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Mixed manganese spinel oxides: optical properties in the infrared

range

N. Chasserio - B. Durand - S. Guillemet -
A. Rousset

Abstract Spinel oxides in manganite family are stud-
ied in terms of optical properties in the infrared range
(3-12 pm). The reflectivity is measured on sintered
pellets. The complex refractive index is estimated by
fitting hemispherical directional reflectance in both
polarizations, perpendicular and parallel. The influence
of different metallic cations (Ni, Co, Fe, Cu) is
compared. In particular, in the case of manganese
nickel copper oxides, the impact of variations in copper
and nickel contents is evaluated. Cationic distribution
is determined and correlated to the optical character-
istics. These materials, usually used for NTC thermis-
tor applications, are investigated for IR charges in
coating.

Introduction

Optical properties of mixed oxides are studied within
the framework of controlling the radiative properties
of coatings. In particular, the aim of this work is to
reduce the heating of device surfaces. This is con-
ceivable if the materials in the coating present low
absorbant capacities towards the surrounding radia-
tions. For such applications, oxides have many inter-
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ests in particular thanks to higher chemical and
thermal stabilities than metallic charges presently
used.

With the development of new soft chemistry routes,
a wide variety of oxides can be prepared with a good
control of the morphology and the grain size by
changing transition metals or their respective content.
This control is very important for the application in
coatings, particularly for optical properties.

According to the relations between radiative prop-
erties and optical ones (Table 1), the oxides must
exhibit complex refractive index with a high real part
(relative to refraction) and a low imaginary part
(relative to absorption) to be efficient. Some values
are given in the literature for the visible range. For
example, Shannon [1] indicated the real part of the
refractive indexe of about 500 oxides at a wavelength
of 589.3 nm. Only few data in the IR range (2-12 um)
are available in the literature. Some values, coming
from Palik’s handbooks [2] for simple or mixed oxides
are reported in Table 2. However, no data concerning
spinel oxides are available to our knowledge, except
MgAl,O,4. Moreover, none oxide exhibits high » and
low k values.

We have first studied refractive indexes of various
manganese spinel oxides. The synthesis of manganites
and also ferrites has been thoroughly studied in our
laboratory in order to better control composition, grain
size and morphology of powders [3-6]. The present
paper deals with the investigation of the optical
properties of various manganese mixed oxides pre-
pared by coprecipitation of oxalates and more espe-
cially with the influence of the chemical composition
for the nickel copper manganese oxides which exhibit
the best optical properties.



Table 1 Relations between optical and radiative properties

Optical properties Radiative properties Relations

Complex refractive index N = n—i . k e =—241__ (null incidence)
(n+1)" +k2

Reflectivity R Emissivity ¢ e=o=1-R

Absorptivity o

(Kirchhoff’s laws, opaque ceramics)

Low emissivity«>Low absorptivity«>High reflectivity«high n, low k (for oxides)

Table 2 Example of oxide optical indexes (Palik’s handbooks)

Oxides A (um) n k Oxides A (um) n k
ALO; [7] 3.03 1.709 / MgALO, 8] 2.94 1.667 2.3x107°
[9] 12.05 0.083 1.017 12.19 0.274 0.94
MgO [10] 3.0 1.6915 1.1x1077 LiNbO; [11] 3.00 2.1625 /
[12] 12.05 0.949 0.017x107 [13] 12.50 0.20 1.24
BeO [14, 15] 3.0 1.6798 / SrTiO; [16] 3.03 2.221 /
[17] 12.12 0.126 3.196 12.05 0.722 0.112
Cu,0 [18] 3.0 2.55 / BaTiO5 [19] 3.03 225 2.97x107
12.0 2.37 / 12.05 1.23 2.84x1072
Experimental Table 3 Characteristics of bulk materials
. Oxides Densification Structure Roughness
Synthesis (%) (Fig. 1) (Ra ym)
Oxide powders were obtained by pyrolysis in air of ~ NiMn2Oy4 [20] 93 Cubic 0.53
. : . CuMn, 0y [21] 90 spinel 0.48
mainly oxalate precursors, sometimes hydroxide ones )
. . Cop.27Nig 67Mn2,0604 91 0.41
(in the case of manganese copper oxide). These [22]
precursors were prepared at room temperature by = Cug,7NipesMn; o504 95 0.45

