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Spectroscopic and Crystallographic Anomalies of 

(Co1-xZnx)Al2O4 Spinel Oxide 

Takayuki Nakane,a Takashi Naka1, Koichi Sato,b Minori Taguchi,c Minako 
Nakayama,a Tadashi Mitsui,a Akiyuki Matsushitaa and Toyohiro Chikyowa , 

A This work investigates the spectroscopic properties of (Co1-xZnx)Al2O4 with the wide range x 

of 0 ≤ x ≤ 1. Spectroscopic and crystallographic evaluations using XRD, Raman, FT-IR and 

UV-VIS spectroscopy reveals that the Zn2+ substitution systematically changes the lattice 

constant depending on the Co-O bond mainly and the related optical characteristics of this 

material. The x dependence of these properties has two trends, and the mutational point seems 

to exist at around x ≈ 0.5. Implying that the electronic structure of (Co1-xZnx)Al2O4 is not 

changed monotonically by this Zn2+ substitution. Interestingly, some optical phenomena found 

in this study become prominent for the sample of x ≥ 0.5. That is, we found the sideband peaks 

near the main peak of the Raman spectra, and the relative intensities of them systematically 

and sensitively increased with Zn2+ substitution proceeds. The increasing rates are not 

constant, and it becomes to be high for the sample of x ≥ 0.5. These sideband peaks are 

considered reflecting the unique change in the local electronic structure of (Co1-xZnx)Al2O4, 

and they are useful for evaluating the substitution level without the influence of the site change 

phenomenon. Thus, clarifying them is expected to be important issue for understanding and 

controlling the electronic structure of the spinel oxide. On the other hand, discussion for the 

visible light absorption of the d-d transition of Co2+ reveals that the efficiency also becomes to 

be high for the sample with high Zn2+ substitution (x ≥ 0.5). This is also considered as the 

valuable information for the investigation of the optical property and/or the catalytic function 

of the spinel oxide. Moreover, the spectroscopic characteristics considered as the fluorescence 

of (Co1-xZnx)Al2O4 samples is also identified as the novel functional property of this material. 

The intensity of this fluorescence peak also drastically becomes to be high for the sample of x 

≥ 0.7. The effect of Zn2+ substitution on the local electronic structure of (Co1-xZnx)Al2O4 has 

not been cleared, yet. However, some interesting characteristics reviewed in this study are 

worth investigating from the viewpoint of the material science and its application. 

 

Introduction 

Spinel is one of the famous structures, and the oxide materials 
are widely investigated in some scientific fields like solid-state 
physics and catalytic chemistry, optical science, inorganic material 
fields. 1−3 The normal spinel oxide is described as AB2O4 
compositional formula, where A and B are the sites occupied by di- 
and trivalent metal cations, respectively. The importance of the 
spinel oxide is that these two different sites form tetrahedral (Td: A 
site) and octahedral (Oh: B site) structures with the O2- as the 
coordination anion. This structural characteristic provides numerous 
attractive properties of a lot of spinel oxides. Among spinel 
materials, cobalt aluminate (CoAl2O4) is well known as Thenard’s 
blue pigment widely used in the ceramic industry as coloring agents 
in glazes and porcelain stoneware because of its thermal and 
chemical stability.4−6 In this case, Co2+ at the A site is of 
significance, and the blue color originates in the d-d transition of this 
cation in the Td structure. That is, d orbits of Co2+ at A site in 
CoAl2O4 spinel oxide splits into a low-lying doublets (Eg orbital) and 

a higher triplets (T2g orbital) by the crystal field with Td symmetry 
(ligand field splitting),7 and this energy gap corresponding to about 
1.8 eV (688 nm) absorbs the visible light (d-d transition).8-11 In the 
meanwhile, CoAl2O4 is recently focused as the heterogeneous 
catalyst for the methane reformation and/or as the catalyst for 
photoelectochemical splitting of H2O.12−15 This case also value the 
energy gap of the d-d transition for its photo absorption ability. 
Furthermore, the Co2+ at A site has a high spin state (S = 3/2) with an 
electronic configuration (Eg

4T2g
3), and thus the magnetic property of 

CoAl2O4 is also paid to attention from the viewpoint of the system 
with frustrated exchange interactions.16−20 All these discussions 
fundamentally emphasize the influence of Co2+ at the A site on the 
physical characteristics of CoAl2O4. Therefore, the investigation for 
the CoAl2O4 frequently discusses the cation-exchange-phenomenon 
between Co2+ at the Td site and Al3+ at the Oh site.21 The degree of 
this site exchange is defined as the inversion parameter, α, meaning 
the distribution-degree of Co2+ in the B site, i.e. α of 
(Co2+

1−αAl3+
α)(Al3+

2−αCo 2+
α)O4 composition.22,23 Preparation of 

CoAl2O4 often pays attention to decrease this α value. Recently, we 
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succeeded in a rapid and simple fabrication of CoAl2O4 by using a 
hydroxide precursor synthesized by coprecipitation of cobalt and 
aluminum nitrates in an alkaline solution.24-26 This precursor enabled 
low temperature fabrication, but the inversion parameter of the 
samples sintered at the temperature below 1000 oC was all much 
higher than 0.1. Fabrication of CoAl2O4 still requires the efforts to 
decrease the α value and the disorders in the products.  

