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Critical role of Fock exchange in characterizing dopant geometry and magnetic
interaction in magnetic semiconductors
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We demonstrate the significance of the Fock exchange in accurately describing dopant geometry on the
superexchange interaction between the magnetic ions in doped semiconductors. The result emphasizes the
important role of the Coulombic and electronic contributions to the Hellmann-Feynman forces, which have been
overlooked in methods using generalized gradient approximation and local density approximation functionals.
Using hydrogen-doped ZnO:Co as an example, we show that the hybrid functional can result in a new geometry
of hydrogenic complex, which mediates ferromagnetic interaction through a combination of double exchange
and Jahn-Teller effect.
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I. INTRODUCTION

Geometrical configurations of dopant elements play a
significant role in determining the magnetic behavior of a
wide range of doped magnetic materials such as diluted
magnetic semiconductors (DMSs). For instance, in the absence
of itinerant magnetism, double exchange or superexchange
dominate the interactions between magnetic ions. These
interactions compete against each other to determine the main
magnetic properties of DMSs. The result of such a competition
is predominantly dependent on the specific geometry formed
by dopants within the host material. Nevertheless, due to
the difficulty in studying the geometrical configuration of
dopants experimentally, density functional theory (DFT) has
emerged as a powerful tool to understand the relationship
between magnetism and doping geometry in the field of
DMSs. The most popular techniques have been the local
density approximation (LDA) [1] and the generalized gradient
approximation (GGA) [2]. Both of these methods approximate
the exchange-correlation (xc) functional as uniform electron
gas, which subsequently results in falsely positive predictions
of ferromagnetism in many DMS materials [3].
It is well known that both of the LDA and GGA functionals
suffer many serious shortcomings when they are applied to
the transition metal oxide (TMO) based DMSs. Due to the
one-electron approximation within the LDA and GGA’s xc
functional, the localized d valence electrons in transition
metals are usually described as overly delocalized. This
error is revealed through the inaccurate description of the
geometry and the Kohn-Sham band gap. Both of the LDA
and GGA methods fail to reproduce the experimental lattice
parameters and the electronic band gap of TMOs. In materials
like ZnO, calculations done within the LDA framework
slightly underestimate the a and c lattices within 1.8% of
the experimental value [4], which is known as the overbinding problem [5]. While the GGA method with its popular
application—the Perdew-Burke-Ernzerhof (PBE) functional
[2]—overestimates the a and c lattice values, resulting in a
larger bulk volume by 1%. These geometrical errors originate

*
†

hussein.assadi@unsw.edu.au
sean.li@unsw.edu.au

1098-0121/2014/89(15)/155110(6)

from two sources: (i) the nonlocal character of xc and (ii)
the noncompensated electrostatic self-interaction. As a result,
the d orbitals in ZnO based DMS materials are destabilized.
This causes an overestimation of the overlapping between
metal-ligand, thus resulting in an inaccurate geometry. The
artificially delocalized charge density also manifests itself in
the form of the inaccurate description of the band structure.
Both LDA and GGA methods consistently predict a much
narrower one-electron gap for ZnO as well as overdescribe the
binding between the d orbitals and the ligand field [6].
Based on these theoretical understandings, both of the
electronic and geometrical errors are closely related via the
inadequacies of the xc in describing TMOs. This subtle
connection between geometry and band structure can be further understood through the mechanism behind the so-called
geometry optimized process in the Kohn-Sham equation.
Within the DFT framework, the optimal lattice parameters
are obtained by utilizing the electronic structure to minimize
the Hellmann-Feynman forces acting on the ions [7].
FI = −

∂H
∂E
|ψo 
= − ψo |
∂RI
∂RI

(1)

