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The synthesized compositions Lag7Cap3 xSrxMnO3 show their potential in thermal control application.
The crystal structure, surface morphology, and the temperature dependence of resistivity, infrared
spectra and emissivities for the compositions are reported. All of the synthesized compositions exhibit
the characteristics of perovskite structure and of metal—insulator transition. Crystal structure of the
compositions changes from the orthorhombic to the rhombohedral structure with increasing doping
level (x). The infrared properties of compositions can be automatically adjusted basing on variation in
temperature. In the temperature range 97—373 K, the variation amplitude of infrared emissivity exceeds
0.5. The potential application of the compositions in thermal management is discussed.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Spacecraft in orbit are subjected to space environment temper-
ature fluctuation. In order to maintain all the component of space-
craft within their respective temperature range, an efficient thermal
control system is necessary [1]. Thermal control coating is one of the
popular materials to be used in the thermal control system. It can
achieve a temperature balance in spacecraft by adjusting its thermal
infrared properties, such as spectral reflectivity and emissivity,
which determine the heat rejection of spacecraft. Since traditional
thermal control coating has fixed thermal infrared reflectivity and
emissivity, such as OSR and Aluminum, it requires a large and
complex temperature control system to adjust the heat rejection in
response to temperature fluctuation. This inevitably increases the
costing and bulkiness of thermal control system. One expected
solution is to develop an advanced thermal control material that can
adjust its thermal infrared properties automatically in response to
variation in temperature without additional power consumption
and moving parts.
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Perovskite-type manganese oxides doped with alkaline-earth
elements display such properties [2—4]. Recent studies showed
their potentiality for thermochromic devices due to their metal—
insulator (MI) transitions. For example, in the vicinity of x = 0.2,
manganese oxides La;_,xSryMnOs showed remarkable emissivity
increase upon heating [4—7]. In addition, J. Huang et al. [8] theo-
retically investigated the thermal radiative properties of structured
material Lag g25Sr9.175Mn0O3 combined with Al and SiO; gratings and
their research indicated that emissivity increment is enhanced in
the entire calculated temperature range for the structured surface.
These investigations mainly focused on manganese oxides (La,Sr)
MnOs, especially Sr doping level x = 0.175. For the manganese
oxides Lagg25Sr0175Mn03, it exhibit abrupt metal—insulator tran-
sition at Tyy = 283 K [4]. Though such composition could be
a potential candidate for thermal control material, the Ty remain
low for applications. The Lag7Cag3_xSrxMnOs3 (LCSMO) is also
interesting especially for the Ca rich composition. The magnetore-
sistance effect behavior of this composition has been already
studied in Ref. [9]. The LCSMO compositions also exhibit a low
emissivity below the transition temperature Ty and a high emis-
sivity above Ty The Ty can be adjusted close to room temperature
by appropriate Ca:Sr ratio. If the material is coated to the surface of
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spacecraft, it can adjust the surface temperature by changing its
emissivity. With this mechanism, our study is motivated to provide
additional knowledge on the properties of manganese oxides.

In this work, the characteristics of resistivity, infrared emissivity,
and spectral reflectivity for the Lag7Cag3_xSryMnO3 (x = 0.1, 0.12,
0.135, and 0.15) compositions at various temperature are investi-
gated. For further comparison, these characteristics of
Lag 825510175Mn0O3 (LSMO) are presented as well.

2. Experiment

A series of samples Lag7Cag3_»SryMnO3 (x = 0.1, 0.12, 0.135, and
0.15) and Laggy5Sro175Mn0O3 are synthesized by a conventional
solid—state reaction method at high temperature. The LayOs,
CaCO0s, SrCO3, and MnO; (99.99% purity) powders are used as raw
materials during the solid-state reaction processing. The powder of
Lay03 is pre-heated at 1273 K for 8 h before weighed. The other raw
materials are also dried at 423 K for 4 h to remove the moisture
content. These raw materials are ground for 8 h with the ethanol.
After dried, the powder mixtures are fired repeatedly in the muffle
furnace for 20 h at 1273 K. The resultant powders are pressed into
pellets 40 mm in diameter and 4 mm thick. The pellets are then
sintered for 22 h in air at temperatures 1723 K. After cooled to room
temperature, the as-prepared pellets are annealed in a flowing
oxygen atmosphere of 20 ml/min at 1273 K for 10 h. Finally, the test
samples are machined and polished into discs with 25 mm in
diameter and 0.4 mm thick.