For the preparation of CoAl2O4, partial substitution of Zn2+ to 
Co2+ site is known as one of the effective way to decrease the 
inversion parameter.27-29 Thus, this Zn2+ substitution can be expected 
to control the site exchange phenomena between the Td and the Oh 
sites for optimizing the physical characteristics of CoAl2O4. For 
instance, CoAl2O4 with low α value less than 0.1 is expected to 
become clear blue pigment and to show excellent catalytic property. 
Moreover, the Zn2+ substitution contributes to reduce the spin liquid 
state arising from geometrical frustration in antiferromagnetic 

interactions between Co2+ cations.20,30,31 Therefore, (Co1-xZnx)Al2O4 
system are thought to be attractive material for the application of the 
physical properties of CoAl2O4. However, there are few reports 
showing the relationship between the Zn2+ substitution level and the 
physical properties of (Co1-xZnx)Al2O4 systematically for the wide 
range x of 0 ≤ x ≤ 1. 

Additionally, application form of these materials will not be 
only the polycrystalline bulk and/or the powder, but also the other 
sample form, like nanoparticles,25,26,32-34 thin film35 and single 
crystal. Then, the fabrication techniques of them are generally 
difficult to control the cation composition, even though it is the key 
point for the application of (Co1-xZnx)Al2O4 and the related 
materials. At least, there is not the effective method to evaluate the 
substitution level of the Zn2+ with distinguishing the influence of the 
site exchange phenomena. Thus, if there are systematic experimental 
data providing the information about the Zn2+ substitution level and 
the physical properties of (Co1-xZnx)Al2O4 for the wide range x of 0 
≤ x ≤ 1, they should become to be valuable reference for the 
investigation about the fabrication technique to optimize the physical 
characteristics of this material. Especially, these reference data are 
required for the spectroscopic measurements, because they are often 
non-destructive experiments and useful for some sample forms 
mentioned above.  

Therefore, this study fabricate (Co1-xZnx)Al2O4 series with 
wide range x (0 ≤ x ≤ 1) and evaluated them by using the XRD, 
UV-VIS, FT-IR and Raman spectroscopy in order to provide 
the reference data for verifying the effects of Zn2+ substitution 
on the spectroscopic properties of this spinel oxide. This is 
considered as the first systematic approach performing these 
some predominant and non-destructive measurements for the 
same sample of (Co1-xZnx)Al2O4 series with wide range x. Then, 
this study found some interesting phenomena thought to be 
novel functional properties of this sample series. They are 
believed to inspire the future investigation for the (Co1-

xZnx)Al2O4 and the related materials. Thus, we report and 
review these obtained systematic results. 
 

Experimental 

The samples of (Co1-xZnx)Al2O4 were fabricated from the 
starting materials of CoO (Kojunndo Chemical Laboratory: 99.9%), 
ZnO (Nanotech: 1µm) and Al2O3 (Furuuchi Chemical: 99.99). They 
were mixed with the nominal ratio of controlled x (0 ≤ x ≤ 1) in an 
agate mortar and pressed into pellet form with the size of about 10 φ 
× 5 mm. The pelletized mixture was placed in the capped alumina 
crucible (99.9%) and sintered in a furnace under normal air. The 
temperature was heated up to 1300 oC for 3 hours, kept for 24 hours 
and cooled down to room temperature slowly for 36 hours. These 

samples were crushed into powder form except for the Raman 
spectroscopy measurement.  

The lattice constant and some structural information are 
analyzed from the powder X-Ray Diffraction (XRD) patterns 
recorded by RINT-2500 diffractometer (Rigaku) using Cu Kα 
radiation (the wavelength λx = 1.542 Å). XRD patterns were plotted 
against 2θ or d appropriately, where 2θ and d were diffraction angle 
and lattice spacing, respectively. They are correlated as the equation 
λx = 2dsinθ. Moreover, this study sometimes used the XRD data 
refined by Rietveld analysis.36 The XRD data for the Rietveld 
analysis were measured at the Synchrotron XRD of the Spring-8 at 
Harima in Japan. Details of refinement process will be described in 
elsewhere.37 This study only uses the results, and thus limit the 
discussion to be about the general trend from x = 0 to x = 1.0. The 
refined data are also used for the bond valence sum (BVS) 
calculation38 in order to discuss the valence state of the cations and 
the anion. In the BVS method, the bond-valence, sij, of the bond 
between species i and j in a solid matrix is calculated from the 
experimental bond length, rij, according to the equation sij = exp [( r0 
- rij )/B], where B is an empirically determined parameter and has 
been suggested to be 0.37 Å. Then, the BVS around species i is 
described as Vi = ±Σj sij in which a positive/negative value is given to 
a cation/anion, respectively. 

The structural change by Zn2+ substitution of (Co1-xZnx)Al2O4 is 
also identified from the micro-Raman Spectroscopy (RS) measured 
by NanoFinder-1000 (Tokyo Instrument). The incident light was the 
semiconductor laser with the wave length of 532 nm focused on the 
sample surface with the diameter smaller than 3µm and intensity 
smaller than 10 mW/cm2. The measurement was performed for 20 
seconds, and the data was corrected as the integrated counts of three 
times measurements. For the RS, this study evaluates the energy of 
light, E, of detected scattered light using equations as follows. The 
Raman shift, R, was defined as R = 1/λi−1/λs, where λi is wave 
length of incident light (= 532×10-7 cm) and λs is that of detected 
scattered light. The E is calculated as the E = hc/eλ , where h, c, e 
and λ are planck’s constant, velocity of light, electrical charge and 
wave length, respectively.  