In essence, Eq. (1) relates the force FI acting on ion I at
position RI with the total energy E of the system and the total
Hamiltonian H corresponding to the ground state |ψo . For a
many-body quantum mechanical problem in DFT describing
transition metals, this total force can be written with the
contribution of the electronic forces Fel and ionic forces Fion
using perturbation theory [8]:
FI = Fion + Fel
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The first term on the right-hand side represents the ionic
forces that arise from the Coulomb interactions between ions,
while the second and third terms show the total contribution
of all the occupied states to the electronic forces. In II-VI
semiconductors like ZnO, the ionic forces describe the classical Coulomb interactions between nuclei, while the electronic
forces represent the contributions from the electrons shared
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and transferred between two neighboring atom orbitals. Local
density approximation and GGA functionals tend to underestimate the influences of these forces. The Coulomb repulsion
between the two neighboring nuclei is described as strongly
screened by the LDA/GGA functionals. In addition, the electronic forces originating from the interaction between different
valence states cannot be described accurately within the DFT
framework due to the self-interaction error and delocalization
of the 3d electrons. As a result, the underestimation of the
band gap is intrinsically linked with the geometrical problem.
This problem becomes acutely important in many oxides
based DMSs where the Anderson-Goodenough-Kanamori rule
[9–11] predicts that the superexchange interaction between
two neighboring transition metals is critically dependent on
their geometrical configurations. To overcome these shortcomings in describing the Hellmann-Feynman forces, our
strategy is to use a hybrid functional known as the HeydScuseria-Ernzerhof (HSE) functional [12,13]. It combines the
LDA/GGA xc with a certain
 amount α of the Hartree-Fock exchange VH SE = −α i ψi (r)erfc(μ|r − r  |)/ψj∗ (r)/|r − r  |
by using the error function erfc(r) to describe the short-range
Coulomb exchange between electrons and ion.
An important application of the hybrid functional is to study
the localization of the dopant state, which is critical for understanding the ferromagnetic mechanism in DMS materials. It is
well known that functionals like LDA and GGA, because of the
incomplete self-interaction cancellation, tend to characterize
localized dopants as delocalized in semiconducting oxides
[14–16]. Such an inaccurate description manifests itself in the
form of a minimally distorted geometry of the doped structure
in contrast to experimental results [17,18]. In TMO based
DMSs, mobile elements like H exist in abundance [19], and it
has been suggested to be responsible for the ferromagnetic
interaction in ZnO-based materials [20,21]. Among these
materials, there has been substantial research on Co doped ZnO
due to the early prediction of room-temperature magnetism
[22–25]. However, this ferromagnetic interaction still remains
controversial due to the discoveries of antiferromagentism as
well as paramagnetism also existing in ZnO:Co [26–28]. To
reconcile these opposing findings, one of the most popular
explanations for the parallel spin-spin coupling between Co
ions is the formation of a hydrogenic complex Co-H-Co
predicted by Park and Chadi using the LDA method [29].
Such a structure would minimize the distortions between the
transitional metal dimer. However, based on the conventional
understanding of hydrogen bonding, it is expected that H
would occupy the position closest to an oxygen atom because
of the attractive force from the large electronegativity of
oxygen [30]. Thus, a strongly distorted geometry should be
expected in a DMS system containing complexes formed by H
and TM dopants, resulting in an unequal TM-O bond length in
the TM-O-TM complex. Nevertheless, a consequence of the
hydrogen bridge-bond model was that the deep hydrogenic
state did not contribute to the mobile carrier concentration.
Due to the difficulty in experimentally determining the exact
position of H, this indirect evidence has created a false
interpretation [31,32] of H-complex geometry in mediating
parallel spin-spin interaction in hydrogenic ZnO:Co.
To demonstrate the importance of the Fock exchange
in accurately describing the localized dopant geometry in

FIG. 1. (Color online) Geometrical configurations of Co and
hydrogen in ZnO:Co and H. (a) and (b) Co atoms are positioned
in the ab plane with hydrogen in the antibonding and bond-centered
positions, respectively. (c) and (d) Co atoms are placed in the c-axis
configuration with hydrogen in the antibonding and bond-centered
positions, respectively. The blue spheres are Co atoms, green is H,
gray is Zn, and red is O.

DMS materials, we revisit the role of hydrogen in Co doped
ZnO in the framework of the hybrid functional method. Our
calculations show that: (i) the corrected description of forces
by the hybrid functional reveals the false stability of Co-H-Co
in the LDA approximation; (ii) hydrogen is trapped between
the Co dimer in the Co-O-Co complex to form Co-H-O-Co
[Fig. 1(b)]; and (iii) a new model of magnetism is proposed in
which the charge transfer process associated with the lattice
distortion induced by HBC results in mixed valence states of
Co ions, which interact ferromagnetically.
II. COMPUTATIONAL METHODOLOGY

