetic metallic state
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Fig. 3 Laser energy density dependence of response time

makes the La,/3Pb;,3MnO; thin film have large ¢ and D,
and as a result ns-order response is achieved. On the other
hand, for LPMO with different doping levels x, ¢ increases
with T, at the same temperature [42], i.e., high-T, will lead
to fast response. Lay/3Pb;,3MnO; has the highest 7, among
LPMO systems, which makes it greater potential for
obtaining faster response than LPMO with other doping
levels. Similar properties have been observed in LSMO: it
is ferromagnetic metallic at RT due to its high-T,, and at
RT its 7, and 7 are <23 and <39 ns, respectively [35].
These results indicate that high-7, SCE materials are
unique materials for designing fast detectors working at
RT. Figure 3 shows laser energy density dependence of
response time. It is observed that as the laser energy den-
sity increases the response time nearly keeps unchanged,
which indicates the energy density of the pulsed KrF
excimer laser has a small influence on D, demonstrating the
La,/;3Pb;,3sMnOj; thin film has high chemical and thermal
stability. Figure 4 shows the linear relationship between U,
and E, which not only confirms Eq. (2), but also indicates
A, has high stability under high-energy laser irradiation.
Besides the pulsed KrF excimer laser, three CW lasers
(4 = 532, 632.8, and 808 nm) were also employed to test
the La,/;sPb;,3sMnQOj5 thin-film detector. A linear relation-
ship U, = AP has been measured at each wavelength,
where U,, A, and P are the readout voltage of the lock-in
amplifier, the sensitivity and the laser power density,
respectively, as shown in Figs. 5, 6, 7. The wavelength
dependence of the sensitivity is shown in Fig. 8. It is seen
the sensitivity has spectrally broad response which ranges
from ultraviolet, visible, to infrared. Furthermore, it has
spectrally flat response. The slight variation of sensitivity
with wavelength is attributed to quantum effect and o. The
band gap of the Lay;3Pb;3sMnO; thin film is 1.2 eV [43,
441, which is smaller than the photon energy of the 808 nm
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Fig. 4 The linear relationship between U, and the laser energy
density for 4 = 248 nm
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Fig. 5 The linear relationship between U, and the laser power density
for A = 532 nm

(1.53 eV), 632.8 nm (1.96 eV), 532 nm (2.33 eV) and
248 nm (5.00 eV) lasers. The carriers generated by each
laser enhance the film conductivity, and thus increases the
sensitivity. However, high-energy photons can generate
lots of hot carriers which cannot be absorbed effectively by
the electrodes [45, 46], and the energy loss of the laser
caused by the hot carriers will decrease the sensitivity. As a
result, as the laser wavelength decreases the sensitivity
increases firstly in the wavelength range of 808—632.8 nm
and then decreases in the wavelength range of
632.8-248 nm. Besides photoconductive effect, o also
causes some variation because it varies with laser
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Fig. 7 The linear relationship between U, and the laser power density
for 2 = 808 nm

wavelength which prevents the thin film from absorbing
the incident laser constantly. To obtain uniform light
absorption, an efficient absorbing layer or some nano-
structures can be fabricated on the surface of the thin film
[47-49].

Anisotropic Seebeck effect is characterized by Seebeck
anisotropy coefficient AS = S, — S, and IAS| can be cal-
culated using IAS| = Uy /Totqm/[0pElsin(20)], where 1 is
the laser pulse width and t4 is the time constant which can be
obtained by fitting the decay curve of the LITV signal [50, 51].
Using U, = 0528V, k =323 Wm ' K™, 15 =20 ns,
Tq = 394 ns, 0y = 0.82, E = 87 mlJ cm_z, [ =1 mm, and
o = 15, 1AS! of the La,;3Pb;/3MnOj; thin film is calculated to
be 0.24 pV K~'. Table 1 lists the typical values of IASI, 7, T

Fig. 8 Wavelength dependence of the sensitivity of the La,/;Pb; 3MnO3
thin-film device at RT

and T, for various thermoelectric materials and devices. For
Seebeck effect IAS| =15 5,—Sgl, where S5 and Sg are the Seebeck
coefficients of materials A and B, respectively. It can be seen
based on Seebeck and anisotropic Seebeck effects different
kinds of thermoelectric detectors have been developed. T, of
CMR materials is higher than that of HTS materials. Among
CMR materials, .. (IASI) of La,sPb;,3sMnQs is lower than that
of La,3Sr;3sMnOj3 (Lay3Ca; 3Mn03), but it is higher than that
of L32/3C31/3MHO3 (L32/3SI'1/3M1'103). Relatively hlgh IASI
and T, and ns-order response make La,;;Pb;3sMnO; a prom-
ising material for developing novel detectors. Furthermore,
IAS| of an Al/n-Si superlattice detector is 1.5 mV K, which
is the highest value among the thermoelectric devices. Crys-
talline Bi has the second highest IASI (52 pV K_l), however,
its response time is slow (100 ps—1 ms). In contrast, p-Si/
SiGe and copper/constantan superlattice detectors have rela-
tively high IAS| and ns-order response. Compared with the
detectors based on anisotropic Seebeck effect, although the
microthermocouple and microthermopile detectors based on
Seebeck effect have relatively high IASI, they suffer slow
response time (10'=10% ps). Furthermore, Eq. (3) shows Apis
proportional to /, thus the sensitivity of SCE detectors can be
increased by simply increasing the thin film length. In con-
trast, based on Seebeck effect, to achieve high sensitivity
individual microthermocouples can be connected in series to
form a microthermopile detector. Figures 5, 6, 7 show U, is
below 1 pnV,indicating the La,;;Pb;,3MnOj3 detector has a low
sensitivity for detecting CW lasers, which results from the
small values of / and IASI, 1 mm and 0.24 pV K_l, respec-
tively. To increase the sensitivity, the experiments to increase
[ and to optimize the parameters such as doping ion, doping
level and substrate to increase IAS| will be carried out in the
near future. In summary, although so many different kinds of
laser detectors have been developed based on Seebeck and
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Table 1 Typical values of IASI, 7., 7, and T, for various thermoelectric materials and devices

