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Fluctuations of electrical and mechanical properties of diamond
induced by interstitial hydrogen∗
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While experimental evidence demonstrates that the presence of hydrogen (H) impurities in diamond films plays a
significant role in determining their physical properties, the small radius of the H atom makes detecting such impurities
quite a challenging task. In the present work, first-principles calculations were employed to provide an insight into the
effects of the interstitial hydrogen on the electrical and mechanical properties of diamond crystals at the atomic level. The
migrated pathways of the interstitial hydrogen are dictated by energetic considerations. Some new electronic states are
formed near the Fermi level. The interstitial hydrogen markedly narrows the bandgap of the diamond and weakens the
diamond crystal. The obvious decrement of the critical strain clearly implies the presence of an H-induced embrittlement
effect.
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1. Introduction

During the growth of diamond films by a chemical va-
por deposition (CVD) method, the diamond surface is contin-
uously surrounded by abundant energetic hydrocarbon (CHx)

species and atomic hydrogen (H).[1–5] The atomic H tends to
passivate the growing surface of the diamond film by form-
ing C–H bonds. The succeeding diamond growth relies on
the continuous exchange of the terminating H with the CHx

species.[6,7] However, this equilibrated exchange process may
be disturbed by local energy fluctuations on the diamond sur-
face, which results in the entrapment of H atoms in the di-
amond crystals.[8–11] Locations where the H atoms may be
trapped have not yet been determined. The small radius of
the H atom makes it extremely challenging to experimentally
detect H impurities in the diamond crystals. It has been exper-
imentally proven that H impurities, which are mainly bounded
with crystal defects or bonded to the diamond surface, greatly
affect a range of physical properties of the diamond films, in-
cluding electrical properties.[12–17] As of yet, the role of H im-
purities within diamond crystals, particularly interstitial hy-
drogen, has not been properly identified.

A diamond crystal can be viewed as two interpenetrating
face-centred cubic (FCC) lattices, where one is displaced rel-
ative to the other along a body diagonal by a one-fourth of
the lattice constant. In this arrangement, two types of intersti-
tial sites are generated, which have octahedral and tetrahedral
symmetries. According to the volume formula of the pyramid,

the corresponding volumes of the two interstitial sites are ap-
proximately 6.9 Å3 and 1.7 Å3, respectively. The volume of
the H atom is only 0.14 Å3, which is far smaller than that of
either interstitial site. Hence an H atom can occupy either of
the interstitial sites in a diamond crystal.[18] The previous the-
oretical studies of the interstitial hydrogen in a diamond have
mainly focused on several special positions with a particular
symmetry in the interstitial sites.[8,19,20] These are known as
the center of the tetrahedral site (T site), the body center of the
diamond crystal (T site), the bonding center of two neighbor-
ing carbon atoms (BC site), the midway vacancy between two
T sites (H site), and the midway vacancy between the body
center and the face center (C site). However, these positions
are only parts of the locations in which an interstitial hydro-
gen atom may be trapped. Numerous other interstitial posi-
tions in the diamond crystal, which may trap H atoms, have
not yet been investigated. As previously indicated, a trapped H
atom does not remain still in an interstitial site. Given energy
fluctuations,[21] H atoms trapped in energetically unfavorable
positions are unstable and may overcome potential barriers in
the diamond lattice to migrate towards more stable interstitial
sites. Such possible migration pathways have not been well
experimentally verified. In addition, the migrations of the in-
terstitial hydrogen might potentially affect the mechanical and
electrical properties of the diamond films. In this work, we
search for the positions of the interstitial sites which may trap
H atoms as completely as possible. Furthermore, we study
possible migration pathways from unstable positions for the
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interstitial hydrogen. Based on the findings, the effect of the
interstitial hydrogen on the mechanical and electrical proper-
ties of the diamond is investigated.

2. H starting positions and computational meth-
ods
The diamond crystal structure belongs to the Fd-3m

space group (No. 227) (Fig. 1(a)). According to the geo-
metric symmetry, tetrahedral and octahedral interstices in the
diamond can be divided into 24 and 16 equal parts, respec-
tively. The site A-ODH in Fig. 1(b) is a representative one of

all equivalent octahedral interstices and I-JKE in Fig. 1(c) is
that of the tetrahedral ones. Regarding the octahedral site, the
various positions which are chosen in A-ODH for the intersti-
tial hydrogen are shown in Fig. 1(b). The interstitial hydrogen
in the tetrahedral sites is studied in a similar manner. All these
positions can basically represent the possible locations for in-
terstitial hydrogen after exchange and collision processes dur-
ing the growth of a CVD diamond. Based on the complete
relaxation of the diamond lattice without any imposed restric-
tions, the interstitial hydrogen located at these positions dis-
plays diverse migration pathways.
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Fig. 1. (color online) (a) Locations of octahedral (A-CFED-B) and tetrahedral (G-ADE) interstitial sites in diamond. Carbon atoms
are represented by dark grey balls. (b) Starting H positions are represented by light grey balls in one part (A-DOH) of the octahedral
interstitial site. (c) Starting H positions are represented by light grey balls in one part (I-JKE) of the tetrahedral interstitial site.

