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Strain	
  to	
  Alter	
  the	
  Covalency	
  and	
  Superconductivity	
  in	
  Transition	
  
Metal	
  Diborides	
  	
  
Huanchen	
  Zhai,1	
  Francisco	
  Munoz,2,3,*	
  Anastassia	
  N.	
  Alexandrova1,4,*	
  

Among	
  layered	
  metal	
  diborides,	
  MB2,	
  only	
  MgB2	
  is	
  a	
  superconductor.	
  We	
  explicate	
  the	
  details	
  of	
  the	
  chemical	
  bonding	
  in	
  
the	
  diboride	
  series,	
  and,	
  based	
  on	
  those,	
  propose	
  a	
  strategy	
  for	
  the	
  application	
  of	
  anisotropic	
  mechanical	
  stress	
  that	
  could	
  
lead	
  to	
  the	
  superconducting	
  behavior	
  in	
  some	
  transition	
  metal	
  diborides,	
  particularly	
  in	
  ScB2.	
  The	
  key	
  aspect	
  detrimental	
  
to	
   superconductivity	
   is	
   found	
   to	
   be	
   the	
   covalent	
  metal-­‐boron	
   bonding	
   enabled	
   by	
   the	
   presence	
   of	
   d-­‐electrons	
   on	
   the	
  
metal.	
  We	
  show	
  that,	
  based	
  on	
  the	
  differential	
  response	
  to	
  electronic	
  states	
  of	
  different	
  angular	
  momenta	
  to	
  anisotropic	
  
strain	
  or	
  compression,	
   the	
  covalent	
  overlap	
  can	
  be	
  strategically	
  manipulated.	
  The	
  metal-­‐boron	
  covalency	
   in	
  ScB2	
  can	
  be	
  
removed	
  when	
  the	
  lattice	
  is	
  compressed	
  along	
  the	
  ab-­‐direction,	
  or	
  stretched	
  along	
  the	
  c-­‐direction.	
  Both	
  types	
  of	
  stress	
  are	
  
characterized	
  by	
  the	
  rise	
  of	
  the	
  degenerate	
  σ-­‐band	
  toward	
  crossing	
  the	
  Fermi	
  level.	
  The	
  elongation	
  along	
  c	
  also	
  softens	
  the	
  
degenerate	
  E2g	
  phonon	
  that	
  can	
  split	
  this	
  s-­‐band	
  to	
  produce	
  Cooper	
  pairs.	
  More	
  generally,	
  while	
  the	
  effect	
  of	
  mechanical	
  
stress	
  on	
  superconductivity	
  has	
  been	
  seen	
  before,	
   it	
  was	
  not	
  known	
  what	
  exactly	
  the	
  stress	
  achieves.	
  Here	
  we	
  explicate	
  
this	
  on	
  the	
  example	
  of	
  a	
  particular	
  alloy	
  family.	
  Our	
  findings	
  can	
  lead	
  to	
  strategies	
  for	
  choosing	
  the	
  type	
  and	
  strength	
  of	
  
mechanical	
  stress	
  for	
  the	
  manipulation	
  of	
  materials’	
  vibronic	
  structures	
  toward	
  superconductivity.	
  

Introduction	
  
It	
  would	
  be	
  great	
  if	
  novel	
  superconductors	
  could	
  be	
  discovered	
  
other	
   than	
  by	
   serendipity.	
   In	
   this	
   contribution	
  we	
   report	
   one	
  
lever	
   in	
   the	
  material	
   electronic	
   and	
   vibrational	
   structure	
   that	
  
could	
   be	
   instrumental	
   in	
   manipulating	
   superconductive	
  
behavior.	
  We	
  focus	
  on	
  a	
  family	
  of	
  metal	
  diborides,	
  MB2.	
  MgB2	
  
stands	
   out	
   in	
   this	
   series,	
   as	
   well	
   as	
   in	
   general	
   among	
  
superconducting	
   materials	
   at	
   the	
   ambient	
   pressure,	
   for	
   its	
  
critical	
   temperature	
   (Tc)	
   is	
   the	
   highest	
   among	
   conventional	
  
superconductors.1	
  However,	
  there	
  are	
  several	
  transition	
  metal	
  
diborides	
   with	
   the	
   same	
   crystalline	
   structure,	
   albeit	
   not	
  
superconductors,	
   or	
   having	
   much	
   lower	
   Tc.