the coprecipitation of aqueous solutions of transition
metal salts using aqueous solution of ammonium
oxalate (or sodium hydroxide) as precipitating agent.
Starting metal salts were reagent grade chlorides
except for the synthesis of hydroxide where nitrate
reagents were used.

The precipitates were aged for 30 min under stirring,
then filtered and washed several times with distilled
water to eliminate chloride ions (AgNO3 was added to
the filtrate to control the presence of chlorides).

After decomposition, the oxide powders were mixed
with a binder and dried at 80 °C. After grinding and
sifting, powders were uniaxially pressed into pellets at
a pressure of 100 MPa and sintered at the required
temperature given in the references (Table 3). The
optical characterizations were carried out on sintered
materials so as to be representative of intrinsic prop-
erties of the materials.

Characterization

The chemical composition of the powders synthesized
was controlled by Induced Coupled Plasma spectrom-
etry (ICP). The relative error is 1%.

[20]

The structure of the sintered pellets was character-
ized by X-Ray Diffraction with a Briikker D4 diffrac-
tometer using radiation Cu (K,) (1 = 1.5418 A).

The density was calculated from the mass and
dimensions of the pellets.

Roughness was evaluated by interferential micros-
copy. Data were obtained by the MetroPro (Zygo
Corporation) algorithm which gives the arithmetic
roughness and cartography of the surface.

Optical characteristics were measured using a
SOC-100 measurement system that consists of three
separated but integrated components. The reflectance
and transmittance measurements were performed
with a SOC-100 hemispherical directional reflectom-
eter. The Nicolet Magna 550 spectrophotometer
FTIR provided the spectral data acquisition functions
which mate directly to the SOC-100 HDR. The
computer provides for the control of both FTIR and
SOC-100 HDR. In the following, the hemispherical
directional reflectance is noted HDR. The relative
uncertainty on HDR, measured on many sintered
pellets, is 5%.
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Fig. 1 XRD patterns of manganites (a) Mn-Ni (b) Mn-Ni—Co
(¢) Mn—-Ni-Cu (d) Mn—Cu

The constants, n and k, were determined by fitting
the HDR data to calculated ones which are functions
of n and k, polarization and incident angle. Several
measurements carried out for both polarizations
(s and p) were then used to calculate bulk optical
constants. The software Film Wizard was used to
perform this fitting. The root mean squared error
(RMSE), which gives the difference between measure-
ment and fit, is in all cases, less than 0.5.

The emissivity was measured to check the good
agreement between optical and radiative characteris-
tics as mentioned in Table 1. This was made using a
test bed in which an IR detector measures the ratio of
brightness between the sample and a black body (a
part of the sample covered by an absorbant coating),
together at the same temperature. The detector is
made of two materials: HgCdTe and InSb, active at
different wavelengths in IR range (peaks of detection:
5 pm for InSb, 12 um for HgCdTe).

Results
Manganese spinel oxides

In this section, the optical properties determined for
some manganites, M,Mn;_ O, (with M = Ni, Cu,
Ni + Co or Ni + Cu), are given. Manganese content
is equivalent in all cases. Bulk properties of character-
ized ceramics are reported in Table 3.

As optical properties are dependant of surface
quality, we have checked that roughness is equivalent
for all pellets. The differences between obtained values,
reported in Table 3, are not significant enough to
induce significant changes in optical measurements [23].

The X-ray diffraction patterns of the different
ceramics (Fig. 1) only show a cubic spinel phase. For
all the synthesized powders, the micrographies reveal
octahedral particles as shown in Fig. 2 in the case of
manganese nickel copper oxide.