Table 1. Calculated lattice constant, bulk modulus K, shear modulus G,
Young’s modulus E, bulk modulus to shear modulus ratio, Possion ratio
ν , and bandgap of the diamond. Experimental data are also shown for
comparison.

Theory Experiment
lattice constant/Å 3.531 3.567a)

K/GPa 444.6 443a)

G/GPa 543.7 534b)

E/GPa 1158.8 1142.8
K/G 0.82 0.83

ν 0.066 0.07
Bandgap/eV 4.9 5.5c)

a)Ref. [19]; b)Ref. [18]; c)Ref. [17]

First-principles calculations on an 8-atom diamond unit
cell are performed by employing the density functional
theory (DFT) and the plane-wave pseudopotential tech-
nique as implemented in the CASTEP program.[22,23] The
ion–electron interaction is modeled by norm-conserving
pseudopotentials.[24] An energy cutoff of 1000 eV is used
for the plane-wave basis to ensure the convergence of the to-
tal energy and stress. A generalized gradient approximation
(GGA) with the PW91 parameterization is adopted in order to
describe the exchange–correlation interaction.[25] An 8×8×8
Monkhorst–Pack k-point mesh is employed for the k-point
sampling in the Brillouin zone of the reciprocal space after
our test on the energy convergence. Convergence tests have
been performed on the lattice constant, the mechanical param-

eters, and the bandgap of the diamond. The corresponding
data are listed in Table 1. The excellent agreement between
experimental[26–28] and present theoretical results verifies that
the set of parameters can reproduce experimental results quite
well.

3. Results and discussion
3.1. H in octahedral and tetrahedral interstitial sites

The positions of the interstitial hydrogen in the octahedral
interstitial of the diamond (Fig. 1(b)) can be approximately
classified into three types: close to the C atoms, close to the
body center, and close to the [111] direction of the diamond
lattice. In the case that the interstitial hydrogen is close to the
C atoms (Fig. 2), it will migrate towards the neighboring bond
center site (BC),[8] which is formed by two C atoms in the
diamond lattice. In the case that it is close to the body cen-
ter (Fig. 2), the interstitial hydrogen will migrate towards the
body center site, i.e., the center of the octahedral interstitial
site. In the case that it is close to the [111] direction (Fig. 3), it
will migrate towards the [111] direction. This clearly implies
that the migration directions have a close relationship with the
starting positions of the interstitial hydrogen. In an attempt to
further examine the migrations from other sites, we place an
interstitial hydrogen on the positions which were proposed in
previous works.[8] The interstitial hydrogen behaves in a sim-
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ilar manner and indeed migrates towards the body center, the
bond center, or the [111] direction.
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Fig. 2. (color online) Two representative starting H positions in the
octahedral interstitial site of diamond and their migration trajectories
marked by solid circles and squares, respectively. One is located near
the C atoms (D point in Fig. 1(b)) of the diamond lattice (solid squares,
black), which migrates towards the neighboring bond center (BC); the
other is located near the body center (O point in Fig. 1(b)) of the dia-
mond lattice (solid circles, orange) and migrates towards the body cen-
ter, namely, Td.
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Fig. 3. (color online) H migration in the octahedral site with the starting
H position near the [111] direction and finally it migrates towards the
neighboring positions along the [111] direction.
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Fig. 4. (color online) Two representative starting H positions in the
tetrahedral interstitial sites of diamond and their migration trajectories.
One is located near the C–C bond in the diamond, which migrates to-
wards the bond center (solid squares, black); the other is located near
the body center of the diamond lattice, which migrates towards the cen-
ter of the tetrahedral interstitial site (solid circle, orange).