2	
   Several	
   studies	
  
offer	
   theoretical	
   explanations	
   of	
   the	
   low	
   Tc	
   or	
   lack	
   of	
  
superconductivity	
  in	
  these	
  materials,	
  but	
  no	
  uniform	
  theory	
  of	
  
the	
  trends	
  present	
   in	
  MB2	
  emerges	
  so	
  far.3	
  Additionally,	
  most	
  
of	
   these	
   works	
   offer	
   little	
   or	
   no	
   insight	
   into	
   the	
   chemical	
  
bonding	
   and	
   molecular	
   level	
   detail	
   that	
   would	
   clearly	
  
differentiate	
  the	
  known	
  MB2	
  phases.	
  
In	
   this	
   article,	
   we	
   explicate	
   the	
   differences	
   in	
   the	
   electronic	
  

and	
   phonon	
   structures	
   in	
   MgB2	
   and	
   several	
   transition	
   metal	
  
diborides,	
   which	
   lead	
   to	
   the	
   presence	
   or	
   absence	
   of	
  
superconducting	
  behavior	
  in	
  these	
  seemingly	
  similar	
  materials.	
  
Having	
   understood	
   the	
   principal	
   difference	
   that	
   leads	
   to	
   the	
  
absence	
  of	
  superconductivity	
  in	
  transition	
  metal	
  diborides,	
  we	
  
propose	
   a	
   way	
   to	
   manipulate	
   the	
   chemical	
   bonding	
   and	
  
vibrations	
   in	
   them	
   through	
   strain.	
   In	
   the	
   case	
   of	
   ScB2,	
   we	
  
succeed	
  to	
  manipulate	
  the	
  electronic	
  structure	
  and	
  vibrations	
  
through	
  strain	
  so	
  that	
   it	
  starts	
  to	
  mimic	
  those	
   in	
  MgB2.	
  While	
  
strain	
  has	
  been	
  occasionally	
  reported	
  as	
  a	
  factor	
  that	
  can	
  lead	
  
to	
   the	
   onset	
   of	
   superconducting	
   behavior,4-­‐10	
   this	
   effect	
   was	
  
found	
  serendipitously	
  and	
  no	
  rationale	
  was	
  provided.	
  Here,	
  we	
  
show	
   what	
   can	
   be	
   achieved	
   through	
   strain	
   on	
   the	
   level	
   of	
  
chemical	
   bonds.	
   We	
   show	
   that	
   strain	
   can	
   be	
   chosen	
  
strategically	
   to	
   alter	
   the	
   degree	
   of	
   atomic	
   orbital	
   (AO)	
  
hybridization,	
  and	
  thus	
  reduce	
  the	
  covalency	
  of	
  specific	
  bonds	
  
in	
   the	
   crystal	
   lattice.	
   This	
   effect	
   can	
   be	
   used	
   to	
   shift	
   the	
  
energies	
  of	
   electronic	
   and	
   vibrational	
   states	
   and	
   increase	
   the	
  
e-­‐ph	
  coupling,	
  leading	
  to	
  the	
  onset	
  of	
  superconductivity.	
  

Results	
  and	
  discussion	
  
Metal	
  diborides	
  in	
  the	
  absence	
  of	
  strain.	
  We	
  begin	
  from	
  MgB2,	
  a	
  
superconductor	
  with	
  high	
  Tc	
  (Fig.	
  1).