Local structure of the sample was speculated from the results of 
Transmission Electron Microscopy (TEM) observation using TEM-
2000F (Japan Electron) with the accelerating voltage of 200 kV. On 
the other hand, absorptions and emission of light were evaluated 
from powder diffuse reflectance spectra of Fourier transform 
infrared (FT-IR) spectra recorded by FT/IR-6200 (JASCO) with KBr 
pellets, Ultraviolet-Visible Spectroscopy (UV-VIS) recorded by V-
650 spectrophotometer (JASCO) and of Photoluminescence (PL) 
spectroscopy recorded by FP-6500 fluorescence spectrometer 
(JASCO). The obtained spectra of FT-IR and UV-VIS measurements 
were converted to the absorption spectra using the Kubelka−Munk 
calculation.39 

The magnetic properties of the products were also evaluated by 
using a superconducting quantum interference device magnetometer 
(SQUID, MPMS-XL, Quantum Design). Details of this experiments 
will be described in elsewhere,37 and this study only uses the results. 
Briefly, the temperature dependence of the magnetic susceptibilities, 
χ, was measured at the magnetic field 10 kOe. The Curie−Weiss 
(CW) temperature, Θ, and the Curie constant, C, were calculated 
from the experimental data between 50 and 300 K using CW law, χ 
= C/(T−Θ). The effective moment, peff, was calculated as the 
equation, peff = (3kB/NAµB × C)1/2, where kB, NA, and µB are 
Boltzmann constant, Avogadro number, and Bohr magneton, 
respectively. Thus, theoretical Curie constant is calculated from the 
effective moments (peff-cal) with the equation, peff-cal = g × (S(S + 
1))1/2, where g and S are g-factor and the spin quantum number, S, of 
Co2+ ion, respectively. The g-factor value was presumed as 2.35,20,30 
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and the S was fixed as S = 3/2 and S = 1/2 for Co2+ ion at the Td site 
and for that at the Oh site, respectively. Then, the peff-cal of CoAl2O4 
was calculated using the equation, peff-cal = [α(peffOh)

2 + 
(1−α)(peffTd)

2]1/2, where α, peffOh, and peffTd are inversion parameter 
mentioned above, the peff-cal of Co2+ ion at the Oh site and that at the 
Td site, respectively. We used this simulated C in order to compare 
the experimental result. 
 

Results and discussion 

Figure 1(a) shows the XRD patterns of the product CoAl2O4 (x 
= 0) sample as the typical data. The sample is a single phase of 
CoAl2O4 with the spinel structure (the unit cell is cubic structure of 
the space group Fd3m). All samples show the quite similar XRD 
pattern (see Figure 2), hence we regarded all (Co1-xZnx)Al2O4 
products as the single phases of the spinel oxide. Figure 1(b) shows 
the 311 peaks of XRD patterns for all samples (see the footnote 
explaining the colouring rule of the sample data for various x of 
(Co1-xZnx)Al2O4 composition). Here, the intensities were normalized 
and the peak positions were shifted in order to compare the full 
width of the half maximum (FWHM) of these peaks. This figure 
indicates that the effect of Zn2+ substitution on the FWHM is quite 
small for (Co1-xZnx)Al2O4 samples. It means that the remarkable 
differences are not observed for this sample series with respect to 
their crystallinity and/or the particle size. The sample of x = 0.7 
looks slightly wide FWHM, but it is judged as the negligible 
difference. The right-side figure of Figure 2 focuses on the 440 peak 
as the high angle peak against d value, and it apparently indicates the 
change in the lattice constant. Interestingly, dependence of the lattice 
constant on x has two trends, and the mutational point seems to exist 
around x ≈ 0.55 (see the drawn line on the figure). Figure 3 plots the 
relationship between x and the lattice constant calculated from 
several peaks at high angle region of 2θ > 45o. The absolute values 
of the lattice constant in this study were almost the same level with 
that in the previous report for this sample series.29 The trend-change 
mentioned above is obviously confirmed, and the mutational point 
looks about x ≈ 0.5. As the one of the reason, this trend-change 

appears associated with the inversion parameter. Thus, Figure 3 also 
plots the relationship between α and x for the samples of (Co1-x-

αZnx)(Al2-αCoα)O4 composition. The inversion parameters of this 
sample series were relatively smaller (less than 10 %) than previous 
reports (this value often over 20 %).22-24 These small α values are not 
only due to the Zn2+ substitution but also to the sintering condition, 
because that of CoAl2O4 is also relatively small. The α value is 
decreased by Zn2+ substitution and becomes smaller than 0.01 in 
case of Zn1-α(Al2-αZnα)O4 sample (x = 1.0). Both the site exchange 
and the Zn2+ substitution decrease the lattice constant of (Co1-

xZnx)Al2O4, then their each contribution to its shrinkage are different 
and depending on the x. However, we judged that the origin of this 
trend change is fundamental difference in the crystallographic and 
the electronic structure between CoAl2O4 and ZnAl2O4 rather than 
the influence of the site exchange phenomena. The ionic radiuses of 
Co2+(Td), Zn2+(Td) and Al3+ (Oh) are 0.56, 0.60 and 0.54 (Å) 
respectively. Thus, Zn2+ substitution on Co2+ site is considered to 
introduce some frustration in the basic structure of CoAl2O4. Then, x 
≈ 0.5 was speculated as some borderline, where the basic structure 
was changed from CoAl2O4 to ZnAl2O4. Probably, we can observe 
this phenomenon, since the α value of our samples has small. 