H atoms in the tetrahedral sites are also studied in a man-
ner similar to those in the octahedral ones. Two typical posi-
tions close to the center of the tetrahedral interstitials and the C
atoms of the diamond lattice are shown in Fig. 4. Similarly, the
interstitial hydrogen migrates towards the bond center when it
is close to the C atoms of the diamond lattice; otherwise, it
migrates towards the center of the tetrahedral interstitial site.

3.2. H on positions of [111] direction

As stated above, the interstitial hydrogen migrates to-
wards the neighboring bond center if it is close to the C atoms
of the diamond lattice. However, if the interstitial hydro-
gen is located on positions of the [111] path, it will migrate
along the [111] direction either towards the body center or
the center of the tetrahedral interstitial site instead of moving
towards the neighboring bond center, despite its proximity to
the C atoms of the lattice. For such positions, the H migra-
tion needs to overcome the energy barriers along the [111]
direction. Figure 5 shows the energy distributions along the
[111] direction. A small difference in energy exists on the
interface of octahedral and tetrahedral interstitial sites (point
M in Fig. 5), it is about 0.082 eV/atom as opposed to the much
larger 0.28 eV/atom, which is present between the C atoms
of the [111] direction and the body center or the center of the
tetrahedral sites. Under energy fluctuation conditions which
are induced by temperature changes (400–1700 K),[19,20] the
interstitial hydrogen can overcome such small energy differ-
ences and migrate from octahedral to tetrahedral interstitial
sites along the [111] direction. When the interstitial hydrogen
finally approaches the C atoms on the [111] direction in the
tetrahedral interstitial (from point I to point N in Fig. 5), the
increasing energy barrier forces it to bounce back. A similar
phenomenon is observed for the interstitial hydrogen in the
octahedral interstitial (from point O to point L in Fig. 5). This
means that the interstitial hydrogen, which is confined by two
C atoms on the [111] axis, shows a tendency to oscillate to
and fro between octahedral and tetrahedral interstitials along
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Fig. 5. (color online) Energy distributions along the [111] direction be-
tween two points L and N. Both points L and N are shown in the inset.
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the [111] direction. Finally, it should be stated that the present
work focuses on a prefect diamond crystal. The presence of
various other types of defects such as point, line, and planar
defects in the diamond crystals impacts the preferred locations
of interstitial hydrogen and consequently their migration path-
ways. Such an effect needs to be studied in depth in future
work.

3.3. Electrical properties

The oscillation of the interstitial hydrogen along the [111]
direction will surely result in variations of the periodic poten-
tials in the diamond, which will affect the electronic properties
of the diamond. Figure 6(a) shows some specific positions on
the [111] direction for electronic structure calculations, while
figure 6(b) shows the corresponding calculated densities of
state (DOS) of the diamond. A bandgap is clearly shown in the
pure diamond. However, some new states near the Fermi level
do appear when the interstitial hydrogen is introduced into the

diamond, which leads to a shift of the conductive edge of the
diamond towards the Fermi level. The bandgap is obviously
narrowed. The calculated bandgap of the pure diamond is ap-
proximately 4.9 eV, while that of the H-containing diamond
almost disappears, which highlights the significant influence
of the interstitial hydrogen on the electrical properties of the
diamond.

Two representative cases, i.e., the interstitial hydrogen at
the body center (point a in Fig. 6(a)) and that at the bond center
(point f in Fig. 6(a)), are chosen to verify the detailed effect on
the DOS of the diamond. Figure 6(c) shows the total density
of states (TDOS) and the local density of states (LDOS) for
the interstitial hydrogen at the body center site. For the TDOS,
the densities of states below the valence band and above the
conduction band are mainly derived from the C atoms of the
diamond lattice. The contribution of the interstitial hydro-
gen to the TDOS is concentrated near the Fermi level, which
is probably the reason for the bandgap reduction. On the
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Fig. 6. (color online) Fluctuations of electrical properties of diamond induced by the interstitial hydrogen along the [111] direction. The
same Gaussian broadening with a width of about 0.01 eV is used for all the DOS and LDOS. (a) Specified positions on the [111] direction
(points a–e). (b) Density of states for H-containing diamond with H atoms at positions a–e. The DOS of pure diamond is also shown for
comparison. (c) Local density of states (LDOS) and DOS of H-contained diamond with H atom at the body center of the diamond (point
a in panel (a)). (d) LDOS and DOS of H-contained diamond with an H atom at the bond center (point f in panel (a)).
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contrary, the TDOS and the LDOS for the interstitial hydro-
gen at the bond center, which are shown in Fig. 6(d), are very
different from those shown in Fig. 6(c). The contribution of
the interstitial hydrogen to the TDOS is mainly concentrated
below the valence band and above the conduction band.

