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The first-ever Compton profile of GaN employing high energy (662 keV) �-radiations from a 137Cs source has been 
reported. To compare our experimental momentum densities, the Compton profiles and electronic properties using density 
functional theory within linear combination of atomic orbitals have also been computed. The nature of bonding in GaN is 
compared with its isoelectronic InN using equal-valence-electron-density profiles and Mulliken’s population. To establish 
applicability of Compton scattering in computation of cohesive energy, the cohesive energy using the experimental and 
theoretical momentum densities has also been studied. The energy bands and density of states computed using DFT 
calculations are compared with the existing data.  
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1 Introduction 

 It is well known that Compton scattering technique 
yields information about the fundamental ground state 
electron momentum density �(p). In this method, the 
double differential Compton scattering cross-section 
is related to the electron momentum distribution of 
the target materials1. In bulk materials, Compton 
scattering technique is valid when the energy 
transferred during the interaction is much larger than 
the binding energy of the electronic states involved. 
 The relation between the Compton profile, J(pz), 
and the �(p) is given by: 
 

J(pz)=� � �(p) dpx dpy …(1)  
 

where pz is the component of the electron’s ground 
state momentum along the scattering vector  
(z-axis).Within the independent-particle model, the 
�(p) is related to �j(r) which are the occupied one 
particle wave functions. Therefore, the Compton 
scattering study of materials is helpful in 
understanding their electronic structure and chemical 
bonding etc. The experimental Compton profiles are 
also useful in verification of density functional theory 
(DFT), because the accuracy of results obtained from 
the DFT calculations depends upon the approximate 
nature of exchange and correlation potentials.  
 Among the III-V nitride compounds, GaN has 
fascinating properties which are useful in short 

wavelength light emitting diodes, high temperature 
and high power devices2. In general, wurtzite (WZ) 
nitrides are wide band gap materials with direct 
optical transition, high ionicity, high bond strength 
and good thermal conductivity. zinc-blende (ZB)  
III-V nitrides show a lower energy gap than WZ 
nitrides and a higher saturated electron drift velocity. 
In spite of different electronic band structure 
calculations and experimental investigations for 
electronic properties3,24, a consistent picture related to 
the band gaps, the position of d and N(2p) bands as 
well as the hybridisation of N(2s) with semi-core d 
states of Ga is lacking. This keeps a great interest and 
considerable attention in the electronic properties of 
GaN.  
 

 The purpose of present work is multi-fold, namely 
to (a) measure Compton profile of GaN at 
intermediate resolution (b) compute Compton profiles 
using LCAO-DFT calculations and compare them 
with the present measurement (c) check the relative 
nature of bonding of GaN and InN using experimental 
and theoretical equal-valence-electron-density profiles 
(d) compute the cohesive energy employing the 
electron momentum densities and (e) deduce the 
electronic properties of GaN and visualize the role of 
different kind of exchange and correlation potentials 
including hybridization of Hartree-Fock (HF) and 
DFT schemes (B3LYP). 
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2 Theory 

 The electronic structure (including momentum 
densities) using local density approximation (LDA) 
and generalized gradient approximation (GGA) within 
DFT and B3LYP using CRYSTAL03 code25 have 
been computed. The exchange and correlation 
potentials suggested by von Barth-Hedin26 and 
Perdew-Burke-Ernzerhof27 for DFT-LDA and DFT-
GGA computations have been used, respectively. In 
the B3LYP, the exchange correlation density 
functional energy involves the Becke’s gradient 
correction28 to the exchange and correlation 
functionals using prescription of Lee-Yang-Parr29 and 
Vosko-Wilk-Nusair30. 
 To compute the electronic properties of GaN, the 
all-electron Gaussian basis sets31 for Ga and N were 
used. To improve the convergence of N (2p) and Ga 
(3d) potentials, the basis sets were energy optimized 
using BILLY software. For faster convergence of 
self-consistent-field cycles, the BRODYEN scheme32 
was applied for all the calculations. The cut-off 
threshold parameters for Coulomb and exchange 
integral evaluation have been set to default values25. 
The integration in the reciprocal space has been 
carried out on a grid of 256 k points in the irreducible 
Brillouin zone (BZ), generated by a Monkhorst-Pack 
shrinking factor of 12. For the WZ-GaN, the lattice 
parameters33 were a = 3.190 Å and c = 5.189 Å. The 
lattice constant a for the ZB-GaN was taken to be 
4.50 Å.  
 
