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ABSTRACT 
Dilute magnetic semiconductors are materials that couple useful magnetic and semiconductor 
properties.  However, making them useful for electronic application requires them to have 
reliable ferromagnetism sustained all the way to room temperature and above.  Understanding 
the clustering behavior of magnetic dopants in dilute magnetic semiconductors is very important 
since it can reveal the source of the magnetism. In a previous work, we experimentally observed 
that manganese scandium nitride with 3%, and 5% manganese incorporation exhibit weak 
magnetic signal above room temperature, making it a good candidate as a dilute magnetic 
semiconductor.  In this paper we present a map of manganese populated areas into a 
manganese scandium nitride film with 5% manganese incorporation.  The experimentally 
obtained map was done using scanning transmission electron microscopy and energy 
dispersive spectroscopy, and the resolution of the experiment is limited to a possible range of 
20 – 4400 manganese atoms per observed data point.  In addition, we statistically characterized 
the clustering properties of manganese populated areas showed in the map by two point 
correlation function, Monte Carlo, and chi-squared methods.  A java program that was created 
to carry out these methods is also presented and thoroughly explained.  Within the limit of the 
experimental resolution, our statistical tests indicate that manganese populated areas are 
randomly distributed within the crystal lattice of scandium nitride.  
 
INTRODUCTION 

According to Moore, E. G. et al., the 
number of assembled transistors, also 
called metal oxide semiconductor field effect 
transistor (MOSFET), onto an integrated 
circuit (IC) has doubled every year since the 
invention of the ICs in 1958.  Although, for a 
while it was believed that the ultimate size 
of the MOSFETs will be at 45 nm, scientists 
have already surpassed this limit with the 32 
nm node in 2010 (Zhao, W. et al.); and they 
are predicting achievement of sizes of ~11 
nm around the year of 2015 (Meikei, I. et 
al.).  However, a possible future alternative 
to decreasing the size and increasing the 
performance of today’s MOSFETs would be 
to make transistors in which their metallic  

 

sources and drains would be made out of 
dilute magnetic semiconductors (DMSs).  
These new transistors are called spin field-
effect transistors (SFETs) (Datta, S. et al.).   
These DMS materials are part of the field of 
spintronics and they are, essentially, 
semiconductors which also have magnetic 
properties and can provide spin polarized 
electrons that can travel almost with zero 
scattering probably through the SFETs’ 
channels (Wolf, S.A. et al., von Molnar, S. et 
al., Awschalom, D.D. et al. 2002, Ball, P. et 
al., Awschalom, D.D. et al. 1999).  The 
traditional MOSFETs’ sources and drains 
are made out of metals, and the electrons 
travel through a semiconducting channel 
encountering multiple scattering events. 
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One of the greatest challenges in 
making DMS materials useful is to find a 
system which has reliable ferromagnetic 
transition temperature (TC) above room 
temperature (i.e., 300 K).  So far, 
researchers have spent a lot of time and 
effort attempting to synthesize DMS 
materials by incorporating small 
percentages of transition metals such as 
manganese (Mn) into some of the most 
common semiconductors such as gallium 
nitride (GaN) or gallium arsenide (GaAs) 
(Sonoda et al., Thaler et al., Haider et al. 
(2003), Overberg et al., Haider et al. (2005), 
Sato et al.).  These two semiconductor 
systems (i.e., GaN and GaAs) became very 
good candidates for DMS materials 
because of Dietl et al., who theoretically 
predicted that 5% Mn concentration into 
GaN or GaAs can raise the TC well above 
room temperature.   Many experimental 
studies reported the growth and magnetic 
properties of MnGaN (Sonoda et al., Thaler 
et al., Haider et al. 2003, Overberg et al., 
Haider et al. 2005, Sato et al). The results 
reported in the literature are inconsistent 
because TC values have been found both 
below and above 300K.  It is interesting to 
note that ferromagnetism in MnGaN 
material strongly depends on the growth 
mode.  In particular, work by Haider et al. 
(2005), indicates clearly that N-rich and 
slight metal-rich growth regimes of MnGaN 
result in ferromagnetism above 300 K.  
Nevertheless, the origin of ferromagnetism 
in this result is not fully understood.  In the 
case of MnGaAs the reported values 
showed that ferromagnetism can only be 
attained up to 173 K (Ohno et al., Wang et 
al.).   
 This paper is part of a series of two 
papers which explores the magnetic 
properties of MnxSc1-xN system (Constantin, 
C et al.).  Previously, we synthesized a 
batch of ten films of MnxSc1-xN films (with x 
= 0 – 0.15) by radio-frequency plasma 
molecular beam epitaxy and found that 
samples with x = 0.03, and 0.05 exhibit 
magnetic behavior above 300 K 
(Constantin, C et al.).  This implies that 
MnxSc1-xN system can be a good candidate 