Our first-principles calculations were conducted within the
framework of the projector-augmented wave (PAW) method
[33] with the PBE exchange-correlation functional and the
HSE hybrid functional method with screened Coulomb potential. Our models were developed using 2 × 2 × 2 supercells,
which contain the same numbers of atoms as the model of
Park et al. [29] and 3 × 3 × 2 k-point mesh using the
Monkhorst-Pack scheme [34]. The plane-wave functions were
expanded using the two functionals with an energy cutoff
of 500 eV and an energy convergence of 10−4 eV. For the
optimization process, the internal positions of the ions in all
geometrical configurations were relaxed until the HellmannFeynman forces were less than 0.01 eV Å−1 . The lattice
parameters of undoped ZnO obtained from the PBE functional
are a = 3.29 Å and c = 5.30 Å, while the band gap is calculated
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to be 0.9 eV, which is smaller than the experimental value.
Within the hybrid functional, the screening parameter μ =
0.2 Å−1 and mixing parameter α = 0.37 were chosen since they
can reproduce a band gap of 3.49 eV and lattice parameters
a = 3.25 Å and c = 5.22 Å. These values are very similar
to the experimental lattices a = 3.248 Å and c = 5.220 Å
[35] and an experimental direct band gap of 3.44 eV [36]. The
difference between ferromagnetic (FM) and antiferromagnetic
(AFM) interaction was defined as E = (EAFM − EFM )/2.
III. RESULTS AND DISCUSSIONS
A. Dopant geometry

For the study of magnetism in ZnO:Co and H, we
considered the configurations with Co-O-Co placed along c
axis and hydrogen placed in the interstitial and antibonding
positions as shown in Fig. 1. The c-axis configurations of
Co-O-Co and H show weak ferromagnetism with E =
0.428 and 0.637 meV/Co, and they are also less stable
than the ab-plane configuration [Fig. 1(b)] by 22.7 and
23.8 meV [Figs. 1(c) and 1(d)], respectively. Subsequently,
we investigate configurations of hydrogen in ZnO:Co with Co
dimers in the ab plane: (i) bond-centered hydrogen (HBC ) and
(ii) antibonding hydrogen as shown in Figs. 1(a) and 1(b).
Within the PBE approximation, the antibonding configuration
of hydrogen (Co-H-Co) is more stable than the bond-centered
configuration by 0.497 eV, while the HSE functional predicts
the bond-centered hydrogen to be more stable than the Co-HCo geometry of hydrogen by 0.126 eV. These opposing results
between the two functionals can be understood by studying
the nature of hydrogen bonding in these two configurations
within the PBE and hybrid functional.
Figure 2 highlights the different characterization of
the Hellmann-Feynman forces by different functionals. In

FIG. 2. (Color online) Optimized geometrical configurations of
hydrogen in ZnO:Co using PBE functional and hybrid functional
methods. (a) and (b) Bond angles and bond lengths of Co-H-Co
(antibonding) and Co-H-O-Co (bond-centered) configuration within
the PBE, respectively. (c) and (d) Geometry of the antibonding and
bond-centered configurations of hydrogen obtained from the hybrid
functional, respectively. The color scheme is similar to Fig. 1.

FIG. 3. (Color online) Charge contour between oxygen and hydrogen in Co-H-Co configuration obtained from (a) the PAW method
with PBE functional and (b) the hybrid functional method HSE.
Hydrogen is the small white ball, hydrogen is the large red ball, Co
is the large gray ball, and Zn is the blue ball.

