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a b s t r a c t

The effect of Hydrogen insertion on the electronic and magnetic properties of the Cr doped ZnO has been
investigated using the density functional theory DFT approach within the GGA and GGA+U methods. The
electronic density of states (DOS) shows that the magnetic contribution appears to be n-type in H-ZnO.
The calculated formation energy indicates that interstitial hydrogen atom prefers to bond with oxygen
atom in the CrAO bond center. Calculations show that the existence of interstitial hydrogen increases
the local magnetic moment of Cr in Zn1�xCrxO. The hydrogen implantation increases the magnetic
moment in the CrZnO. Calculations are done for different doping concentrations to discuss the contribu-
tion of different atoms to the magnetic moments.

� 2017 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO is a wide-band-gap semiconductor, which crystallizes in
hexagonal wurtzite, zincblende and rocksalt structures. However,
due to its potential applications especially in the last decade, the
hexagonal wurtzite structure of ZnO is the most studied crystal.
This compound exhibits very interesting and remarkable proper-
ties in the field of spintronic, transparent electronics, piezoelectric-
ity and optoelectronics [1,2]. The practical applications of DMS
(Diluted Magnetic Semiconductor) in spintronic require that the
DMS exhibit ferromagnetism at and above room temperature. On

other hand, the discovery of room-temperature ferromagnetism
(RT-FM) in transition metal-doped transparent conducting oxides
(TCOs) like ZnO or CdO broadens the possibility of application of
DMS in modern technology [3,4].

On the other hand, the relationship between hydrogen and
magnetic order has recently been found in graphite surfaces by
X-ray magnetic circular dichroism [5], important role of this ele-
ment can be played in the magnetism of non-magnetic materials.
Furthermore, hydrogen is one of the most abundant and inevitable
impurities, its presence can influence electrical and magnetic prop-
erties of ZnO [6].

Recently, some experimental [7–10] and theoretical [11] works
have been published concerning the study of the advantageous
role of hydrogen to enhancing ferromagnetism formalism in
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3d-transition-metal-doped ZnO. It is shown that hydrogen inser-
tion turns out to be a simpler and effective method to generate a
magnetic order in ZnO [6,12,13]. In addition, the strong decrease
of the electrical resistance provides attractive possibilities for
future applications.

It is important to note that among the large number of research
papers published so far in the literature, we have mentioned those
references particularly, simply because they are directly related to
the present work, from which the possible ion valences were used.
In the spintronic technological, introducing transition metals like
Co, Mn, Fe, Cr, Cu, and Ni has permitted doped ZnO to reveal excep-
tional magnetic, optical (Room temperature ZnO photolumines-
cence tuned by Cr doping [14]), and electronic properties
required for spintronic materials [15–22]. In this paper, we study
the important effect of hydrogen on the electronic and magnetic
properties of (Zn, Cr)O. The choice of the Chromium metal transi-
tion element is based on the ferromagnetic stability of Cr-doped
ZnO DMSs [23,24]. Thus first principles calculations are used to
examine the structural, magnetic and electronic properties of Cr-
doped ZnO and H-Cr-codoped ZnO. A thorough discussion on the
structural properties associated with hydrogen (H) impurities
located at several different sites in the lattice is done. Calculations

of the total energy allow to identify the most stable position
occupied by H in ZnO and (Zn, Cr)O lattice. Similar experimental
and theoretical studies have been performed to investigate the
behavior of H impurity in Mn doped GaN, Mn doped CdTe and Cr
doped ZnO dilute magnetic semiconductor [25–27]. Furthermore,
we performed a careful analysis of the Cr-H interactions, and their
influence on the structural, electronic and magnetic properties of
(Zn, Cr)O.

2. Computational details

The calculations have been performed using the ab initio total-
energy and molecular-dynamics program VASP (Vienna ab intio
simulation program) developed at the Fakultӓt für Physik of the
Universitӓt Wien [28,29]. The exchange and correlation energies
are treated within the generalized gradient approximation (GGA)
[30,31] with projector augmented wave (PAW) [28,32] pseudo-
potentials. For the treatment of the semi core 3d states of Zn and
Cr, the generalized gradient approximation with the Hubbard U
correction method (GGA+U) is used [32,33] with correlation energy
correction, U = 11 and 3.57 eV for d electrons of Zn and Cr atoms,
respectively. The exchange parameter J has been fixed to 1 eV.
The Hubbard U value is calculated by varying U in about 0.1 eV
steps from 0.0 to 11.2 eV and compared the results of band gap
with experimental value. The optimized U value showed 2.16 eV
for band gap, which is near to experimental value (3.44 eV) [34].
The U value obtained in this work differs from that found in other
works (9, 10.5, 10.57 and 12.5 eV) [35–38] but it is sufficient to
obtain a band gap that matches with that of experiment. The DFT
+U approach introduces an on-site correction to better describe

Table 1
Calculated total energies of the spin polarized state Esp, non-spin polarized state Ensp
and absolute total energy differences |Esp � Ensp| by GGA and GGA+U.

Ensp (eV) Esp (eV) |Esp � Ensp| (eV)

GGA �492.60428 �493.96059 1.356
GGA+U �489.4936 �491.66209 2.168
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Fig. 1. The total DOS of: pure ZnO ((a) GGA, (c) GGA+U) and a single Cr doped ZnO ((b) GGA, (d) GGA+U).
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