3 Experimental Details 

 In the present measurements, the 137Cs source 
primarily for investigating the electron momentum 
density has been used. Some salient features of our 20 
Ci 137Cs Compton spectrometer34 are as follows: The 
incident �-rays of 662 keV were scattered through a 
mean angle of 160±0.6° from the polycrystalline 
samples. The high purity (99.9± %) sample of  
WZ-GaN (pellet) was kept in a perspex ampoule 
having very thin Mylar sheets on both the sides. The 
momentum resolution (Gaussian, full width at half 
maximum), which includes the detector resolution and 
the geometrical broadening of the incident and the 

scattered photons was 0.38 au (1 au of momentum = 
1.9929×10−24 kg m s−1). The raw Compton data were 
corrected for background, instrumental resolution, 
Compton scattering cross-section and multiple 
scattering1,34, etc. It may be noted that the 
instrumental resolution correction was limited to 
stripping off the low energy tail from the data, 
therefore, the theoretical profiles have to be 
convoluted with the instrumental resolution. The 
sample dimensions along with other experimental 
parameters are given in Table 1. 
 
4 Results and Discussion 
 
4.1 Energy bands and DOS 
 

4.1.1 ZB structure 

 Energy bands of the ZB-GaN along with total and 
partial density of states (DOS) obtained using the 
DFT-GGA scheme within LCAO method are shown 
in Fig. 1. Due to a similar topology of energy bands 
and DOS (except some fine structure and band gap) 
within the DFT-LDA and the B3LYP schemes of 
LCAO, these bands are not shown here. Figure 1 
shows that GaN in the ZB phase has a direct band gap 
at the Γ point. It is seen that the lowest valence bands 
originate due to mixing of the valence d electrons of 
Ga and the N (2s) states. The valence d bands are 
found to be highly resonant with the N (2s) bands. It 
is noticed that this pronounced mixing comes from 
both the segments of N (2s) bands lying above and 
below the valence d bands. From the DOS curves, it is 
seen that the upper valence bands in GaN are 
dominated by N (2p) states. Presently calculated band 
gaps are found to be 2.48, 2.46 and 3.58 eV at the Γ 
point for LDA, GGA and B3LYP, respectively. These 
values are compared with the available theoretical and 
the experimental data3-6,9-11,14,15,18,19 as tabulated in 
Table 2. We find that for ZB-GaN, our DFT-GGA 
based calculations show lower band gap in 
comparison to the experimental data4,14 whereas the 
B3LYP value is closer to the experimental 
investigations and other data6,11. Our DFT based band 
gaps are found to be in good agreement with 
theoretical values as reported earlier9,18. 

Table 1 — Measurement summary of experimental Compton profile of WZ-GaN 
 

Sample diameter  
(thickness) in cm 

Bulk density  
(g/cm3) 

Exposure time 
 (h) 

Integrated counts 
(×107) 

Multiple scattering 
(–10 to +10 au) (%) 

Normalization of profile 
(0 to +7 au) (e–) 

 
2.2 (0.35) 3.05 297 1.05 11.07 16.86 

 
 



INDIAN J PURE & APPL PHYS, VOL 53, MAY 2015 
 
 

330 

Table 2 — Calculated band gaps (∆Eg) of GaN along with 
available  data in eV 

 
�Eg Method 

ZB phase WZ phase 
(i) Present work   

 DFT-LDA 2.48 2.54 
 DFT-GGA 2.46 2.53 LCAO 
 B3LYP 3.58 4.07 

 

(ii) Available Theory 
 

  

PP 
GW 
SIRC-PP 

1.6(Ref.6) 
3.1(Ref.6) 
3.8(Ref.6) 

1.70(Ref.6) 
3.50(Ref.6) 
4.00(Ref.6)  

DFT (LDA) 
DFT (LDA+U) 

2.14(Ref.18) 
2.87(Ref.18) 

 
 

FP-LAPW (LDA) 
(GGA with QP corrections) 