The Fig. 3 represents the hemispherical directional
reflectance of the sintered previous oxides, for an incident
angle 0 = 10°, measured at different wavelengths. The
corresponding optical indexes are reported in Table 4.

The reflectivity R calculated from the experimental
emissivity (see Table 1: R = 1-¢) was in good agree-
ment with the measured reflectivity, and the emissivity
will therefore not be discussed any further.

As observed in Fig. 3, the nature of the cations in
the structure highly affects the HDR measurements.

Fig. 2 Scanning Electron Micrograph of manganese nickel
copper oxide decomposed at 900 °C
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Fig. 3 Hemispherical Directional Reflectance HDR(10°) of
manganites as a function of wavelength (a) Mn-Ni (b) Mn-Ni-
Co (¢) Mn—Ni-Cu (d) Mn-Cu



Table 4 Optical indexes of manganites

Wavelength 3 um 5 ym 8 um 12 pm

Systems n k n k n k n k

a) Mn-Ni 1.97 107 1.96 107 1.92 2.8x107 1.77 2.4x107
(a)

(b) Mn-Ni-Co 2.46 107 2.58 5.4x107 2.46 2.5x107 2.12 3.8x107
(c) Mn-Ni-Cu 2.85 1073 2.84 9x1073 2.79 1.9x107° 2.47 1072

(d) Mn-Cu 248 107 2.62 107 2.70 1.5x107 2.78 2x107

Considering the introduction by substitution of cobalt
in nickel manganite, it is observed that the reflectivity
is increased from 11% to about 17% at 4 = 2.5 um.
The curve presents a peak of reflectivity at 4 ~ 5.5 um.

The substitution by copper increases the HDR to
22%. This cation seems to have a particular effect. In
fact, a copper manganese oxide has a different behav-
iour in that HDR increases with the wavelength.

In terms of optical indexes, a high value of refractive
index 7 is obtained for manganese nickel copper oxide,
up to 2.85 at 4 = 3 um.

Manganese nickel copper oxides

In this section, we focus on the Mn—-Ni—Cu spinel oxides
that present the highest n value with an intermediate k
value. This system shows the best compromise for our
application. The influence of the different contents of
metal cations in this system is studied.

Four compositions have firstly been tested (as
reported in Table 5) in order to quantify the copper
content effects in Mn—-Ni—Cu oxides. So, nickel content
has been held approximately constant.

The optical measurements (Fig. 4) show that the
reflectivity first increases then decreases with the increase
of copper content. The highest values for all wavelengths
were obtained for a molar content close to 0.35.

In order to estimate the influence of nickel content
on reflectivity, a second series of compositions has
been tested (Table 6). The highest copper content was
choosen in order to evaluate if the variation of nickel
content can allow to thwart the decrease.

As for the influence of copper content, the curve
(Fig. 5) successively presents an increase and a
decrease on both sides of nickel content about 0.50.
The optimal composition is for nickel content 0.52. The
HDR is then about 30% for A = 3 um.

Table 5 Copper contents in Mn-Ni—Cu oxides for Ni = 0.7

Cu 0.10 0.27 0.35 0.44
Ni 0.70 + 0.04
Mn 2.24 2.05 1.92 1.87

The increase of copper content to 0.44 (Fig. 4)
associated with a decrease of nickel content from 0.7 to
about 0.5 leads to increased optical properties. The
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Fig. 4 Influence of Cu content on HDR (Ni = 0.7) at 2 = 3 (O),
5 (+), 8 () and 12 (x) um

Table 6 Nickel contents in Mn-Ni-Cu oxides for Cu = 0.44

Ni 0.69 0.52 0.43
Cu 0.44 + 0.04
Mn 1.87 2.03 2.13
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Fig. 5 Influence of Ni content on HDR (Cu = 0.44) at A = 3 (O),
5(+), 8 () and 12 (x) um
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influence of manganese is reported in Fig. 6. The
evolution of the HDR values is similar to the previous
ones. The highest HDR is obtained for a mixed oxide
that contains a molar content of manganese close to 2.