Thermoelectric Thermoelectric material/device IASI 7, (ns) 7 (ns) T. References
effect (uv K™h (K)
Anisotropic SCE system CMR LaPbMnO 24 x 107" 1.44 x 10" 4.48 x 10" 361  This work
Seebeck effect LaSrMnO 14 x 107" 2.10 x 10" 3.65 x 10" 380  [35, 52]
LaCaMnO 3.62 273 x 100 3.80 x 10'  263.5 [38, 53]
HTS YBaCuO 1.0 x 100 25 x 107! 40x 107! 92 [36]
BiSrCaCuO 3.0 x 10" 1.05 x 10! 4.70 x 10" 85 (28]
TIBaCaCuO 4.7 x 1072 1.64 x 10" 3.03 x 10' 108  [54, 55]
Crystal Metal Bi 52 x 10! - 1 x 10°- - [56]
1 x 10°
Superlattice Metal/alloy Copper/ 3.54 x 100 1.19 x 10> 5.04 x 10> - [57]
constantan
Alloy/alloy Chromel/ 5 - 1 x 10° - [56, 58]
constantan
Semiconductor/ p-Si/SiGe 20 x 100 239 x 10 3.0 x 10! - [51]
semiconductor
Metal/ Al/n-Si 15 x 10° - - - [58]
semiconductor
Seebeck effect Microthermocouple Metal/metal Avu/Pd 4.5 7.58 x 10° 8.53 x 10° - [59]
Microthermopile Metal/alloy Copper/ 3.0 x 100 392 x 10* - - [60]
constantan

anisotropic Seebeck effects, SCE detectors are more attractive
because of their exotic and abundant physical and chemical
properties.

Research on SCE systems enriches our understanding of
solid state physics and provides a new route toward multi-
functional devices. In this work, a novel SCE LPMO thin-film
laser energy/power meter is developed not only offering more
material choice for designing high-performance laser detec-
tors and laser energy/power meters but also opening a new
direction for constructing novel high-7. SCE devices with
combined optical, electrical, thermal and magnetic properties
which work at RT and high temperatures above RT. Fur-
thermore, the SCE system-based laser detectors and laser
energy/power meters demonstrate super advantages over
other conventional devices and technologies. First, the SCE
devices have high thermal and chemical stability which makes
their response time and sensitivity very stable under high-
power laser irradiation. The SCE devices can measure high-
power (>107 W) laser directly; however, common semicon-
ducting detectors usually need attenuators to prevent them
from being destroyed when measuring high-power laser.
Second, the SCE devices have large dynamic range. The linear
relationship between the magnitude of the LITV signals and
the laser energy/power density exists in a very wide laser
power range of 10 orders of magnitude (10~~107 W). Third,
the SCE devices have fast (ps- to ns-order) response and
spectrally broad (almost unlimited) and flat response at the
same time. In contrast, although semiconducting detectors
have fast response they suffer from a narrow band of
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wavelengths due to quantum effect. In contrast, although
thermal sensors such as bolometers have spectrally broad
response, their response speed is usually slow (typically ms
order) since a thermal equilibrium process is required. Fourth,
the SCE devices can respond to both direct current (DC) and
alternating current (AC) signals and perform in situ real-time
measurements, whereas pyroelectric detectors can only
respond to AC signals, and a signal modulation process is
needed when they measure DC signals [35, 61, 62]. Fifth, the
SCE devices are energy-saving devices since they are self-
powered due to thermoelectric effect. In contrast, bolometers
and thermistors need bias in order to sense the resistance
changes. At last, the SCE systems provide wider material
choice for developing kinds of high-performance multifunc-
tional devices.

5 Conclusions

A novel SCE LPMO thin-film laser energy/power meter has
been developed based on anisotropic Seebeck effect. It
demonstrates great advantages over other conventional
devices such as ns-order response and spectrally broad (from
ultraviolet, visible to infrared) and flat response, high ther-
mal and chemical stability, response to both DC and AC
signals, in situ real-time measurement at RT, large dynamic
range and energy savings, and can be a useful replacement
for the commercial pyroelectric laser detectors and laser
energy meters. In conclusion, taking the high-7, LPMO
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device as an example, we have revealed the great potential
of SCE systems for developing next-generation high-per-
formance laser detectors and laser energy/powers based on
anisotropic Seebeck effect and novel multifunctional high-T
devices working at RT and high temperatures above RT.
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