The structure of samples is characterized by X-ray diffraction
(XRD, D8 ADVANCE, Bruker Co., Germany) with Cu-Ke« radiation at
room temperature. Microstructure of samples is analyzed by field-
emission scanning electron microscopy (SEM, S-4800, Hitachi Co.,
Japan) before polished. The root-mean-square (RMS) roughness of
the polished samples is detected by atomic force microscopy (AFM,
CSPM4000, Being Ltd., China). The electrical resistivity of the
samples, as a function of temperature, is measured with a physical
property measurement system (PPMS-14, Quantum Design Co.,
America) from 150 K to 350 K using the standard four probe ac
method. The accessory of Transmission-Reflection Dewar (Catalog
No. DER-300, Harrick Scientific Products, Inc., America) is mounted
directly in the FT-IR spectrometer (VERTEX80v, Bruker Co.,
Germany) to measure the temperature-dependent infrared spectra
(15° incident angles, 16 scans, resolution 2 cm~!) of all samples over
the range from 4000 to 400 cm . Temperature of these samples
from 97 K to 373 K is controlled using liquid nitrogen and two
heating cartridges. A gold film is employed as a reference mirrors to
determine the reflectivity.

3. Measuring methods of emissivity

Generally, there are three methods to measure the emissivity,
i.e. direct measurement, indirect measurement from the reflectivity
spectra and calorimetric measurement [10—12]. For opaque
manganese oxides, indirect measurement is a good alternative to
determine the emissivity because a reflectivity measurement is
currently performed. From a radiation balance on a certain
medium, the flux of radiation can be expressed as follows

prtoy+1 =1, (1)

where p;, «), and 71, is the spectral reflectivity, the spectral
absorptivity, and the spectral transmissivity of the flow respec-
tively. For an opaque materials, there is no transmission, and the
absorption and reflection are surface processes for which
p1+ a3 = 1. According to Kirchoff’s law, the spectral emissivity ¢; can
be deduced from spectral reflectivity. It follows that oy = 1—p; = ;.

S E
3 3 %
i}
E
R o] !
=
2 | © § g g
a |8 (c § g g 8 9 g
o ~ N
Sy SV AN N VR WSROI, SOOI SN
(b) I
UV R O I
(@)
NN NWS DEDUEE SRR W
20 30 40 50 60 70 80

20, degree

Fig. 1. XRD patterns of (a) Lap7Cap2Sro1Mn0Os, (b) Lag7Cap1sSro2Mn0Os, (c)
Lap 7Ca01655T0.135Mn03, (d) Lag7Cao.155r01sMn0Os, and (e) Lag.g255r0.17sMn0;3.

For a sample with the temperature-dependent infrared reflectivity
spectra, its infrared emissivity can be obtained by integrating the
spectral reflectivity in the wavelength range from 2.5 pum
(4000 cm ™) to 25 pm (400 cm™ 1) as follows:

25
[ 1= 0. T2, Ty
f(T) = 22— . 2)

“/mfab(A,T)dA
2.5

Where E; ,(1,T) = C;2[exp(Co/AT) — 1]}, the value of first and
second radiation constants is C; = 3.742 x 10® W pm*/m? and
G, = 1439 x 10* mK, respectively.

In this work, the temperature-dependent reflectivity spectra
p(A,T) are measured by experiment. In the temperature range of
97—-373 K, we take 89% of the radiant energy of blackbody at 373 K
with wavelengths between 2.5 um and 25 pm into account.

4. Results and discussions

The structure of all samples is characterized by powder XRD at
room temperature. The XRD patterns (in Fig. 1) show that all the
samples are single phase, and exhibit the characteristic peaks of the
perovskite structure. Table 1 lists the structure parameters and the

Table 1

Structure parameters and metal—insulator transition temperature for the samples.
Sample Space group Lattice parameters (A) Twvi (K)

a b c

Lag 7Cap2Sro1MnO3 Pnma 5.4489 7.7209 54932 251
Lag 7Cap.18S10.12Mn03 Pnma 5.4477 7.6931 5.501 270
Lap7Cag.1655T0.135Mn0O3  Pnma 54566 7.7171 5.5024 295
Lag 7Cag.155r0.15sMn03 R3¢ 54719 — 133198 301
La0_3255r0_175Mn03 R§C 5.527 — 13.3452 281
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Fig. 2. SEM photographs of the LSMO with sintering temperature (a) 1623 K and (b) 1723 K.