Considering the successive influences of the metallic
cations nickel, copper and manganese, it appears that
the composition strongly influences the reflective
properties of the oxide.

Discussions

In spinel oxides, many authors have shown that a
variation in the distribution of cations in tetrahedral
and octahedral sites involves significant changes in some
of the physical properties (electric [24, 25], magnetic
[6, 26]...). The cationic distribution in nickel copper
manganites has often been studied [24, 27-29]. It is well
established that nickel cation is only bivalent. XPS
measurements [24, 29] showed that copper can exist in
both sites as monovalent and bivalent. Manganese can be
bi-, tri- and tetra-valent [29]. In the example of the Ni-
substitution in hausmanite Mn3;O4(Mn*" [Mnj"] 04217)’
the substitution can occur in tetrahedral or octahedral
positions. The conservation of electroneutrality in octa-
hedral sites implies the formation of Mn** cations. It is
worthwhile noting that tetravalent manganese cations

Table 7 Cationic distributions in nickel copper manganites

have a marked preference for octahedral sites. The
localization of the other cations is still discussed.
Navrotsky and Kleppa [30] calculated, from thermody-
namic measurements, the site preference energy of
several cations within the spinel structure. If Cu®*, Ni**
and Mn®" prefer octahedral environment, Mn** prefers
tetrahedral one. But, some authors [31] concluded, from
neutron diffraction experiments, that Ni** can also exist
in tetrahedral position. Drouet et al. [29] have shown that
Cu** can occupy both sites.

For copper nickel manganites Cu,Nip;Mn;;_,Oy,
Caffin [32] and Guillemet-Fritsch [24, 33] have pro-
posed the cationic distributions reported in Table 7. As
the copper content increases up to 0.32, two parallel
changes occur in the cationic distribution: Cudj —
Cu%f and Nifj — Ni&,. At the same time, the optical
property HDR increases (Fig. 4). For higher copper
content, the nickel cations only occupy octahedral sites
and copper could be present in two valences.

For the composition x = 0.10, a different cooling rate
after the sintering process has been performed (6 °C/h
against 80 °C/h before). HDR data are reported in
Fig. 7. For slow cooling rate, Boucher et al. [35] have
shown that Nifj — Ni&\, site where nickel is more
stable according to Navrotsky and Kleppa. But the
HDR decreases as the cooling rate decreases. So in the
hypotheses we made (Cug), — Cu% and Nit —Nig,),
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Fig. 7 Cooling rate influence on HDR (Cu = 0.10)

Cu content Ni content Mn content Cationic distribution Ref
013 070 217 Culy NiZio M, [CulioNiZ LM M O (32,33
0.23 0.70 2.07 CU%ﬁaNi?Jn Mn%} [Cu?)RNi%?ﬁ M“SE M“gg ] 04217

0.32 0.70 1.98 Cu 5, Mng 5 [Ni sMng EMng 505

0.41 0.66 1.93 Cug 56Mg 16 Cug 04 [CUg o Nig oo Mg 5, Mg 5, ]O3 [34]




Table 8 Cationic distributions in nickel copper manganites

Cu content Ni content Mn content Cationic distribution a(A) Ref
0.5 0.5 2.0 Cug ,,MnZ 5 Mnd [CuZ b NiZEMndt, Mng 5103~ 8.373 [27]
0.5 0.4 2.0 Cug 35 -+ Mnj £ [Cu? 5 Nig,Mn3 i Mng 5|03~ 8.34 [28]

we may assume that the main influence is given by the Technique d’Arcueil, France) for their help in optical

presence of copper cations. measurements.
In the second part, we have studied the influence of
nickel content (Fig. 5). The maximum HDR measured
here was for copper content = 0.44 and nickel con-  References
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