1	
  Currently,	
  several	
  efforts	
  
are	
   carried	
   to	
   control	
   its	
   properties	
   and	
   synthesis.11-­‐17	
   The	
  
mechanism	
  behind	
  its	
  superconductivity	
  is	
  well-­‐understood	
  as	
  
driven	
   by	
   the	
   electron-­‐phonon	
   interaction.18,19	
   The	
   band	
  
structure	
   of	
   MgB2	
   at	
   equilibrium	
   (Fig.	
  1a)	
   shows	
   two	
   bands	
  
crossing	
   the	
   Fermi	
   level,	
   making	
   MgB2	
   a	
   two-­‐gap	
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superconductor.20-­‐22	
   The	
   bands	
   of	
   the	
  𝜋	
   symmetry	
   (Fig.	
   1a,d)	
  

cross	
  the	
  Fermi	
  level	
  at	
  the	
  borders	
  of	
  the	
  hexagonal	
  Brillouin	
  
zone.	
   The	
   phonon	
   structure	
   is	
   shown	
   in	
   Fig.	
  1c.	
   No	
   phonon	
  
mode	
   is	
   effective	
   in	
   distorting	
   the	
   Fermi	
   surface	
   of	
   the	
   π	
  
symmetry.	
   However,	
   the	
   σ-­‐band	
   (Fig.	
   1a,d),	
   whose	
   Fermi	
  
surface	
   pierces	
   the	
   Brillouin	
   zone	
   from	
   Γ	
   to	
   A,	
   and	
   is	
  
degenerate	
   along	
   that	
   line	
   and	
   very	
   close	
   to	
   the	
   Fermi	
   level.	
  
Appropriate	
  phonons	
  can	
  break	
  the	
  symmetry	
  associated	
  with	
  
this	
   band	
   degeneracy,	
   and	
   produce	
   the	
   energy	
   splitting.	
   The	
  
phonon	
  that	
  can	
  accomplish	
  this	
  is	
  the	
  σ	
  B–B	
  bonds	
  stretching	
  
phonon	
  of	
  the	
  E2g	
  symmetry	
  (Fig.	
  1c,e).	
  By	
  applying	
  a	
  frozen	
  E2g	
  
phonon	
   (i.e.	
   a	
   displacing	
   the	
   atoms	
   in	
   the	
   lattice	
   along	
   the	
  
normal	
   mode	
   vector),	
   a	
   large	
   distortion	
   of	
   the	
   𝜎-­‐band	
   is	
  
achieved	
  near	
  the	
  Fermi	
  level	
  (Fig.	
  1b,	
  blue	
  outline).	
  Transient	
  
pairing	
  of	
  electrons	
  in	
  the	
  lower	
  of	
  the	
  formerly-­‐degenerate	
  σ-­‐
states,	
   and	
   state	
   reordering	
   through	
   the	
   E2g	
   vibration	
   is	
   the	
  
mechanism	
   behind	
   the	
   creation	
   of	
   the	
   Cooper	
   pairs.	
   In	
  
addition	
   to	
   the	
   changes	
   on	
   the	
   electronic	
   structure	
   (or	
   the	
  
deformation	
   potential),	
   the	
   E2g	
   phonon	
   is	
   quite	
   anharmonic,	
  
and	
   this	
   increases	
  Tc	
   even	
   further.

18	
   In	
   summary,	
   the	
   σ-­‐band	
  
and	
   its	
   electron-­‐phonon	
   interaction	
   with	
   the	
   E2g	
   phonon	
   are	
  
responsible	
   of	
   the	
   unusually	
   high	
   Tc	
   found	
   in	
   MgB2.	
   The	
   π	
  
band,	
  which	
  also	
  has	
  a	
  superconducting	
  gap,	
  decreases	
  Tc	
  by	
  a	
  
residual	
  scattering	
  among	
  Cooper	
  pairs.23	
  
Upon	
  replacing	
  Mg	
  in	
  MgB2	
  with	
  early	
  transition	
  metals,	
  Sc,	
  Y,	
  
Ti,	
   Zr,	
   V,	
   Mo,	
   Cr,	
   and	
   Nd,	
   several	
   changes	
   happen	
   in	
   the	
  
electronic	
   structure	
   (Figures	
   2,	
   and	
   S1	
   in	
   the	
   Supporting	
  
