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Abstract
Objective
Methods/Statistical Analysis

: Multivariate statistical analysis viz. Cluster Analysis (CA) was performed to validate the experimental findings. 
: The (In0.955CO0.045)2O3 samples were concocted by the typical solid state reaction route. The

resulting materials were pelletized and sintered in hydrogen atmosphere. Subsequently, hydrogenated pallets were de-
hydrogenated by further heating for 7h in air. The samples were thoroughly characterized using X-ray diffraction. FULLPROF
Program is used to refine the crystalline structures. Magnetic hysteresis loops were evaluated using Vibrating Sample
Magnetometer (VSM) at room temperature. Hierarchical CA was accomplished on the normalized data set (samples) by
means of the Ward’s method, using Euclidean distances as a measure of similarity. Findings: The X-Ray Diffraction (XRD) 
study confirmed the formation of cubic bixbyite structure for In2O3, (In0.955Co0.045)2O3and (In0.955Co0.045)2O3:H samples. The
magnetic study at Room Temperature (RT) confirms that pure In2O3 is diamagnetic and turns to paramagnetic upon Co
doping. Furthermore, it was found that the ferromagnetic property is evidently induced by post-annealing in hydrogen
atmosphere. This investigation also depicts that after further long heating, the sample again resumes its paramagnetic
behaviour. CA grouped the five samples into three groups based on similarities of magnetic characteristics as diamagnetic,
paramagnetic and ferromagnetic. The statistical study validates the experimental findings. Improvements/Applications: 
CA helps in the corroboration of data matrices of experimental findings to better understand the influence of hydrogen
annealing on magnetic properties of cobalt doped indium oxide.
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1. Introduction

Diluted Magnetic Semiconductors (DMSs) have newly
engrossed wide attention for their promising spintronics
capability, whereby the charge and spin of electrons are
accommodated into a single function, causing in encour-
aging magnetic, magneto-electric, magneto-optical and
other properties, thus, are also referred as semi-magnetic
semiconductors1–4.

Oxide DMS offers widespread band gap, high
Curie Temperature (Tc) and carrier concentration. 
These are also easy to prepare at low material cost. It
has been observed that oxygen vacancies are one of
the key factors for the induced room temperature fer-
romagnetism5–8. Various experimental and theoretical
investigations were proposed on the magnetic proper-
ties of Transition Metal (TM)-doped TiO2

9,10, ZnO11–18, 
SnO2

19–21, In2O3
7,8,22,23 etc.

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVH-4X3W47G-1M&_user=10&_coverDate=12/15/2009&_alid=1227287070&_rdoc=81&_fmt=high&_orig=mlkt&_cdi=5535&_sort=v&_st=17&_docanchor=&view=c&_ct=10398&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=ed35db4ad4d42dbc79e7d3568815f9fe
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Among these, In2O3 is the foremost oxide material 
taken in to consideration by number of researchers24–26. 
The In2O3 exhibits a cubic bixbyite crystal structure. It is a 
transparent, n-type degenerate semiconducting material 
with a direct band gap of ~3.75 eV27. It is interesting if one 
could comprehend ferromagnetism in In2O3 matrix when 
compared to other DMSs.

The present work focuses on impact of postsintering 
on magnetic aspects of Co doped In2O3in hydrogen atmos-
phere. A multivariate technique viz. Cluster Analysis (CA) 
is utilised for elucidation of the data matrices of all In2O3 
samples which proves the sustenance of the findings.

2.  Materials and Methods

2.1  Experimental Details
Typical Solid state reaction route is utilised to con-
cocte the composition of (In0.955Co0.045)2O3 using In2O3 
(99.99% pure: Aldrich) and Co2O3 (99.999% pure: 
Alfa Aesar) powders28. Now the samples are taken 
in a quartz tube and placed in reduction furnace for 
post-annealing in presence of hydrogen for ~5 hours1 
at around 550°C Samples were structurally analysed 
through X-Ray Diffraction (XRD) technique at ambi-
ent temperature of 300 K through PHILIPS X’PERT 
XRD equipped with CuKα radiation. The scans have 
been captured from scattering angle 20° to 90° with 
a step size of 0.02°. The Rietveld profile refinements 
program, FULLPROF, is used to refine the crystalline 
structures29. Field dependent magnetization analy-
ses have been taken at 300 K using Vibrating Sample 
Magnetometer (VSM). 

2.2  Cluster Analysis
Cluster analysis is an investigative data analysis tool for 
elucidating categorization enigmas. Its aim is to clas-
sify instances, cases, data, objects, variables etc. into 
groups or clusters. The subsequent clusters of variables 
should show high internal homogeneity and exter-
nal heterogeneity30. Hierarchical Cluster analysis, the 
utmost prevailing method, begins with every instance 
or case in a distinct cluster and unites clusters together 
gradually up till only a single cluster remnants31. The 
euclidean distance typically delivers the similarity 
among two samples. The distance can be computed 
by the difference amongst analytical values obtained 
from the samples. The euclidean distance between two 

objects (monitoring point samples), i and j, is specified 
as:  

� (1)

Where di,j represents the Euclidean distance, zi,kand zj,k 

are the values of variable k for object i and j, respectively, 
and m is the number of variables.

The outcomes of the clustering method are 
best defined by a binary tree or Dendogram. The 
Dendogram delivers a pictographic précis of clustering 
methods, presenting a graphic representation of the 
groups and their proximity, with an affected decrease 
in dimensionality of the actual data. The data stan-
dardisation should be an important step to follow in 
cluster analysis (mean = 0; variance = 1)32,33. It will also 
minimalize the influences of scale of measurement of 
data. STAISTICA 7.0 software had been used to per-
form all the statistical calculations.