Fig. 2(a), the PBE functional results in the antibonding position
of H as forming bridge bonds with the two Co ions in the dimer
structure. In this configuration, the binding length between
Co-H is calculated to be 1.60 Å, which is shorter than the
distance between O and H (dO−H = 2.23 Å). As a result,
the H’s charge is evenly distributed between the Co ions and
does not overlap with O as indicated in Fig. 3(a). The orbital
occupancy reveals 0.593 e− occupying the 1s state. For the
Co-H-O-Co complex [Fig. 2(b)], H’s charge is localized in the
Co-O-Co structure via the electrostatic attraction between O
and H. Due to this attractive force, the O-H bond is shortened
to 1 Å, and H is now closer to Co1 (dCo1 −H = 1.91 Å) and
further from Co2 (dCo2 −H = 2.66 Å) atom. The population
analysis obtained from the PBE functional shows 0.546 e−
occupying H’s 1s orbital. As a result, the bonding nature of H
is distinctly different between a localized HBC and delocalized
Co-H-Co complex. In Co-H-Co, H’s 1s state overlaps with
the transition metal dimer, while for HBC configuration H is
strongly localized in the sp3 covalent bond with O and does
not interact with the two Co dimer.
Within the hybrid functional formalism, the bonding nature
of H, O, and the Co dimer is completely transformed.
The exact exchange increases the repulsive Coulomb forces
between the nuclei in the system, resulting in lengthening the
bonds between neighboring atoms. In addition, the screened
Fock exchange in the HSE functional also corrects the selfinteraction in Co’s 3d and Zn’s 3d, leading to an increase in the
number of occupied states by pushing the partially occupied
Co’s minority states below the Fermi level, thus potentially
increasing the contribution of the electronic states to the total
force as described in Eq. (2). Consequently, the improved
description of intermolecular forces alters the optimized
configurations. For the Co-H-Co complex [Fig. 2(c)], H is
displaced towards the oxygen atom in the Co-O-Co dimer due
to the larger attractive force between O and H. This results in
a decreasing distance of 2.17 Å between O and H, while the
Co-H binding length becomes longer with a distance of 1.68 Å
due to the larger repulsive force between the two Co ions’
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nuclei. The orbital occupancies reveal that hydrogen only has
0.503 e− in the 1s state, indicating a charge transfer between H
and oxygen in the Co-O-Co complex as observed in Fig. 3(b).
This ionic behavior between O and H can also be understood
through the effect of the Fock exchange in the hybrid functional
in the O’s 2p and H’s 1s states. Here, H’s charge density is
no longer evenly distributed between the two Co-H bonds due
to the elimination of the self-interaction error via the Fock
exchange. It is now more localized in the region between O
and H because of the larger attractive intermolecular force
between H and O caused by the smaller distance between
these two ions. This process leads to an increased overlapping
between the H’s 1s and O’s 2p orbitals, resulting in the charge
transferred from H to O. In the bond-centered configuration,
the hybrid functional further increases the localization of H
within the O-H bond by shortening it to 0.97 Å. The Co and H
distance is now 1.94 Å for dCo1 −H and 2.52 Å for dCo2 −H and
the Co2 -O bond length is 2.06 Å. Moreover, the occupancy
study reveals that H’s 1s state now has 0.624 e− , which is
significantly higher than 0.546 e− predicted by PBE functional.
This increase in occupancy of H is potentially due to the charge
spilling over from O due to the fact that the O-H bond length
is smaller than the sum of the smallest Wigner-Seitz radii of
O and H as predefined in the pseudopotentials supplied in the
simulation code. Nevertheless, the shorter O-H bond as well
the shorter distances between Co ions and H resulting from the
HSE functional clearly indicates an increase of attractive force
between O and H which alters the geometry of the hydrogenic
complex.
These results reveal that the exact exchange in the HSE
functional systematically increases the attractive nature of
the binding force between O and H, which has the opposite
effects on two hydrogen configurations. In the antibonding
configuration, the HSE functional improves the description
of the long-range electrostatic interaction between O and H
(dO−H = 2.17 Å), which results in the correlated motion of
their nuclei, thus reducing the electron-electron repulsion of
these two elements’ valence states. We believe that such a
force is Van der Waals in nature because of the long-range
nature of the intermolecular interactions between O and H.
It is well documented that this type of attraction can only be
described by the inclusion of a nonlocal exchange term in the
functional [37]. As the distance between H and O shortens, the
H’s 1s and O’s 2p orbitals become increasingly overlapped.
This overlapping, in turn, causes more charge to be transferred
from the cationic hydrogen to the anionic oxygen, therefore
weakening the covalent character of the Co-H-Co complex.
However, in the bond-centered configuration, the increasing
attractive force between O and H localizes the charge in the
hydroxyl bond, which stabilizes a new dopant geometry.
B. Exchange interaction

Now based on this new geometrical configuration, we
investigate the magnetic properties of ZnO:Co and H. The
new geometry reveals a strongly distorted Co dimer in contrast
to the C6v and CS symmetries of the undoped ZnO:Co
and Co-H-Co configuration. Such distortion results in two
surprising new effects, which are both absent in Co-doped
ZnO: (i) the unequal valence states of the Co ions and (ii)

FIG. 4. (Color online) Charge contours of Co1 ’s and Co2 ’s minority spin states in (a) AFM configurations and (b) FM configurations
(the units are arbitrary), (c) charge transfer process from oxygen
atoms to Co1 and Co2 and the magnetic moments (μB ) of oxygen due
to the partially filled p states. Color scheme is similar to Fig. 2.