1.80((Ref.19) 
2.4(Ref.9) 

3.50(Ref.10) 
2.40(Ref.9) 

LDA 1.93 (Ref.15)  
FP-APW 

GGA 1.52(Ref.15)  
PP-PW (DFT-LDA) 2.00(Ref. 5) 

3.21(Ref.11) 
2.13 (Ref. 5) 
3.36 (Ref.11) 

(iii) Available Experiment 
3.30(Ref.14) 
3.21(Ref.4) 

3.41(Ref.4) 
3.46 ((Ref.3) 

 
4.1.2 WZ structure  

 Figure 2 shows the energy bands and DOS for the 
WZ-GaN. In the lowest part of valence bands (below 
−15.0 eV), most of the s character comes from N site, 
whereas the d character resides on the Ga site. 
Therefore, overlapping of Ga (3d) with the N (2s) 
states forms a particular set of bands. It is in contrast 
to experimental work reported earlier3,4 wherein it is 
shown that the 3d bands lay apart from 2s bands. This 
difference can partially be explained in terms of 
negligence of combination of self-interaction and 
final screening effects in the band calculations. Our 

DFT calculations show that the hybridization of the  
N (2p) derived valence states enhances the effective 
p-d coupling that pushes up the valence band 
maximum (VBM), which leads to reduction in 
calculated band gap. 
 The VBM and the conduction band minimum 
(CBM) for the WZ phase is located at Γ. It indicates a 
direct band gap of 2.54, 2.53 and 4.07 eV for LDA, 
GGA and B3LYP, respectively (Table 2). Our DFT 
based calculations show lower band gap in 
comparison to the experimental data3,4, while the 
B3LYP values are closer (although higher side) to the 
experiment. The band gap values derived from the 
B3LYP scheme are in very good agreement with that 
reported by Vogel et al

6. using self-interaction  
and relaxation-corrections within pseudopotentials  
(SIRC-PP) and the DFT based values are near to those 
reported by other researchers6, 11.  
 
4.2 Compton profiles 

 The anisotropies in the unconvoluted Compton 
profiles computed from the directional profiles of  
ZB-and WZ-GaN within the DFT (with LDA and 
GGA) and the B3LYP schemes are plotted in  
Fig. 3(a-b). The anisotropy is calculated by taking the 
difference in directional Compton profiles as: 
 
�J(pz) = Jhkl(pz)−Jh′k′l′(pz)  …(2) 
 
where [hkl] and [h′k′l′] are the principal 
crystallographic directions. It is seen that in WZ phase 
the value of ( )zJ p  near 0zp = is high for [100].  

 
 

Fig. 1 — Energy bands (E-k relations) along high symmetry directions of the first Brillouin zone of ZB-GaN using GGA scheme within 
LCAO method. On the right hand side, the total and partial density of states (DOS) are shown 
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 The numerical values of individual directional 
Compton profiles are available on request. The origin 
of anisotropy in Compton profiles can be explained 
on the basis of E-k relations. For example, in  
WZ-GaN (Fig. 2) the plane of integration normal to 
[100] direction contains large number of allowed 
states in the ΓM branch (distance ΓM = 0.602.n,  
n = 1, 2, 3...), which leads to higher momentum 
density and hence Compton profile along [100] (ΓM) 
direction. This tends to a negative oscillation near  
pz = 0.60, 1.2 au in J110−J100 and a positive oscillation 
at about 0.5 au in J100−J001 direction as seen in  
Fig. 3(b).  

 Due to non-availability of large size single crystals 
(15 mm diameter and 2 mm thickness), only the 
isotropic experimental Compton profiles of the WZ 
phase (stable at room temperature) of GaN have been 
measured. The experimental profiles for WZ phase 
along with the unconvoluted theoretical values 
computed within the framework of the DFT (LDA 
and GGA) and the B3LYP are listed in Table 3. 
 