as a DMS material.  However, we still need 
to figure out the source of the magnetism. If 
the magnetism could come from the Mn-Mn 
islands that are found to exist within the 
sample, it would make it an invalid DMS 
material, because (ideally) the magnetic 
dopants (in our case, Mn atoms) should be 
distributed randomly within the film. 
Therefore, it is important to understand the 
clustering properties of Mn populated area 
within our MnxSc1-xN films.   That’s way we 
selected one of our MnxSc1-xN films (sample 
S453, which has x = 0.05), and we 
performed two separate statistical tests: 1) 
Monte Carlo/two point correlation function 
(MC/2PCF), and 2) chi-squared (X2).  Our 
results show that the spatial distribution 
histogram obtained with 2PCF agree very 
well with ten similar histograms obtained 
with MC simulations implying that the 
manganese populated areas are randomly 
distributed within the manganese scandium 
nitride film. 

 
METHODS 

Data presented in Fig. 1 (a) was 
obtained experimentally from sample S453 
by using a JEOL 2010F analytical electron 
microscope which was operated at 200 
KeV.  The x-ray energy dispersive 
spectroscopy (EDS) element map 
presented in Fig. 1 (a) [i.e., the pink pixels 
posted on the black background] were 
collected in scanning transmission electron 
microscopy (STEM) mode using an electron 
probe size of 0.5 nm.  Due to the nature of 
the EDS/STEM experiment (Browning et 
al.), it is possible that each pixel presented 
in data in Fig. 1 (a) represents the signal 
coming from the superposition of multiple 
Mn atoms at different sample depths (e.g., 
crystal layers).  We calculated that each 
pixel covers an area of ~ 20.6116 nm2, and 
we know that the area of a ScN unit cell 
(assuming a crystal lattice constant of a = 
0.4501 nm) is ~ 2.025 nm2.  By dividing the 
total area covered by a pixel to the area 
covered by ScN unit cell we obtain ~ 101.77 
which represents the total number of ScN 
units cells under one pixel.  There are 4 Sc 
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atoms per unit cells, therefore there could 
be ~ 407.11 Sc atoms under one pixel.   

 

 
Figure 1: The purple dots in (a) represent EDX/STEM 
Mn-data in S453. The inserted x-y graph in (a) shows 
the 1,096 Mn-data points selected for MC/2PCF 
analysis. Both axes range from 0-10 with arbitrary 
units. The arrows represent the interfaces between 
MgO substrate and the MnScN layer (bottom pair of 
arrows), and the interface between MnScN and Air 
(the top pair of arrows).  The bar graph in (b) is the 
histogram of distances obtained with 2PCF for Mn-
Data, where the blue line represents the Gaussian fit 
to the Mn-data histogram. 
 

The sample we used for this paper 
has a concentration of 5 % Mn into ScN, 
and assuming that all the Mn are 
substituting one Sc, we finally get ~ 20 
atoms that could be under one pixel.  As 
part of the sample preparation for the 
EDS/STEM experiment, the sample was 
polished to a shape of a trapezoid with the 
parallel sides, or the basses, having ~ 30 
nm, and ~ 100 nm in length, respectively.  
Within a maximum depth of 100 nm, there 
can be as many as ~ 4400 Mn atoms which 
can be under one pixel.  Due to the 
limitations of the EDS/STEM measurement, 
we are assuming that each pixel presented 
in Fig. 1 (a) map represents the signal 
coming from ~ 20 – 4400 Mn atoms. 