10 20 30 40 50 60 70 80
10

0

10
1

10
2

10
3

10
4

2 θ / degrees

11
1

2
2
0

4
0

0

2
2

2 3
3

1

5
3

1

6
2

0
5
3

3
6
2

2

3
11

4
2
2 5
11 4
4
0

In
te

n
si

ty
(c

o
u

n
t) (a)

In
te

n
si

ty
(N

o
rm

.) (b)

2 θ (36.75±0.25 degrees)

311

Fig. 1 (a) Indexed XRD pattern of the CoAl2O4 as the typical 
product in this study. The vertical axis is set as logarithm scale. 
(b) Main peaks indexed as 311 in the XRD patterns of all (Co1-

xZnx)Al2O4 samples for comparing the FWHM. † 
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Fig. 2 All XRD patterns of (Co1-xZnx)Al2O4 samples prepared in 
this study. The right side figure focuses 440 peak around 65o of 2θ 
plot of the left side figure, and this figure plots against d spacing. 
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    The local structural change due to the Zn2+ substitution is 
considered affecting the RS of (Co1-xZnx)Al2O4 samples. Figure 4 is 
the results of the RS for this sample series, and the typical peaks of 
CoAl2O4 are seen at around 200, 416, 520 and 650 cm-1. According 
to the previous reports for the spinel oxides,40-42 these Raman bands 
of spinel structure around 200, 416, 520 and 650 cm-1 were assigned 
as the bending vibration mode of Co-O bond (F2g), vibration mode 
of Al-O bond, stretching vibration mode of both Co-O and Al-O 
bonds (F2g) and vibration mode of Co-O bond (A1g), respectively. 
The intensity of the main peak around 200 cm-1 become to be small 
for the sample with high x value, and this Raman band was not 
observed in the RS of ZnAl2O4 sample (x = 1). It is contrast with the 
Raman band around 650 cm-1.  

 The peak position of RS depends on the local structure of the 
material, thus it is checked for confirming the trends shown in Figure 
2 and 3 for the XRD patterns. Figure 5 plots the peak position of 
Raman bands around 200 cm-1 and 416 cm-1 as the typical data. We 
can find the trend-change like Figure 3 about the lattice constant. 
The gradient of the peak shift against x looks changing at x ≈ 0.5 in 
case of the main peak of 200 cm-1. However, peak position of the 
band around 416 cm-1 looks monotonically shifting to the high 
wavenumber side with corresponding to the Zn2+ substitution level. 
This is reasonable trend, and thus we concluded that the shrinkage of 
the lattice constant of (Co1-xZnx)Al2O4 by Zn2+ substitution mainly 
attribute to the change in Co-O bond length rather than that of Al-O 
bond. On the other hands, the special feature is observed for the 
Raman band around 200 cm-1. Here, the sideband peaks appear and 
increase with Zn2+ substitution proceeds. This is interesting 
phenomena found in this study, since these sideband peaks appeared 
in (Co1-xZnx)Al2O4 series are thought to be the first detection for the 
spinel oxide. Our background experiments performed shows that we 
could not find these clear sideband peaks for (Co1-xMgx)Al2O4 series 
although the similar peaks were weakly observed for the sample with 

high x value. We checked the RS of the impurity phases considered 
in this study; like CoO, ZnO, Al2O3 and Co3O4, but they do not have 
the Raman band for this wavenumber region. Therefore, they are 
considered as the inherent spectroscopic signature of (Co1-

xZnx)Al2O4 series. Figure 6 focuses these sideband peaks normalized 
by the intensity of the main peak around 200 cm-1. Interestingly, 
peak positions of the sideband peaks looks unchanged corresponding 
to the Zn2+ substitution proceeds, it is in contrast to the systematic 
shift of the main peak position. We speculated that the sideband 
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Fig. 3 Dependence of the lattice constant and the inversion 
parameter, α, on the x of (Co1-x-aZnx)(Al2-aCoa)O4 samples. 
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peaks relate to some energy level created by Zn2+ substitution for Td 
site of CoAl2O4. Moreover, the relative intensities of the sideband 
peaks looks becoming prominent for the sample of x ≥ 0.5 (see the 
inserted figure plotting it against the x). This non-linear trend seems 
to relate to the trend-change observed in Figure 3(XRD) and 5(RS). 
Therefore, we considered that the origin of the trend-change is not 
only the site change phenomenon, but also the local electronic 
structural change. However, the origin of both sideband peaks and 
the trend-changes have not been cleared, yet. The differences in the 
wavenumber of these sidebands from the main peak are about 40 cm-

1 (≈ 5 meV). On the other, these peaks are calculated as ≈ 21 and 29 
meV against incident light of 532 nm. These values inspire us some 
possibility. We felt that the systematic evaluation using thin film or 

single crystal enables us to clarify these peaks. This is an interesting 
phenomenon from the viewpoint of physics, so that further 
investigation is in progress now.  