 Figure 4 shows the differences derived from 
convoluted theory and the experiment. All the 
theoretical profiles have been smeared with the 
instrumental resolution of 0.38 au, to account the 
experimental resolution. In high momentum region 

 
 

Fig. 2 — Same as Fig. 1 except the sample which is WZ-GaN 

 

 
 

Fig. 3 — Unconvoluted anisotropies in LCAO based Compton profiles of GaN for (a) ZB phase (b) WZ phase 
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(pz ≥ 4 au), the theoretical profiles show a good 
agreement with the experimental data. It is 
understandable because this region is dominated by 
core electrons, which almost remain unaffected in 
bonding mechanism. It is also clear from Fig. 4 that 
the B3LYP based Compton line is relatively in better 
agreement with the present experiment, which is also 
confirmed on the basis of �2 fitting.  
 Now, the possible reasons for differences between 
theory and experiment in the low momentum region 
have been examined. The computation of Compton 
profiles from the momentum densities should 
incorporate the correlated states with average 
occupancies of single particle states lying between 0 
and 1. While in LDA independent particle 
approximation, the occupation number density 
follows a step function (occupancies are one and zero 
only). As a result of normalization, this approximation 
pushes the momentum densities towards the low 
momentum region which leads to the higher value of 
theoretical Compton profiles in this region. Although, 
the diffused polarization functions in the basis-sets 
have been incorporated, even then further 
improvement in the quality of basis sets cannot be 
ruled out.  

 
 
Fig. 4 — Difference between the convoluted theoretical 
(spherically averaged) LCAO Compton profiles and isotropic 
experimental profile for WZ-GaN. Solid lines are drawn  
 
4.3 EVED profiles 

 To compare the relative nature of bonding in both 
the isoelectronic WZ-GaN and InN, the experimental 
profiles on pz/pF scale have been scaled. The scaled 
profiles are also known as equal-valence-electron-
density (EVED) profiles. These are very promising in 
predicting the nature of bonding in isovalent 
materials35. The Compton profiles of WZ-InN were 
taken from our earlier work21. Figure 5(a-b) shows the 
normalized (4 e–) experimental and theoretical (GGA) 
EVED profiles of both the WZ compounds. It is seen 
that the scaled experimental and theoretical 
J(pz/pF=0) values for InN are lower than that of GaN. 
It suggests more localization of charge in the bonding 
direction in GaN. As a consequence, it is concluded 
that the WZ-GaN is more covalent than the WZ-InN, 
which is in agreement with the ionicity results 
reported by Philips36. In Table 4, the present atomic 
charge states using Mulliken’s population (MP) 
analysis in both phases of GaN and InN are given. A 
similar trend of ionicity for WZ phase of both the 
compounds, as seen from the MP analysis in Table 4 
also confirms our conclusions.  
 
4.4 Cohesive properties 

 The cohesive energy of GaN can be calculated 
from ground state total energy of the crystalline solids 
( Total

GaNE ) using the following relation: 
 

Cohesive Total FA FA
GaN GaN Ga NE = -E + E + E   ...(3) 

Table 3 — Theoretical (unconvoluted) Compton profiles of 
WZ-GaN. Also included here is the isotropic experimental 
Compton profile of WZ-GaN. For comparison with the present 
experiment, all the theoretical profiles have to be convoluted 
with a Gaussian FWHM of 0.38 au 

 
J(pz) (e/au) pz 

(au) DFT-LDA DFT-GGA B3LYP Expt. 
 

0.0 8.173 8.154 8.122 7.560 ± 0.019 
0.1 8.142 8.121 8.090 7.517 
0.2 8.042 8.017 7.992 7.424 
0.3 7.867 7.840 7.828 7.285 
0.4 7.627 7.600 7.604 7.102 
0.5 7.337 7.314 7.320 6.880 
0.6 7.003 6.986 6.976 6.627 
0.7 6.613 6.603 6.581 6.348 
0.8 6.162 6.159 6.143 6.056 
1.0 5.186 5.203 5.209 5.435 ± 0.017 
1.2 4.402 4.430 4.425 4.829 
1.4 3.903 3.924 3.917 4.274 
1.6 3.554 3.563 3.563 3.792 
1.8 3.250 3.252 3.257 3.386 
2.0 2.960 2.961 2.967 3.046 ± 0.015 
3.0 1.827 1.828 1.831 1.878 ± 0.011 
4.0 1.156 1.155 1.159 1.171 ± 0.009 
5.0 0.776 0.776 0.778 0.783 ± 0.008 
6.0 0.557 0.557 0.558 0.554 ± 0.007 
7.0 0.419 0.420 0.420 0.429 ± 0.004 
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Fig. 5 — Equal-valence-electron-density (EVED) experimental 
and theoretical profiles (on pz/pF scale) of isoelectronic 
compounds WZ-GaN and InN. In experiment, the statistical errors 
are within the size of symbols used. The data for InN is taken 
from Sharma and Ahuja21. 
 