metal—insulator transition temperature Ty, which are determined
by the XRD data and the temperature-dependent resistivity for all
samples, respectively. The LCSMO samples with x = 0.1, 0.12, and
0.135 are orthorhombic phase with pnma space group, while the
x =0.15 and LSMO samples are rhombohedral phase with R3c space
group. With increasing doping level x, the crystal structure of
LCSMO samples varies from orthorhombic phase (x < 0.15) to
rhombohedral phase (x = 0.15) at room temperature. The result is
fully identical with those reports in previous works [13,14].

SEM photographs of LSMO sample at different sintering
temperature (1623 K and 1723 K) are shown in Fig. 2. Grains about
7 um with some pores can be observed at sintering temperature
1623 K. However, pores are not found and large grains about 15 um
are formed at sintering temperature 1723 K. This means that 1723 K
sintering is high enough for grain growth and densification in
doped lanthanum manganites.

The surface of sample is polished before measured the infrared
spectra. The RMS roughness of the polished sample
Lag 7Cag2Sro1Mn0s3, which is accessed from AFM, is 0.557 nm. Its
AFM image, in Fig. 3, shows that the surface of sample is dense and
uniform. No cracks or defects have been observed.

Fig. 4 shows the temperature dependence of zero field resistivity
for all samples measured at 150—350 K. It is observed that all the
samples show an intrinsic metal—insulator transition at a temper-
ature Ty, which results from the double exchange effects of the
doped lanthanum manganites. The transition temperature Ty as

Fig. 3. Three dimension AFM of Lag 7Cag2Sro1MnOs.

shown Table 1 increases from 251 K to 301 K with increasing doping
concentration x in LCSMO. This is similar to the reports of
LaggCags_xSrxMnO3 [15]and LCSMO samples [16]. The Ty of
LCSMO (x = 0.135) sample is close to room temperature. It is
interesting to notice that a second peak is found for the LCSMO
(x = 0.135 and 0.15) samples at temperature bellow Tyy. This
behavior may be attributed to a small grain size in polycrystalline
samples [17—19] and can be explained by the model proposed by
Zhang et al. [17]. In this model, the peak at high temperature
reflects the intrinsic characteristics of metal—insulator transition,
whereas the second peak is considered as an interfacial tunneling
feature.

The variation in infrared spectral reflectivity with temperature
for the selected samples is shown in Fig. 5. The reflectivity spectra
of all samples show an overall decreasing trend upon heating. From
the figure, it can be seen that the reflectivity spectra display a large
variation with temperature below Ty and are almost no change
above Ty In addition, above and near Tyy, the spectra show
a nonmetal behavior with sharp reflection peaks at the wave-
number of 590 cm~'. For higher wavenumber, these samples
should present two absorption bands at around 357 cm~! and
167 cm™!, related to the internal motion of Mn—O—Mn bond and
deformation modes of the MnOg octahedra, respectively [20—22].
The observed reflection peaks at 590 cm~! are caused by the
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Fig. 4. Resistivity versus temperature for La;_,AMnOs3 samples in zero magnetic
fields.
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Fig. 5. Temperature-dependent infrared reflectivity spectra of (a) Lag;Cag2Sro1MnOs (b) Lag7Cag18Sro2MnOs, () Lag7Cap165Sr013sMn0s, (d) LagCag15Sr015sMn0Os, and (e)

Lag §25510.17sMn0s.

absorptions of optical phonons corresponding to Mn—O stretching
vibrations. As the temperature decreases, the reflectivity gradually
increases and the phonon peaks become smooth gradually due to
the dielectric screening effect. This is consistent with the report of

Lag g25510.175Mn03 [23]. The reflectivity of all the samples at low
temperature (97 K) is higher than at high temperature (373 K). This
reveals that the spectral reflectivity shows a transition of metal—
insulator with temperature. Some disturbances around the
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wavelength of 5 pm in the Fig. 5(e) may be attributed to the
window fogging of KBr during test.