3.4. Mechanical properties

In addition to the electrical properties, the mechanical
properties of the diamond are also studied. The positions of
the interstitial hydrogen considered in the calculations are the
same as those in Fig. 6(a). By employing the elastic con-
stants (Fig. 7(a)) which are calculated by first-principles cal-
culations, the bulk (K), the shear (G), and the Young’s mod-
uli (E) are calculated using the Reuss–Voigt–Hill average.[29]

The results are shown in Fig. 7(b). The obtained K, G, and E
for the pure diamond are 445 GPa, 544 GPa, and 1159 GPa,
respectively. However, when the interstitial hydrogen is intro-
duced into the diamond, the corresponding moduli decrease
significantly by about 9.7%, 32.9%, and 27.5%, respectively.
The moduli of the diamond with H at different positions show
small variations except for in position e of the tetrahedral inter-
stitial site, which show markedly lower values. Upon a careful
examination of the relevant structure, we find that the lattice
constant increases by 3.3% and the corresponding C–C bond
around the interstitial hydrogen becomes elongated by 1.9%
as opposed to those in the pure diamond. This may reduce
the bonding strength, weaken the resistance of the diamond to
external compression, and consequently decrease the elastic
moduli.
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Fig. 7. (color online) (a) Elastic constants (C11, C12, and C44) at the speci-
fied positions a–e. (b) Fluctuations of bulk modulus K, shear modulus G, and
Young’s modulus E of diamond along the [111] direction. The corresponding
values are calculated from the elastic constants using the Reuss–Voigt–Hill
average.[29] Specified positions a–e are the same as those shown in Fig. 6(a).

In addition to the elastic moduli, the ideal strength is an-
other important description of a material’s mechanical prop-
erties. It has been demonstrated that the failure of a diamond
by fracture is mainly dictated by its tensile strength along the
[111] direction.[30,31] Correspondingly, interstitial hydrogen
prefers to stay in some positions (e.g., octahedral and tetra-
hedral sites) in this direction, as stated above, which has a pro-
nounced effect on the ideal strength of the diamond. Figure 8
shows the stress–strain curve in the case when the interstitial
hydrogen is located at the body center of the diamond. The
tensile strength for the pure diamond is about 90.2 GPa, which
is in excellent agreement with a previously calculated value
of 92.8 GPa at a 13% strain.[22] However, when the intersti-
tial hydrogen is introduced into the body center of the dia-
mond, the corresponding tensile strength decreases dramati-
cally to a value of about 33 GPa. Furthermore, the critical
strain decreases from 13% for the pure diamond to 4% for an
H-containing one. It can, therefore, be inferred that the high-
est achievable tensile strength of the diamond is reduced due
to the increasing crystal brittleness caused by the interstitial
hydrogen.
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Fig. 8. (color online) Stress–strain curves for pure diamond and H-
contained diamond with the interstitial hydrogen at the body center. The
calculated stress–strain curves of pure diamond obtained in Ref. [22] is
also shown for comparison.

4. Conclusion
First-principles calculations were employed to study the

positions of the interstitial hydrogen in a diamond and its mi-
gration pathways. Migration directions are strongly related
to the positions of the interstitial hydrogen. If the H position
is close to the C atoms of the diamond lattice, the interstitial
hydrogen will migrate towards the neighboring bond center,
whereas if the H position is close to the [111] direction, it will
migrate towards the energy minima of the [111] axis. On the
other hand, if the H position is located on some points along
the [111] direction, it will still migrate towards the body center
or the center of the tetrahedral sites rather than the neighboring
bond center, despite its proximity to the C atoms of the [111]
direction. In the case that the interstitial hydrogen is located
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in some positions of the [111] direction, it shows a tendency
to oscillate to and fro between the two C atoms on the [111]
direction in the octahedral and tetrahedral interstitial sites.

The interstitial hydrogen has an obvious influence on the
electrical and mechanical properties of a diamond. The for-
mation of some new states which appear near the Fermi level
is induced by the interstitial hydrogen. These promote the
conductive edge of the diamond to move towards the Fermi
level, and consequently narrow the bandgap. The DOS of the
diamond shows a metal-like feature. The interstitial hydro-
gen greatly weakens the diamond crystal by reducing the bulk,
shear, and Young’s moduli. Introducing the interstitial hydro-
gen greatly reduces the tensile strength of the diamond. The
obvious decrement of the critical strain clearly indicates the
presence of an H-induced embrittlement effect.
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