Table 4 — Atomic charge states of ZB-and WZ-GaN (in |e|) 
computed using Mulliken’s population analysis employing 
LCAO method 

 
Method ZB WZ 

 

DFT-LDA 1.06 1.15 
DFT-GGA 1.11 1.19 

B3LYP 1.16 1.25 
 

where FA
GaE and FA

NE are the free atom (FA) energies 
corresponding to Ga and N. In such computations, the 
choice of atomic reference energy leads to a 
controversial values25 of Cohesive

GaNE . To avoid this 
situation, the theoretical band structure based 
Compton profiles and the experimental Compton 
profiles for the evaluation of cohesive energy, 

CohesiveE , have been used. The cohesive energy can be 
calculated using the following relation37,38: 
 

max

Cohesive 2

0

E [ ( )  ( )] 
p

z S z FA z zp J p J p dp= −�   …(4) 

 

where the ( )S zJ p  and JFA(pz) refer to solid and free 
atom Compton profiles of materials (presently GaN), 
respectively. The value of maxp  was taken to be 2 au 

because after this value the ( )S zJ p was almost equal 
to z( )

FA
J p . Further, the core contribution eliminates 

in the difference z z( ) ( )S FAJ p J p− . In addition, the 

smallest possible value of the maxp  reduces the 

experimental error arising due to multiplication of 2
zp  

in the high momentum37,38 tail as governed from Eq. 

(4). The values of CohesiveE  for GaN along with the 
available experimental and theoretical data are listed 
in Table 5.  
 It can be seen that the CohesiveE  for ZB-GaN 
calculated from various approximations of the LCAO 
method is comparable to other reported values5,8,12 
using various approaches, but differ from the PP and 
LAPW calculations using the PBE approximation12 
and the available experiment2. In case of the  
WZ-GaN, the present data agree with the present 
experimental data and other available theoretical and 
experimental data7,8.  
 Our experimental and theoretical values of the 

CohesiveE  suggest that the Compton profile measurements 
on such type of materials can be used for the 
computation of cohesive energy, a limitation may be a 
careful choice of the pmax in the integral given in Eq. (4).  
 
5 Conclusions  

 The energy bands and DOS of the ZB and WZ 
phases of GaN are presented. The values of band gaps 
derived from the hybridization of HF and DFT 
schemes (so called B3LYP) are close to the available 
experimental data. The B3LYP based Compton 
profiles for the WZ phases are found to be relatively 

Table 5 — Cohesive energy (ECohesive) of GaN in eV along with 
the results of other investigations 

 
Method ZB phase WZ phase 

 

(i) Present work   
LCAO-DFT-LDA 10.29 8.91 
LCAO-DFT-GGA 10.63 9.15 
LCAO-B3LYP 10.28 9.10 

 

Compton Expt.  8.92 ± 0.03 
(ii) Available theory   

(a) PPPW-LDA  
 

10.545 
10.188 

10.555 
10.198 

(b) PPPW-GGA 8.258  8.278 
(c) PP-LDA 10.6812  
(d) LAPW-LDA 10.8012  
(e) PP-PBE 8.7412  
(f) FPLAPW-PBE 8.8612  

(iii) Available Expt 8.962 9.067, 8 
PP-PBE: pseudopotential with Perdew-Burke-Ernzerhof 
potentials 
AE: all-electron 
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in better agreement with the experimental values. 
Using the EVED profiles and the Mulliken’s 
population analysis, it is concluded that InN is more 
ionic (or less covalent) than GaN. The present 
experimental and theoretical cohesive energies of 
GaN, which are based on Compton spectroscopy and 
hence free from choice of atomic reference energy, 
are consistent with the earlier data. The present work 
establishes a trend setting methodology for 
computation of cohesive energy using electron 
momentum densities. 
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