  
Monte Carlo/Two Point Correlation 
Function Test 
 
 Monte Carlo simulations take 
repeated random sampling of an event in 
order to simulate a real problem; for 
instance using random numbers one can 
construct a circle inscribed into a square in 
order to approximate π (Kalos 4). Naturally, 
it is assumed that random data does not 
cluster. 
 Two point correlation function is 
extensively used in many fields including 
astronomy (Constantin, A. et al), geophysics 
(Kagan et al), and mechanical engineering 
(Torquato). The 2PCF takes a set of data 
points and calculates the distance between 
each point and every other point.  For a set 
of n points, the total number of distances 
that must be calculated are given by Eq. 1: 

 
The distances are then placed into 
histograms to be analyzed [e.g., Fig. 1 (b), 
and Fig. 2 (b)]. 

 
 
Figure 2: The scatter plot of the first set of randomly 
generated data is presented in (a). As in Fig. 1, the 
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plot in (b) represents the histogram of the distances 
from the plot in (a) and the blue line represents the 
Gaussian fit. 
 

For the sets of data in this study the 
total number of distances calculated was 
600,060. For such a large number to be 
handled, a computer program was written to 
perform the 2PCF. This program was 
written using the Eclipse Integrated 
Development Environment in the Java 
programming language. 

The program reads a series of data 
points from a .txt file and calculate the 
distances between every point and output 
them to another file. Then, the distances 
from the output are placed into histograms. 
These histograms were fit with Gaussian 
curves using the computer software Origins 
6.1 [e.g., Fig. 1 (b), and Fig. 2 (b)].  
 
 The code is shown in Fig. 3.   

 
Figure 3: The Java code used for 2PCF calculations. 
 
Lines 1-7 import the necessary files from 
the Java library. All of the files imported into 
this program are needed for input/output. 

The Buffered, File and PrintReader classes 
are all needed to read the data from a file 
and similarly, the same Writer classes are 
needed to output the data to a file. The 
IOException class handles any possible 
Input/Output errors the program may 
encounter. 
 Lines 13 and 14 create fields for the 
program, which in this case represent 
constant values that are not changed once 
they are initialized. N represents the number 
of data points in the test set and nBins is the 
desired number of bins to be used. For all 
the data in this project N was 1,096 and 
nBins was 60. Lines 18 and 19 create two 
arrays as fields. The xData array has the x 
coordinates of the data read into it and the 
yData array is the same for the y 
coordinates. Both arrays are of size N. 
 

 
 
Figure 3: The Java code used for 2PCF calculations. 
 
 Line 28 starts a timer that will 
eventually be stopped when the program 
the calculations in lines 41 and 42. While 
this is not essential it is convenient to see 
how long it takes different sizes of data sets 
to run. To calculate the distances the 
program first calls the readFile method for 
any file that the user enters, provided it can 
be located in the class file, in line 32. The 
readFile method itself ranges from line 89 to 
line 109. This method works first by using 
the imported Java files to create a file 
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reader in line 93 for the specified file and 
then using the for loop between lines 95 and 
107 to read each line of the file one by one.  
Line 103 takes the line, which contains an x 
and y column and splits the column into an 
array. The first entry of this array is the x 
coordinate which is turned from a String into 
an integer and placed in the xData array 
before the same thing is done to the second 
and final entry of the array for the yData 
array. This for loop does this for each line in 
the file and then completes and the reader 
is closed in line 108. 
 In line 37, the rSquaredArray 
method is called, which takes the two data 
arrays and calculates the distance between 
every point and every other point in the set.  
This method is between lines 60 and 79. 
After creating a file writer in lines 64-66 the 
method begins calculating the distances. It 
does this in lines 68-77 by calling another 
method named rSquared inside of two 
nested for loops. The purpose of these 
nested loops is that the first one controls the 
“starting” point while the second loop begins 
at the next point after the starting one and 
iterates through for every point thereafter.  
After this is done, the starting point index 
increments to calculate all the distances for 
that point and does this until the starter 
reaches the last point in the array and is 
then finished. By beginning at the first point 
and then incrementing, the problem of 
double counting is avoided. This is 
necessary because if any distance was 
calculated more or less than once, the 
program will be invalid.  The rSquared 
method is between lines 83 and 86 and is 
simply the formula for calculating the 
distance between two points provided in Eq. 
2. 

 
In the same line the rSquared method is 
called, the distance it returns is written to 
the output file. 
 In line 47 this file is read and its data 
is placed into a different Java class called 
Bins. This class just arranges the distances 

into histogram bins, based on nBins. These 
bins were then manually placed into Origins 
to be fit and analyzed. 
 