The infrared emissivity in the temperature region of 97—373 K is
deduced from the experimental reflectivity spectra using Eq. (2) as
shown in Fig. 6. It is observed that the emissivity of these manga-
nese oxides material increases with increasing temperature and
undergoes a sharp variation in the vicinity of Ty due to the metal—
insulator transition [24]. The results are similar to those reported by
K. Shimazaki et al. [25]and G. Tang et al. [3,5,26]. In La;_xSryMnO3
materials, G. Tang et al. [3] have reported that the emissivity of
materials below the Ty decreases with the increase of the Sr?t
doping concentration due to the enhanced metallic properties. In
our samples, however, it can be seen from the Fig. 6 that the
emissivity of LCSMO (x = 0.1) sample is lower than the LCSMO
(x = 0.12) sample below Tyj. The reason may be attributed to the
surface condition of LCSMO (x = 0.1) sample. K. Shimazaki et al. [25]
have discussed the role of the surface condition in LSMO manga-
nese oxides. They obtained three kinds of surface conditions for
LSMO samples possessing different RMS roughness value. The RMS
roughness values of the three samples were 107 nm, 17 nm, and
1.4 nm, respectively. Interestingly, comparing with the other
samples, the emissivity of the sample with an RMS roughness of
1.4 nm is the lowest at low temperature, whereas three samples
have almost no change at high temperature. Therefore, for the
LCSMO (x = 0.1) sample in this work, such small RMS roughness of
0.557 nm as shown in Fig. 3 tends to have a lower emissivity than
that of the LCSMO (x = 0.12) sample at low temperature zone.

The inset of Fig. 6 represents the relationship between infrared
emissivity with different temperature and doping level (x) in
LCSMO samples. It can be seen from the figure that the infrared
emissivity of sample decreases with increasing doping level (x). For
example, the emissivity decreases from 0.65 (x = 0.1) to 0.31
(x = 0.15) at the temperature of 273 K. The reason is that the
increase of doping level (x) leads to rising mobility of free electron,
thus results in the decrease of infrared emissivity [7]. The emis-
sivity decreases slightly with increasing doping level (x) at the
temperature of 97 K and 373 K. This may be because these samples
are in a thorough metallic state at 97 K and in a near thorough
insulator state at 373 K.

Table 2 lists the infrared emissivity of all samples at 97 K (¢),
173 K (¢), and 373 K (¢), respectively; and the variation amplitude of
their respective emissivity in the 97—373 K range (A¢) and in 173—
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Fig. 6. Temperature dependence of infrared emissivity calculated by Eq. (2) for all
samples. The inset shows the relationship between infrared emissivity at different
temperature and doping level (x) for samples Lag7Cag 3-xSryMnOs.

Table 2
The infrared emissivity of samples at various temperatures and its variation
amplitude.

Sample £97 €173 £373 Aeq Aey Reference
Lap7Cag2Sro1MnO3 0.09 0.19 0.69 0.6 0.5 This work
Lag 7Cap.18ST0.12Mn0O3 0.1 025 061 0.51 0.36  This work
Lag7Cap1655r0.135Mn03  0.06  0.18 0.6 0.54 042  This work
Lag 7Cap.15510.15Mn0O3 004 014 057 053 043  This work

006 013 065 059 052  This work
Lag 825510.175sMn03 - 0.21 063 — 0.42 [4,25]

- 038 075 — 0.37 [3]

373 Krange(Ae). It is found that the emissivity of all samples at 97 K
shows metallic property with a low emissivity value about 0.1 and
at 373 K is in insulator state with a high emissivity value over 0.6.
For the LCSMO (x = 0.135) sample, its emissivity increases from 0.04
at 97 K to 0.57 at 373 K and the variation amplitude of its emissivity
is 0.53 in this temperature range, especially its transition temper-
ature Ty = 295 K is close room temperature. For the LCSMO
(x = 0.1) and LSMO samples, the variation amplitude of emissivity
in the range of 97—373 K is close to the value of 0.6, which is by far
the largest reported value among the doped manganese oxides
material. Comparing with the previous works [3,25,27], it can be
found from Table 2 that the variation amplitude of emissivity is
enhanced for the LSMO sample in the temperature range of 173—
373 K. There may be two reasons for the enhancement. On the
one hand, densification, which is achieved at sintered temperature
as high as 1723 K, reduces the gaps between grains and increases
mobility of free electrons below transition temperature. The
increased mobility of free electrons results in a lower emissivity. On
the other hand, a smaller RMS roughness of polished sample can
also obtain a lower emissivity below transition temperature.