Here, we want to suggest the utilization of these sideband peaks 
as the indicator to discuss the substitution level of Zn2+ for (Co1-

xZnx)Al2O4. This substitution level is difficult to guess from the 
lattice constant. Because, lattice constant is not clear indicator 
especially for the sample of x < 0.7 (see Figure 3), since this value 
closes and scatters. In contrast, intensities of the sideband 
systematically changed with corresponding to the Zn2+ substitution 
proceeds, and the discriminable range looks to be x > 0.1. Thus, RS 
measurement are thought to be key characterization for discussing 
the effect of Zn2+ substitution on the properties of (Co1-xZnx)Al2O4. 
Note that, the shoulder peak is also observed around 190 cm-1. This 
is considered to associate with the partial substitution of A site in the 
spinel AB2O4 oxide by the other cation, because it is clearly observed 
for the RS of (Co1-xMgx)Al2O4 series. 

Above discussion for the sideband peak implies the local 
change in the electronic structure of the CoAl2O4 by Zn2+ 
substitution. Thus, Figure 7 plots the relative change in the valence 
values of Co2+, Al3+ and O2- ions determined from BVS calculation 
for the (Co1-xZnx)Al2O4 samples. It indicates that the covalent 
character of each bond is reduced by Zn2+ substitution. That is, Zn2+ 
substitution is considered to change uniquely the local electronic 
state of CoAl2O4 (meaning charge distribution in the unit cell). This 
is explained with the difference between the electronegativities of 
Co2+ (1.88) and Zn2+ (1.65). This change in the charge distribution is 
thought contributing to the appearance of the sideband peaks in RS 
of (Co1-xZnx)Al2O4 system. Note that, the BVS values in Figure 7 
looks scattering from the linear trend in the case for x ≤ 0.5. Present 
study regards it relating to the difficulty of the accurate Rietveld 
refinement for the sample with high inversion parameter, therefore 
we excluded this point from the discussion. However, x ≈ 0.5 looks 
the border for the something; hence more precise analysis for the 
Rietveld refinement is in progress now. 37 

        In general, RS and FT-IR spectra give us complementary 
information to discuss the local structural change in the material. 
Therefore, we performed FT-IR measurement. The result is shown in 
Figure 8 with plotting the relative intensity against main peak around 
670 cm-1. The bands of the metal–oxygen bonds in spinel structure 
appear at the region between 1000 and 400 cm−1.24,32,33,43-49 The 
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distinctive bands are shown around 840 (ν1), 670 (ν2: F1u), 570 (ν3: 
F1u) and 520 (ν4: F2g) cm−1.24,44 These bands are typical signal of the 
FT-IR spectra for CoAl2O4. Then, the ν2 and ν3 bands are assigned 
as the Co-O vibration modes.41 Here, the relative peak intensities of 
ν3 and ν4 looks systematically increasing with Zn2+ substitution 
proceeds. However, it is considered to be affected by the background 
line strongly depending on the measurement condition using KBr 
pellet. Thus, we excluded this trend from the discussion. The peak 
position of all bands looks unchanged by the Zn2+ substitution. The 
change of the lattice constant is quite small (less than 1%), thus there 
is not the remarkable change in the energy of infrared activity mode 
of this sample series probably. However, we slightly felt that the 
shoulder band of ν1 shifted to high wavenumber side. We speculated 
that this band also relates to the Co-O bond. On the other hand, 
systematic change seems appeared in the peak width of ν2, ν3 and ν4 
bands. They show asymmetric change against Zn2+ substitution. 
According to the previous report performing the peak analysis of FT-
IR spectra for CoAl2O4, observed these bands split into transverse 
optical mode and longitudinal one, and these splitting supplies a 
criterion for the ionic character.44 The bands of longitudinal optical 
mode of ν2 and ν3 are around 760 and 600 cm-1 respectively, and 
these region of our data looks fatting corresponding to Zn2+ 
substitution proceeds. Therefore, Figure 8 seems indicating that the 
Zn2+ substitution enhance the ionicity of Co-O bond of CoAl2O4. 
This is consistent with the result of BVS calculation in Figure 7. 
       As the next step, we measured the UV-VIS spectra of (Co1-

xZnx)Al2O4 samples in order to evaluate the visible light absorption 
of them. Because, the colors of the product samples depend on the x 
value and they were systematically changed from blue of x = 0 to 
white of x = 1. Figure 9 shows the results for the region of the visible 
light (413 ~ 885 nm). The main absorption bands around 1.8 ~ 2.5 
eV seems to become sharp corresponding to Zn2+ substitution 
proceeds, and thus the low energy side of the absorption bands looks 
shifting to high energy side corresponding to the Zn2+ substitution 
proceeds. According to the previous study,29 main absorption bands 
around 1.8 ~ 2.5 eV attribute to the five bands. Here, the quadruplet 
4T1(

4P) transition overlaps four doublet transitions originated from 
the 2G term: 2E, 2T1, 

2T2, and 2A1. The distinguishable bands of 4T1 
transition are shown around 1.96 eV and 2.08 eV respectively, and 
the first one strongly mixed with the 2E and/or 2T1 states. A third 

band at about 2.25 eV is assigned as the 2A1 and 2T2 spin-allowed 
transitions, whose anomalous intensity stems from vibronic effects 
in the 2.11 ~ 2.29 eV interval. Peak separation of these overlapped 
bands is quite delicate analysis. So, we simply analyze the left-side 
peak by fitting this area using Gaussian function, since only this left-
side is not affected by the overlapping with the another peak.29 
Figure 10 plots the determined peak position and the FWHM of this 
4T1(