3.  Results and Discussion

3.1  Structural Properties
Figure 1a evinces the XRD scans of the undoped 
In2O3, (In0.955Co0.045)2O3 and the hydrogenated 
(In0.955Co0.045)2O3:H samples. All the Bragg’s peaks of the 
samples are observed well indexed to the single phase 
cubic bixbyite or C-type rare earth of In2O3 crystal-
line which validates the non-occurrence of subordinate 
phases and Co cluster formation. FULLPROF Program 
is used to assess Rietveld profile refinements of XRD 
patterns of (In0.955Co0.045)2O3 as shown in Figure 1b28. The 
refinement outcomes ratify that Co2+ ions replace the 
In3+ site and no structural change has been noted after 
the annealing in hydrogen atmosphere and then re-heat-
ing. A slight cell volume contraction is observed on Co 
doping (V= 1035.4 Å3 for pure In2O3 and V= 1029.5 Å3 
for 4.5% Co doped sample), due to a minor divergence 
in ionic radii of the Co and In ions (Co2+ :0.745Å and 
In3+ :0.80 Å)26,27. When the hydrogenated samples are 
reheated for 7 hours, interestingly, the oxygen contents 
again acquire their as-prepared values. Quantum Design 
(Versa Lab, USA) Vibrating Sample Magnetometer 
(VSM) is used to analyse the Magnetization (M-H)  
measurements.

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVH-4X3W47G-1M&_user=10&_coverDate=12/15/2009&_alid=1227287070&_rdoc=81&_fmt=high&_orig=mlkt&_cdi=5535&_sort=v&_st=17&_docanchor=&view=c&_ct=10398&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=ed35db4ad4d42dbc79e7d3568815f9fe
https://www.collinsdictionary.com/dictionary/english-thesaurus/capture
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Figuire 1a.  XRD scans of In2O3,(In0.955Co0.045)2O3 and 
(In0.97Co0.03)2O3:H samples.

Figure 1b.  Refined XRD scans of (In0.955Co0.045)2O3 sample.

3.2  Magnetization Data with Clustering 
Analysis

Figure 2.  Dendrogram of Cluster Analysis of In2O3 
samples.

Clustering method performs a critical function in 
information evaluation. On this paper we have vali-
dated the findings of impact of hydrogen sintering 
on magnetic attributes of Co doped In2O3 in the form 
of clustering34. The Figure 2 shows the Dendogram 
derived by clustering the In2O3 data sets (including 
pure, Co-doped and hydrogenated and then re-heated 
In2O3 samples). The Dendogram encompasses three 
clusters viz. are group 1 is contained of pure In2O3. It 
is well known that pure undoped In2O3 is diamagnetic 
material. The Figure 3 also reveals the un-doped In2O3 
sample noted at 300 K as observed in the magnetiza-
tion versus applied field (M-H) curves (Figure 5) Thus, 
group 1 validates a strong diamagnetic behaviour of 
pure In2O3. Figure 4(a) shows the magnetization of 
the (In0.955Co0.045)2O3samples air-sintered at 550 °C as 
a function of an applied magnetic field H (M–H plots). 
The samples exhibit paramagnetic behaviour probably 
due to replacement of In ions by notable amount of Co 
ions in In2O3 after the solid-state reaction reaches com-
pletion at 550 °C. Figure 4(b) shows hysteresis loop of 
(In0.955Co0.045)2O3: H which exhibit obvious ferromag-
netic behaviour. The saturation magnetic moment also 
rises to significant value of 3.33 emu/g (300 K). The 
coercivity and remanence are also shown note worthy 
values of 0.0242 T and 0.177 emu/g respectively at 300 
K. These outcomes are possibly due to the inclination 
in number of oxygen vacancies after hydrogenation. 
Thus, the finding also specifies that the oxygen vacan-
cies portray a pivotal role in developing ferromagnetism 
in the annealed samples35. Hence, the hydrogenated 
sample comprised in group 3 in Dendogram (Figure 2) 
which represents the cluster of ferromagnetic behav-
iour pellets.

Sample (In0.955Co0.045)2O3:H was then annealed till 
two hours at 550°C in air. The saturation magnetic 
moment decreases from 3.33 emu/g to 0.111 emu 
in 300 K. But still the sample acquires the weak fer-
romagnetic behaviour as shown in Figure 4(c). Thus, 
the reheated sample also categorised in group 3 in the 
Dendogram.

The hydrogenated sample further heated for lon-
ger duration of almost seven hours. The M-H curve 
for the heated sample (Figure 4 (d)) shows that the 
(In0.955Co0.045)2O3:H sample is eventually retained to the 
paramagnetic state after the long heating. Consequently, 
it resembles in group 2 of the Dendogram.
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Figure 3.  The M-H plot for In2O3.

Figure 4.  M-H plots registered at 300 K for (a) 
(In0.955Co0.045)2O3 (b) (In0.955Co0.045)2O3:H (c) Heated sample 
(2 hours) (In0.955Co0.045)2O3:Hand (d) Heated sample  
(7 hours) (In0.955Co0.045)2O3:H.

4.  Conclusion

In this study, cluster analysis (z-transformation of the 
input data, similarity measure-euclidean distance) is plied 
to categorize all the In2O3 samples. Based on the assess-
ment, the In2O3 samples are legiblycleaved into three 
groups - diamagnetic, paramagnetic and ferromagnetic 
behaviour of the pure, Co-doped, post annealed under 
hydrogen atmosphere and then re-heated In2O3 samples. 
Dendogram obtained from cluster analysis technique also 
authenticates the outcomes of the VSM.
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