The above results show that the emissivity of LCSMO material
can be self-adjusted basing on temperature change. This emissivity
tunable properties is useful to improve the temperature fluctuation
of spacecraft for varying operating conditions. Fig. 7 shows a sche-
matic of the operation of LCSMO material above Tyy (high emis-
sivity state) and below Ty (low emissivity state). When the
spacecraft temperature increases over Ty, emissivity of the mate-
rial increases. Thereby, the amount of heat radiation to space
environment increases and lowers the surface temperature.

Fig. 7. Schematic of operation of thermal control material Lag7Cag3-xSryMnOs.
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Conversely, by keeping a low emissivity to space environment
below Ty, the material enhances the self-heating of the spacecraft
to reduce interior heating requirements. Moreover, the material has
a well durability to proton, electron and UV radiation, which is
reported by S. Tachikawa et al. [28,29]. What’s more, the usage of
LCSMO material can reduce or eliminate the need for auxiliary
heaters during spacecraft in cold environments.

Spacecraft thermal control materials are described by their
emissivity and by their heat rejection capacity, which is the power
they are capable of radiating. The heat rejection capacity Q (W) can
be represented by Eq. (3). Here, ¢ is the Stefan—Boltzmann constant
(5.67 x 10~ W/m? K*), A(m?) is the thermal control surface area, T,
is the thermal control surface temperature, Ty, is the space back-
ground temperature (4 K), ¢ is the emissivity of the thermal control
material, « is the solar absorptivity of the thermal control material,
qir is the infrared earth radiation, and the S is the solar constant.
% = so(Té1 — TI‘J‘) — agRRr — oS. (3)

This is only a simplified model to account for a thermal control
application. If spacecraft operates in 550 km orbit, the infrared
earth radiation qir would be about 200 W/m? [1] and the term of
solar radiation S can be neglected when it is on the shady side of
earth. For the LCSMO material, its solar absorptivity is very large,
but the solar absorptivity can be reduce to 0.28 by depositing solar
reflection films on its surface in our pervious work [30]. Here, we
calculated the heat rejection density Q/A of three thermal control
materials (Aluminum, OSR, and Lag7Cag1655r0.135Mn0Os3, respec-
tively) to evaluate their application performance. The calculated
results are show in Fig. 8. If the temperature of spacecraft surface is
limited in the range of 250—300 K, which in the vicinity of Ty of
LCSMO material, one expects a large enough heat rejection density
above 300 K and a small enough heat rejection density or a suitable
heating below 250 K. From the Fig. 8, it can be found that OSR
(¢e=0.8,«=0.1)and Aluminum (¢ = 0.04, « = 0.15) are the expected
thermal control materials above 300 K and below 250 K, respec-
tively. Unfortunately, the usage of OSR requires an auxiliary heater
when the temperature is low to 250 K and the usage of Aluminum
is need to an auxiliary cooler above 300 K. This means an additional
power consumption and moving parts are required. It is observed
that the heat rejection density of LCSMO is negative below 250 K
(Q/A < 0) This means that the usage of LCSMO can self-heating the
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Fig. 8. Heat rejection density calculated by Eq. (3) for selected thermal control
materials.

spacecraft surface below 250 K to reduce or avoid heater require-
ment. In spite of the heat rejection density of LCSMO is lower than
that of OSR above 300 K, the LCSMO can be used without heater
below 250 K. Comparing to Aluminum and OSR, therefore, the
LCSMO thermal control material is more advantageous. This results
suggest that the LCSMO can be used in the spacecraft thermal
control.

5. Conclusions

In this work, we synthesized Lag7Cag 3_xSryMnO3 compositions
which exhibit a tunable infrared properties basing on its temper-
ature. The transition temperature Tyy can be adjusted close to room
temperature  forLag7Cagp1655r0135Mn0O3.  The  temperature-
dependent infrared reflectivity spectra, which decrease with
increasing temperature, show a metallic character below Ty and an
insulator character above. The infrared emissivity of all the samples
can be self-adjusted with the variation of temperature, just like the
emissivity of Lag7Cap2Cag1MnO3 varies from 0.09 at 97 K to 0.69 at
373 K. The tunable properties of infrared emissivity with temper-
ature make the compositions attractive for applications as thermal
control material in space.
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