Information).	
  The	
  σ-­‐	
  and	
  π-­‐bands	
  can	
  be	
  recognized.	
  However,	
  

as	
  the	
  number	
  of	
  electrons	
  in	
  the	
  system	
  increases,	
  the	
  Fermi	
  
level	
  goes	
  up.	
  In	
  ScB2	
  and	
  YB2	
  the	
  σ-­‐band	
  is	
  not	
  fully	
  occupied,	
  
but	
   at	
  Γ	
   it	
   is	
   below	
   the	
  Fermi	
   level,	
   changing	
   the	
   topology	
  of	
  
the	
  Fermi	
  surface	
  with	
  respect	
   to	
  that	
   in	
  MgB2.	
  For	
  metals	
   to	
  
the	
   right	
   of	
   Ti	
   and	
   Zr,	
   the	
   σ-­‐band	
   is	
   completely	
   occupied.	
  
Hence,	
  the	
  solids	
  lose	
  the	
  ability	
  to	
  split	
  the	
  degeneracy	
  of	
  this	
  
band	
   through	
   e-­‐ph	
   coupling.	
   Additionally,	
   in	
   MB2,	
   the	
  
dispersion	
   of	
   the	
   σ-­‐bands	
   is	
   increased	
   along	
   the	
  𝛤−𝐴	
   line,	
   as	
  
compared	
   to	
  MgB2.	
   The	
   dispersion	
   in	
   this	
   direction	
   indicates	
  
an	
  increase	
  in	
  hybridization	
  and	
  covalent	
  bonding	
  between	
  the	
  
boron	
   and	
   the	
   orbitals	
   on	
   the	
   metal.	
   The	
   π-­‐band	
   hybridizes	
  
with	
   the	
   metal	
   d-­‐bands	
   at	
   higher	
   energies.	
   The	
   nature	
   and	
  
strength	
   of	
   hybridization	
   depends	
   on	
   the	
   metal	
   in	
   a	
  
complicated	
  way.	
  
Covalent	
   bonding	
   also	
   affects	
   the	
   phonons	
   (Figure	
   2).	
   In	
  
particular,	
   the	
   E2g	
   phonon	
   loses	
   dispersion	
   along	
   𝐴−𝛤	
   in	
   all	
  
MB2	
   alloys,	
   in	
   contrast	
   to	
   that	
   in	
   MgB2.	
   The	
   phonon	
   energy	
  
increases	
  from	
  (𝐴)=15.1,	
  𝜔(𝛤)=18.7	
  THz	
  in	
  MgB2	
  (Figure	
  1c),	
  to	
  

𝜔~27	
  THz	
  in	
  TiB2,	
  for	
  example,	
  indicating	
  the	
  strengthening	
  of	
  

the	
  material.	
  Shifting	
  both	
  the	
  σ-­‐bands	
  the	
  E2g	
  phonon	
  through	
  
metal-­‐boron	
   bonding	
   reduces	
   their	
   electron-­‐phonon	
   (e-­‐ph)	
  
coupling.	
   Indeed,	
   the	
   frozen	
   E2g	
   phonon,	
   which	
   causes	
   the	
  
splitting	
  of	
  σ-­‐bands	
  in	
  MgB2	
  at	
  Γ	
  on	
  the	
  order	
  of	
  1.1	
  eV	
  at	
  the	
  
0.02	
  Å	
  amplitude,	
  induces	
  a	
  splitting	
  of	
  0.7	
  eV	
  in	
  ScB2	
  and	
  TiB2.	
  
Hence,	
   we	
   see	
   that	
   the	
   key	
   factors	
   detrimental	
   to	
  
superconductivity	
   in	
  transition	
  metal	
  diborides	
   is	
  the	
  covalent	
  
character	
  of	
   the	
  metal-­‐boron	
  bonding,	
  as	
  well	
  as	
   the	
  number	
  
of	
  d-­‐electrons	
  populating	
   the	
  σ-­‐band.	
  The	
   lattice	
  parameter	
  c	
  

	
  

