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Softening the ultra-stiff: Controlled variation of Young’s modulus in
single-crystal diamond by ion implantation
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a b s t r a c t

A combined experimental and numerical study on the variation of the elastic properties of defective
single-crystal diamond is presented for the first time, by comparing nano-indentation measurements on
MeV-ion-implanted samples with multi-scale modeling consisting of both ab initio atomistic calculations
and meso-scale Finite Element Method (FEM) simulations. It is found that by locally introducing defects
in the 2 � 1018e5 � 1021 cm�3 density range, a significant reduction of Young’s modulus, as well as of
density, can be induced in the diamond crystal structure without incurring in the graphitization of the
material. Ab initio atomistic simulations confirm the experimental findings with a good degree of con-
fidence. FEM simulations are further employed to verify the consistency of measured deformations with
a stiffness reduction, and to derive strain and stress levels in the implanted region. Combining these
experimental and numerical results, we also provide insight into the mechanism responsible for the
depth dependence of the graphitization threshold in diamond. This work prospects the possibility of
achieving accurate tunability of the mechanical properties of single-crystal diamond through defect
engineering, with significant technological applications, e.g. the fabrication and control of the resonant
frequency of diamond-based micromechanical resonators.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Diamond is an extremely attractive material for a broad range of
technological applications due to its unique physical and chemical
properties. In particular with regards to its extrememechanical and
thermal properties, in the past years several works were focused on
developing mechanical structures and resonators in diamond
either by MeV ion implantation [1,2] or by reactive ion etching

[2e6] with the purpose of taking advantage of its high mechanical
hardness, stiffness and thermal conductivity. Moreover, diamond
hosts a wide variety of luminescent defect centres [7,8] that can act
as stable single photon emitters at room temperature or as optically
addressable solid-state spin-qubits [9,10]. A challenging goal in this
field is to efficiently couple negatively charged nitrogen-vacancy
centres to resonant mechanical structures [11e13]. For advanced
applications in nano-opto-mechanical devices, the prospect of be-
ing able to modify and finely tune the mechanical properties of
diamond is therefore particularly appealing. In the case of other
carbon-based materials (e.g. carbon nanotubes, fullerenes or gra-
phene), the effect of structural defects on their macroscopic me-
chanical properties has been studied both experimentally [14,15]
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