Chi-Squared Test 
 

The second test we performed was 
the X2 test which is a statistical tool that was 
also used to compare the Mn sample with 
the random data sets.  The equation we 
used for calculating X2 is presented in Eq. 3,  

 

 
where k represents the number of bins used 
[k = 60 for Fig. 1 (b) and Fig. 2(b)], xi is the 
value in the ith bin, µ is the arithmetic mean 
of the histogram data which is constant for 
this experiment (i.e. µ =10001) and σ is the 
standard deviation. All the information from 
Eq. 3 can be seen in Table 1. 

 

 
 
Table 1: This table shows different statistics for the 
Mn data, the different random data sets and an 
average of the random data sets. The statistics 
represent the goodness of the Gaussian fit to the data 
and the centroid, FWHM, standard deviation and X2. 
 
RESULTS AND DISCUSSIONS 
 
 In Fig. 1 (a) we plot the STEM 
results of the Mn data in S453. Each green 
cross represents a data point. In the view 
graph of Fig. 1 (a), both the x and y axis 
range from 0 to 10 measured in arbitrary 
units. As can be seen in Fig. 1 (a) we 
selected 1,096 Mn data points, and in Fig. 1 
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(b) we show the histogram of distances 
obtained with 2PCF. The continuous blue 
line in Fig. 1 (b) represents the Gaussian fit. 
 For the Mn data points in Fig. 1 (a) 
we obtained a centroid and FWHM of 
22.665 and 28.167 respectively. The 
standard deviation and X2 for Mn data in 
Fig. 1 (b) were 6845.21794 and 58.0367, 
respectively [see Table 1]. 
 In Fig. 2 (a) we show an example of 
one of the random sets we used for this 
analysis (i.e., Random 1). Similarly as in 
Fig. 1 (a), we plotted in Fig. 2 (a) x and y 
coordinates of the Random 1 set in arbitrary 
units.  Fig. 2 (b) is the histogram and the 
corresponding Gaussian fit (blue line) of 
data points presented in Fig. 2 (a).  
 In Table 1 we present the R2 

goodness of fit, centroid and FWHM of the 
Gaussian fit to the Mn Data and 10 samples 
of Random data, ranging from Random 1- 
Random 10. It can be seen in Table 1 that 
the centroids of the random data sets range 
from a minimum of 22.059 to a maximum of 
22.948. It is interesting to note that the Mn 
data [Fig. 1 (b)] possesses a centroid within 
the range of the random centroids. The 
FWHM of the random data ranges from 
25.001 to 26.697 (arb. units). In this case, 
the FWHM of the Mn data is slightly larger 
at 28.167 (arb. units). For statistical 
purposes, we averaged the statistics of the 
random data sets and presented these 
averages as the Avg. Random row in Table 
1. We compared the centroid and FWHM of 
the Mn data and the Avg. data by computing 
a percent difference. The FWHM differed by 
9.52% and the centroids by just 1.00%. 
 The Gaussian fits had comparable 
standard deviations and very similar X2 
values. The range of standard deviations for 
the random data is from a minimum of 
6,753.02407 to a maximum of 1,171.55999. 
The Mn data has a standard deviation well 
within this range of 6,845.21794. The 
average of the random standard deviation 
histograms was 7,034.948, which differs by 
2.7% from the Mn data. The X2 values were 
very similar. The random data all had a X2 
between 58.03296 and 58.03704. The Mn 
data falls within this narrow range with a 

value of 58.03607. The average of the 
random X2 tests is 58.03422, which is a 
negligible 3.19 x 10-5 % difference. Within 
the limitations of the experimental data 
explained above, we can say that  Mn 
populated areas are randomly distributed 
within sample S453.  
 
CONCLUSIONS 
 
 In this paper we quantified the 
clustering properties of Mn populated areas 
into the ScN system by using MC/2PCF and 
X2 analysis.  We observed experimentally 
with STEM and EDX that the signal per one 
pixel could come from 20 – 4400 
manganese atoms.  Within the limitations of 
our experimental results, we can say that 
the Mn populated areas distribute randomly 
within the S453 film. However, more 
research needs to be done in order to 
pinpoint even more conclusively the origin 
of magnetism in MnScN system. 
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