Figure	
  1.	
  MgB2 (a) band structures with the σ-band (p-xy) shown in blue and the π-band (p-z) shown in red; the Cartesian system in use 
has the z-direction aligned with the c direction of the unit cell, and xy are in the ab plane. (b) changes in the band structures after the 
frozen E2g phonon of the amplitude of 0.04 Å is applied; the light blue circle highlights the splitting of the σ-band important for 
superconductivity; (c) phonon dispersion, with the E2g phonon that distorts the σ B-B bonds labeled; (d) charge density for the π- and σ-
bands at the Γ point; (e) the normal node displacements of atoms in the lattice corresponding to the degenerate E2g phonon.	
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nearly	
   perfectly	
   linearly	
   correlates	
   with	
   the	
   number	
   of	
   d-­‐
electrons	
  as	
  well	
   as	
   the	
  electronegativity	
  of	
   the	
  metal,	
   in	
   the	
  
series,	
   Sc,	
  T,	
  V,	
  Cr,	
  and	
  Y,	
  Zr,	
  Nb,	
  Mo	
   (Figure	
  S2).	
   Indeed,	
   the	
  
electronegativity	
  of	
  Mg	
  (1.31)	
  is	
  very	
  far	
  from	
  that	
  of	
  B	
  (2.04),	
  
whereas	
   Mo	
   (2.16)	
   is	
   very	
   close	
   to	
   B,	
   clearly	
   making	
   MoB2	
  
more	
  covalent	
  than	
  MgB2.	
  All	
  other	
  MB2	
  alloys	
  fall	
  in-­‐between	
  
MoB2	
  and	
  MgB2,	
  in	
  terms	
  of	
  the	
  covalency	
  of	
  bonding,	
  Sc	
  and	
  Y	
  
being	
   the	
   closest.	
  Hence,	
   covalency	
  of	
  bonding	
   is	
   responsible	
  
for	
  shortening	
  of	
  the	
  lattice	
  in	
  the	
  z-­‐direction,	
  as	
  expected	
  for	
  
stronger	
   covalent	
   interactions.	
   The	
   number	
   of	
   d-­‐electrons	
  
additionally	
   systematically	
   shifts	
   the	
   EF	
   to	
   the	
   right	
   in	
   the	
  
Periodic	
  Table.	
  
 
Removing	
   covalency	
   through	
   mechanical	
   stress.	
  Hence,	
   reducing	
  
the	
   degree	
   of	
   covalency	
   of	
   the	
  metal-­‐boron	
   bonding,	
   and	
   shifting	
  
electrons	
   from	
   the	
   overly-­‐populated	
   σ-­‐band	
   to	
   other	
   bands	
   could	
  
potentially	
  recreate	
  the	
  superconducting	
  behavior	
  in	
  diborides.	
  We	
  
hypothesize	
   now	
   that	
   this	
   effect	
   could	
   be	
   achieved	
   through	
  
specifically	
  applied	
  mechanical	
   stress.	
  We	
  showed	
   in	
   the	
  past	
   that	
  
orbitals	
  of	
  different	
  angular	
  momenta	
  respond	
  to	
  mechanical	
  stress	
  
differently.24	
   For	
   example,	
   in	
   diatomic	
   molecules,	
   compression	
  
along	
   the	
   bond	
   axis	
   typically	
   destabilizes	
   the	
   σ-­‐bond	
   due	
   to	
  
increasing	
   electron-­‐electron	
   repulsion.	
   On	
   the	
   other	
   hand,	
   the	
   π-­‐	
  
and	
   especially	
   the	
   δ-­‐	
   and	
   the	
   φ-­‐bonds	
   may	
   drop	
   in	
   energy	
   upon	
  
moderate	
   compression,	
   because	
   the	
   otherwise	
   poor	
   bonding	
  

overlap	
   would	
   be	
   enhanced	
   at	
   a	
   shorter	
   internuclear	
   separation	
  
(Figure	
   S3).	
   Antibonding	
   states	
   would	
   all	
   go	
   up	
   in	
   energy	
   upon	
  
compression,	
  but	
  states	
  of	
  the	
  lower	
  angular	
  momentum	
  would	
  go	
  
up	
  more	
  quickly.	
  Strain	
  along	
  a	
  bond	
  would	
  generally	
  destabilize	
  the	
  
bonding	
   states	
   and	
   stabilize	
   the	
   antibonding	
   states,	
   but	
   the	
   rate	
  
with	
  which	
  the	
  states	
  shift	
  in	
  energy	
  as	
  a	
  function	
  of	
  strain	
  is	
  again	
  
angular-­‐momentum	
  dependent.	
  