4P) transition. The peak shift from x = 0.0 to x = 1.0 is about 
0.025 eV, although the low energy side of the absorption bands 
shown in Figure 9 looks shifting about 0.1 eV. This is consistent 
with that the peak positions relating to 4T1 transition look almost the 
same (see the line in Figure 9). It means that the change in the low 
energy side of the absorption bands shown in Figure 9 (≈ 0.1 eV) is 
mainly attributing to the change in the FWHM of this peak rather 
than the shift (≈ 0.025 eV) of the transition energy of this left-side 
band. Interesting point is that both the peak position and the FWHM 
show the trend-change similar with the data of Figure 3(XRD) and 
5(RS). This consistency is considered as the reasonable trends. 
Because, the transition energy of this band mainly depends on the 
Co-O bond length, and the FWHM mainly depends on the adiabatic 
potential curve of this bond.50,51  

Remarkable point is that the trend-change around x ≈ 0.5 is 
identified from the data of XRD, RS and UV-VIS. It means that this 
tend-change is due to the change in the lattice constant mainly 
depends on the Co/Zn-O distance. The difference between the 
sample of x ≤ 0.5 and that of x ≥ 0.5 is not cleared, but this local 
crystallographic change should affect the electronic structure of this 
spinel oxide. Non-linear enhancement in the relative intensities of 
the sideband peaks in RS is considered relating to this electronic 
structural change. About this difference in the electronic structure 
between x ≤ 0.5 and x ≥ 0.5, some unique characteristics were found 
in its spectroscopic behaviour. Next, we introduce them. 
        The intensity of the main absorption bands in UV-VIS spectra 
for the region of 1.8 ~ 2.5 eV becomes to be small with increasing 
the Zn2+ substitution level (see Figure 9). This is reasonable result, 
because the amount of Co2+ is the origin of this absorption bands (d-
d transition). Figure 11 plots the integrated intensity of this main 
peak plotted against x in order to check the relationship between x 
and the blueness of this sample series. The blueness of (Co1-
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in the d-d transition observed in the UV-VIS spectra. They are 
plotted against x of (Co1-xZnx)Al2O4 samples. 

Fig. 9 Results of UV-VIS measurement for all (Co1-

xZnx)Al2O4 samples. Here, the data are focused on the 
region of visible light and plotted against the photon 
energy. † 
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xZnx)Al2O4 should depend on the amount of Co2+, therefore constant 
degradation is expected as the reasonable trend. However, this 
degradation curve of the blueness against x seems to become steep 
for the region of x ≥ 0.7. This trend looks similar with the data 
shown in elsewhere.50 Figure 11 indicates at least that the borderline 
to keep the blueness of CoAl2O4 is about 70 % for the Zn2+ 
substitution to the Co2+ site. This high value is thought to be 
favorable for the usage of (Co1-xZnx)Al2O4 series as the pigment, 
since the precise controlling of the cation composition less than 20% 
is sometimes difficult for fabricating the nanoparticles or thin film or 
single crystal of this material. Here, we found the data spotlighting 
the sample of x ≥ 0.5. Figure 11 also plots the intensity value divided 
by x. This value simulating the absorption intensity of each Co2+ in 
(Co1-xZnx)Al2O4 samples. For this calculation, we took into account 
for the influence of the site change phenomena. It is not constant for 

the range of 0 ≤ x < 1. Non-linearly increasing is observed in this 
figure, and the intensity of each Co2+ become to be prominently 
stronger for the sample of x ≥ 0.5. This trend is good agreement with 
that in inserted graph of Figure 6. This result is considered as the 
valuable information for the investigation of the optical property 
and/or the catalytic function of the spinel oxide. 
    Furthermore, the similar trend is identified from the other 
experiments. Here, the fluorescence property was observed for our 
(Co1-xZnx)Al2O4 samples as the novel functional property. Figure 12 
shows the RS measured for high Raman-shift-region around 3300 
cm-1. This figure plotted the normalized intensity by the maximum 
against the energy of the detected light. Apparently, high intensity 
peak was seen in this figure. Here, small peaks around 2.3 eV is the 
typical RS shown in Figure 4. The strong peaks around 1.85 ~ 1.9 
eV are broader and the intensities of them are 1 order larger than the 
typical RS. Then, the energy corresponds to the absorption edge 
discussed for UV-VIS spectra shown in Figure 9. The edges of high 
energy peak in Figure 12 shift to high energy side corresponding to 
the Zn2+ substitution proceeds. Moreover, the peak width looks 
becoming sharp by Zn2+ substitution. These trends seem all 
corresponds with the UV-VIS data shown in Figure 9. Therefore, 
these high energy peaks are considered as the fluorescence of (Co1-

xZnx)Al2O4 samples. The origin is considered relating to the 
absorption light of the d-d transitions. The peak shapes seems 
essentially the same for all (Co1-xZnx)Al2O4 except for ZnAl2O4 of x 
= 1. It seems that the fluorescence mechanisms are essentially the 
same for these samples. Meanwhile, we measured the fluorescence 
of the ZnAl2O4, interestingly. This sample is white color without the 
light absorption due to the d-d transition. Therefore peak shape is 
apparently different with that of the other samples, so that it is 
further interesting. Note that,  some of works reports the 
photoluminescence of (Co1-xZnx)Al2O4 samples, but they often 
misunderstand the double wave or this kind of waves (detected 
owing to the measurement condition). On the other hand, our data 
shows systematic change in the peak position and in the sharpness 
against x of (Co1-xZnx) Al2O4 composition, so that we believe it 
intrinsic fluorescence properties of this sample series. Considering 
about the energy of the excitation light (532 nm = 2.33 eV), 2T1(