an emergence of the Jahn-Teller effect (JTE). The calculation
reveals that Co1 now has 7.33 e− occupying its 3d state, while
Co2 has 7.10 e− in its 3d orbitals, indicating extra charges
being transferred to the two Co ions from the surrounding
oxygen atoms. Because of the hydrogen-induced distortion,
charges from the surrounding reservoir, e.g. oxygen ions, are
transferred to the Co ions, thus resulting in the unequal valence
states of the two Co ions. To understand the mechanism of this
charge transfer process and its relation to ferromagnetism,
the charge contour and the orbital occupancies and magnetic
moment of the neighboring oxygen atom bonded with the
two Co atoms were studied as demonstrated in Fig. 4. In
the case of AFM interaction, Fig. 4(a) shows that carriers
in O’s 2p surrounding Co1 and Co2 are heavily localized.
Such localization stabilizes the antiparallel spin interactions
due to the effect of superexchange interactions between the
two Co ions mediated by the O-H complex. As a result, for
FM interaction to be energetically favorable extra charge is
needed to be transferred from the neighboring oxygen atoms
to the two Co ions as shown in Fig. 4(b). In the case of the
Co1 atom, the three bonding oxygen atoms donate 0.33 e−
to Co1 ’s 3d states, resulting in a total magnetic moment of
0.37 μB of O’s 2p, shown in Fig. 4(c). The magnetization
in these O atoms is caused by the unbalanced partially filled
3p states. In the case of Co2 , extra charges (0.10 e− ) are
only contributed from the two bonding oxygen atoms, which
lead to a smaller total magnetic moment of 0.043 μB for the
oxygen atoms. The oxygen atom in the O-H complex also has a
magnetic moment of 0.022 μB . This small magnetic moment
is the consequence of the induced magnetization from Co2 .
Consequently, H does not provide carriers to the two Co ions
but plays an indirect role in facilitating the charge transfer
process through geometrical distortion of the ZnO host. It is
important to note that this mechanism is qualitatively different
from the reported charge transfer-related magnetism in which
magnetic dopants transfer charges to defects in the oxide host
materials [38]. The effects of broken symmetry together with
the increasingly filled d orbitals lead to a pronounced JTE on
the Co ions. Such an effect in doped magnetic semiconductor
systems has been reported to be only described accurately by
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FIG. 5. (Color online) Density of states of the AFM and FM interactions in bond-centered configuration of hydrogen. (a) and (b) Total
DOS and partial DOS (Co’s 3d and H’s 1s) of AFM and FM configurations, respectively. (c) and (e) Minority spin states of Co1 ’s and Co2 ’s
3d states, respectively, in the AFM interaction. (d) and (f) FM configuration of minority spin states of Co1 ’s and Co2 ’s 3d states, respectively.
Color scheme is similar to Fig. 4.

HSE functional due to the lack of exact exchange in the PBE
functional [39].
To understand the JTE, we plot the density of states as
shown in Fig. 5. From Fig. 5, it can be seen: (1) the eg
states are split into two individually occupied states for Co1 ,
while for Co2 , the eg states are split into occupied and
empty states, (2) the empty eg and t2g states are localized
deep in the conduction band, and (3) the hydrogenic states
are well situated below the Fermi level so they cannot
contribute to the mobile carrier of the ZnO:Co system. These
results are the consequence of Jahn-Teller distortion which
strongly distorts the ideal tetrahedral environment of Co ions
and gives rise to an insulating ferromagnetic ground state
(E = 44.4 meV/Co). In other DMS systems, the JTE is
crucial in stabilizing/destabilizing the electron (hole) states,
which are responsible for the ferromagnetism [39–41]. As a
consequence, the hybrid functional can prove to be a powerful
method in investigating the impact of geometry in the magnetic
properties. In addition, it is noted that this result is qualitatively
different from the ferromagnetic model previously presented
for Co-H-Co [29]. The unoccupied t2g states were falsely
located in the band gap, thus making it possible for hydrogen
to mediate the interaction between the two Co’s 3dt2g states. If
the t2g was located deep inside the conduction band as obtained
from the HSE functional, the formation of bridge bond between
the hydrogenic state and Co’s t2g would require large energy
gains, thus resulting in the instability of the Co-H-Co complex.
However, in our model, the magnetic interaction arises out of

a complex combination of Jahn-Teller distortion and double
exchange interaction due to the unequal valance states of the
Co ions [41].
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