Drawing	
   from	
   this	
   argument,	
   we	
   propose	
   the	
   first	
   strategy	
   to	
  
manipulate	
   the	
   vibronic	
   structure	
   of	
   MB2.	
   The	
   critical	
   state	
   to	
  
manipulate	
   is	
   the	
   boron	
   σ-­‐band,	
   which,	
   through	
   the	
   higher	
  
population	
   and	
   covalency	
   with	
   the	
   metal,	
   dropped	
   too	
   low	
   in	
  
energy.	
   Given	
   that	
   electronic	
   states	
   of	
   lower	
   angular	
   momenta	
  
quickly	
   rise	
   in	
   energy	
   upon	
   compression,	
   we	
   hypothesize	
   that	
  

 
Figure 2. Phonon spectra of ScB2 and TiB2 at equilibrium. The 
E2g phonon is labeled. 

	
  

 
Figure 3. The band structures of (a-c) ScB2 and (d-f) TiB2 with cell parameters along a and b direction being 100%, 90%, and 80% (from 
left to right). The optimized cell parameters a and b are 3.1457 and 3.0351 Å, respectively. 
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compressing	
  MB2	
  in	
  the	
  ab	
  plane	
  should	
  push	
  the	
  σ-­‐band	
  up,	
  while	
  
the	
   π-­‐band	
   might	
   get	
   stabilized	
   due	
   to	
   enhanced	
   π-­‐overlap.	
   This	
  
may	
   be	
   additionally	
   facilitated	
   by	
   the	
   uncoupling	
   of	
   the	
   σ-­‐band	
  
from	
  any	
  hybridization	
  with	
  the	
  sd-­‐states	
  on	
  the	
  metal.	
  The	
  aim	
   is	
  
to	
  make	
  the	
  σ-­‐band	
  rise	
  above	
  the	
  Fermi	
  level,	
  while	
  extra	
  electrons	
  
would	
   populate	
   the	
   π-­‐states	
   that	
   would	
   simultaneously	
   undergo	
  
stabilization.	
   We	
   focus	
   on	
   the	
   most	
   promising	
   earlier	
   transition	
  
metal	
  diborides	
  ScB2	
  and	
  TiB2,	
  whose	
  electronic	
  structure	
  is	
  closest	
  
to	
   that	
   of	
   MgB2.	
   YB2	
   and	
   ZrB2	
   are	
   also	
   interesting,	
   but	
   their	
  
electronic	
   structure	
   is	
   more	
   complicated	
   due	
   to	
   the	
   onset	
   of	
  
relativistic	
   effects,	
   and	
   so	
   we	
   omit	
   them	
   in	
   this	
   study.	
   The	
   band	
  
structures	
  of	
  ScB2	
  and	
  TiB2	
  under	
  compression	
  along	
  ab	
  are	
  shown	
  
in	
  Figure	
  3.	
  We	
   indeed	
  succeed	
   in	
  pushing	
   the	
  σ-­‐bands	
  up	
   toward	
  
the	
  Fermi	
   level,	
  but	
  only	
   in	
  ScB2:	
  at	
  10%	
  compression,	
  most	
  of	
  the	
  
band	
   rises	
   above	
   the	
   Fermi	
   level	
   along	
   the	
  A-­‐Γ	
   line,	
   and	
  at	
   20%	
   it	
  
becomes	
   fully	
   unoccupied.	
  Apart	
   from	
  having	
   a	
  more	
  pronounced	
  
dispersion,	
   the	
  σ-­‐band	
   in	
   20%	
   compressed	
   ScB2	
   resembles	
   that	
   of	
  
MgB2	
  quite	
  closely	
  (Figure	
  1).	
  The	
  TiB2	
  case	
  remains	
  below	
  EF	
  and	
  
also	
  shows	
  a	
  more	
  persistent	
  hybridization	
  with	
  the	
  orbitals	
  on	
  the	
  
Ti.	
   As	
   the	
   σ-­‐band	
   rises	
   in	
   energy,	
   its	
   population	
   shifts,	
   but	
   the	
  
charges	
   on	
   atoms	
   calculated	
   using	
   the	
   Bader	
   formalism25	
   remain	
  
essentially	
   unchanged,	
   indicating	
   that	
   the	
   population	
   shifted	
  
primarily	
  to	
  the	
  π-­‐band,	
  in	
  accord	
  with	
  our	
  hypothesis.	
  