2G) 
transition29 is at least excluded from the discussion about the origin 
of this fluorescence phenomena. This assignment requires further 
investigation. 
   Figure 13 plots the absolute values of the maximum intensity of 
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amount, 1-x, of the d-d transition in a photon energy range 
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Fig. 12 Raman spectra of (Co1-xZnx)Al2O4 samples plotted 
against the photon energy of the detected light for the high 
Raman shift region. † 

Fig. 13 Absolute intensity of the fluorescent peak observed 
for the RS of the high Raman shift region. The data are 
plotted against x of (Co1-xZnx)Al2O4 composition. 
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the fluorescence peak of (Co1-xZnx)Al2O4 samples measured at the 
same condition. Interestingly, this peak intensity increases 
drastically at high Zn2+ substitution region of x > 0.7. This is 
interesting trend, because it reminds us the phenomena discussed in 
Figure 6(RS) and Figure 11(UV-VIS). This trend itself is observed 
not only for the (Co1-xZnx)Al2O4 series but also for the (Co1-

xMgx)Al2O4 series. Therefore, we thought that the fluorescence 
mechanism of this spinel oxide does not directly concern with the 
sideband peaks shown in Figure 5(RS). However, we experimentally 
found that the maximum intensity of (Co0.1Zn0.9)Al2O4 is much 
higher than that of (Co0.1Mg0.9)Al2O4. So, we consider that some 
physical phenomenon leading the sideband peak of RS has a 
probability contributing to the enhancement in the fluorescence light 
of the spinel oxide. This result seems interesting for the investigation 
of the luminescence material with spinel structure like CaAl2O4 and 
it’s related materials. 
     The fluorescence property identified in this study is considered as 
the novel functional property of (Co1-xZnx)Al2O4 series. However, 
more precise discussion requires the returning to the investigation 
about the sample preparation. Because, the intensity of this 
fluorescence was not high, hence we could not observe the same 
result from the experiments using PL spectroscopy. Figure 14 shows 
the result for CoAl2O4 with including the data of RS in Figure 12. 
We could find the RS indicated as the dash line in Figure 14 for both 
results of PL spectroscopy and that of RS. However, fluorescence 

peak observed in RS was not observed in PL data. This data 
indicates at least that the high intensity peak shown in Figure 12 
does not originate in the Raman band of this spinel oxide. The 
difference between these two measurements is the intensity of the 
incident light. The semiconductor laser used for the incident light of 
RS is considered working as the excitation light source, although the 
intensity of the diffracted ray from the xenon light (used for the PL) 
is not enough for the same usage. We speculated from these data that 
the origin of this fluorescence phenomenon is not the major area in 
the sample. However, we also speculated from the consideration 
about the XRD patterns in Figure 2 and the correspondence 
relationship between Figure 9 (UV-VIS) and Figure 12 (fluorescence 
in RS) that the minor phase is not the impurity phase. Therefore, we 
speculated the possibilities about the existence of the local 
inhomogeneous area and/or that of the some special structure of 
(Co1-xZnx)Al2O4. 

From this reason, the temperature dependence of the 
susceptibility of (Co1-xZnx)Al2O4 samples is measured in order to 
discuss the inhomogeneity in this material. The data are described in 
elsewhere.30 Here, the calculated CW temperature and the Curie 
constant were plotted against x of the substitution level in Figure 15. 
It looks that both values change linearly corresponding to the Zn2+ 
substitution level. Inserted solid line in this figure is result of the 
simulation about the x dependence of Θ for (Co1-xZnx)Al2O4. They 
mean that the correlation between Co2+ cations is consistently 
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Fig. 15 The Currie constant and the Weiss temperature of all 
samples. The data are plotted against x of (Co1-xZnx)Al2O4 
composition. 

Figure 16  TEM diffraction patterns of <100> direction observed in the (Co0.45Zn0.55)Al2O4 sample (a)(b) and those of <111> 
direction observed in the (Co0.1Zn0.9)Al2O4 sample (c)(d). 
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reduced corresponding to the decline of Co2+ by Zn2+ substitution. 
That is, inhomogeneity of the Zn2+ substitution or existence of high 
Co2+ area is not implied from Figure 15. 
     On the other hand, result of TEM observation implies the 
existence of the unknown area in (Co, Zn)Al2O4 sample. Figure 
16 shows the electron diffraction (ED) images observed for the 
(Co0.45Zn0.55)Al2O4 sample. The crystal structure of CoAl2O4 is 
normal spinel of cubic system, thus this image is observed from 
<100> direction. Almost area of the (Co0.45Zn0.55)Al2O4 grain 
shows the ED images as shown in Figure 16(a) indicating the 
simple cubic structure of the spinel oxide, whereas we 
sometimes observed the satellite spot in the image (see Figure 
16(b)). Moreover, we observed ED images shown in Figure 
16(d) for the (Co0.1Zn0.9)Al2O4 sample. This image is observed 
from <111> direction, and the spot indicating super structure is 
observed. This is different with the normal ED image of <111> 
direction (see Figure 16(c)). We could not find the difference 
between the high resolution images of these specific area and 
that of the normal area. Thus, these phases are considered as the 
local area with unique structure having some cation ordering 
and/or anion deficient. Based on our experience observed for 
some (Co1-xZnx)Al2O4 including the end member, the structure 
like Figure 16(b) was found in the sample of x ≈ 0.5, and that 
like Figure 16(d) was found in the sample of x ≈ 0.9. Thus, the 
former is expected relating to the trend-change in the lattice 
constant at around x ≈ 0.5, and the later is expected as the origin 
of the fluorescence phenomenon. However, finding process of 
these phases is not easy now, because these specific areas are 
thought to be minor phases in the observed area. In addition, 
phase inhomogeneity was not implied from Figure 1(b). 
Therefore, leading the conclusion that the fluorescence 
phenomenon found in this study originates in these minor 
phases is quite difficult for the present study. We believe that 
the precise discussion become to be possible by realizing the 
single-phase preparation of (Co1-xZnx)Al2O4 sample with these 
specific structure. It is also expected to open up the discovery 
of the novel functional property in spinel materials,51 hence 
further investigation is required. 

Conclusions 

This work investigates the spectroscopic property of (Co1-

xZnx)Al2O4 for the wide range x of 0 ≤ x ≤ 1. The samples were 
sintered at high temperature of 1300 oC and slowly cooled for 24 
hours in order to minimize the some deficiencies in the structure. 
Thus, inversion parameters of the samples were relatively lower than 
that of other reports.  

The crystallographic and the spectroscopic evaluations were 
performed for this (Co1-xZnx)Al2O4 by using XRD, Raman 
spectroscopy, FT-IR and UV-VIS. The results reveals that the Zn2+ 
substitution mainly changes the Co-O bond of the CoAl2O4, thus the 
lattice constant of (Co1-xZnx)Al2O4 systematically varied 
corresponding to the substitution level. Here, the systematic change 
in the lattice constant is not monotonic, and the trend-change is 
identified at around x ≈ 0.5 in the plots for the x dependences of 
some properties relating to the lattice constant. The reason for this 
trend-change in the lattice constant is probably due to the structural 
frustration between CoAl2O4 and ZnAl2O4. This local 
crystallographic change should affect the electronic structure of this 
spinel oxide. The results of BVS and FT-IR indicate that the Zn2+ 
substitution enhance the iconicity of each bond of CoAl2O4. The 
remarkable point is that this electronic structural change influences 
some spectroscopic characteristics of this material, and they become 
to be prominent for the sample of x ≥ 0.5. That is, relative intensities 

of the sideband peaks, efficiency in the absorption intensity for the 
visible light of Co2+ and the intensity of the fluorescence peak in 
(Co1-xZnx)Al2O4 is non-linearly enhanced by Zn2+ substitution 
proceeds, and they prominently become to be strong for the sample 
of x ≥ 0.5.  

This study found four novel and/or anomalous properties in 
(Co1-xZnx)Al2O4 samples.  (1) The one is the spectroscopic 
phenomena mentioned above for the sample of x ≥ 0.5. These results 
are considered as the valuable information for the investigation of 
the optical property and/or the catalytic function of the spinel oxide. 
On the other hand, (2) the sideband peaks appear near the main peak 
of the RS are also considered as the inherent spectroscopic signature 
in the series of CoAl2O4 with Zn2+ substitution. We speculated that 
the sideband peaks relate to some energy level created by Zn2+ 
substitution for Td site of CoAl2O4, and that the energy is similar 
with the impurity level in the band gap of the semiconductor. This is 
interesting phenomena from the viewpoint of the material science 
and the physics. Moreover, these sideband peaks are considered 
useful indicator for discussing the substitution level of Zn2+ for (Co1-

xZnx)Al2O4. Because, the peak intensities of these sidebands 
depended on the Zn2+ substitution level, and the resolution looked 
much better than the estimation from the XRD data. In addition, (3) 
fluorescence peak observed in the RS, is also quite interesting 
phenomenon. As the speculation, (Co1-xZnx)Al2O4 sample with the 
superstructure relates to this phenomenon. We believe that the 
precise discussion become to be possible by realizing the single-
phase preparation of (Co1-xZnx)Al2O4 sample with these specific 
structure. Furthermore, (4) existence of these phase with unique 
structure itself is also interesting. It is also expected to open up the 
discovery of the novel functional property in the spinel materials.51 
This study at least verifies the possibility to fabricating these phase, 
so that purifying these phases is believed as the challenging future 
work for tailoring novel functional property in the spinel oxide. 

The spinel oxide is widely investigated material. However, 
spectroscopic evaluation for (Co1-xZnx)Al2O4 in this study could 
find some interesting characteristics in this material by 
preparing material with widely and precisely controlled x value. 
This study focuses on showing these interesting characteristics, 
and the details are not cleared yet. Now, these characteristics 
reviewed in this study are believed to become a lot of seeds for 
the material science and its application for the spinel oxide. 
Therefore, we suggest further investigation for the (Co1-

xZnx)Al2O4; especially for the high x region. 
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plotting color was selected for the data of (Co1-xZnx)Al2O4 sample to be 

RGB[255x, 0, 255(1-x)]. That is, the plotting color is varied from blue 

(for CoAl2O4) to red (for ZnAl2O4). It is corresponding to the Zn2+ 

substitution level, and thus the purple of RGB[128, 0, 128] means the 

data for (Co0.5Zn0.5)Al2O4 sample.  
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