An	
  alternative	
  way	
  of	
  shifting	
  the	
  boron	
  σ-­‐band	
  up	
  is	
  to	
  act	
  on	
  the	
  
metal-­‐boron	
  bonds,	
   and	
  decouple	
   the	
   states	
  of	
   the	
  metal	
   and	
   the	
  

boron	
  from	
  the	
  covalent	
  overlap	
  in	
  this	
  way.	
  There	
  are	
  two	
  aspects	
  
affecting	
   the	
   quality	
   of	
   the	
   covalent	
   overlap:	
   The	
   first	
   one	
   is	
   the	
  
geometric	
   separation	
   of	
   the	
   covalent	
   partners;	
   as	
   with	
   the	
  
compression	
   along	
   ab,	
   modification	
   of	
   the	
   c	
   parameter	
   of	
   the	
  
lattice	
   (i.e.	
   pushing	
   together	
   or	
   pulling	
   apart	
   the	
   metal	
   and	
   the	
  
boron	
   layers)	
   should	
   shift	
   the	
   covalent	
   states	
   in	
   energy.	
   Secondly,	
  
the	
  covalent	
  bonding	
  is	
  facilitated	
  by	
  the	
  sd-­‐hybridization	
  of	
  atomic	
  
orbitals	
   (AOs)	
   of	
   the	
   transition	
   metal,	
   since	
   AO-­‐hybridization	
  
anisotropically	
   increases	
   the	
   size	
   the	
   orbital	
   and	
   enhances	
   the	
  
covalent	
   overlap.26	
   Stretching	
   MB2	
   along	
   c	
   should	
   lead	
   to	
   energy	
  
separation	
  between	
  s-­‐	
  and	
  d-­‐AOs	
  on	
  the	
  metal,	
  as	
  they	
  would	
  lose	
  
the	
   covalent	
   overlap	
   with	
   the	
   boron	
   with	
   different	
   rates.24	
   The	
  
difference	
  would	
  be	
  subtle,	
  because	
  in	
  Sc	
  and	
  Ti	
  the	
  4s	
  and	
  3d-­‐AOs	
  
are	
   quite	
   close	
   in	
   energy.	
   The	
   band	
   structures	
   of	
   ScB2	
   and	
   TiB2	
  
before	
   and	
   after	
   elongation	
   along	
   the	
   z	
   direction	
   are	
   shown	
   in	
  
Figure	
   4.	
  We	
   see	
   that	
   the	
   elongation	
   can	
   indeed	
   shift	
   the	
   σ-­‐band	
  
up.	
   However,	
   again,	
   only	
   for	
   the	
   ScB2	
   case	
   can	
   the	
   σ-­‐band	
   be	
  
pushed	
  to	
  the	
  Fermi	
  level.	
  At	
  20%	
  elongation	
  the	
  band	
  looks	
  similar	
  
to	
  that	
  of	
  MgB2	
  along	
  A-­‐Γ.	
  The	
  fact	
  that	
  the	
  σ-­‐band	
  in	
  TiB2	
  remains	
  
below	
  EF	
  upon	
  stretching	
  of	
  the	
  lattice	
  can	
  be	
  explained	
  by	
  the	
  fact	
  
that	
   the	
   c	
   parameter	
   of	
   TiB2	
   is	
  much	
   shorter	
   than	
   that	
   of	
   ScB2	
   or	
  
MgB2,	
  in	
  line	
  with	
  a	
  greater	
  covalent	
  character	
  of	
  bonding	
  between	
  
Ti	
   and	
   B,	
   and	
   the	
   significantly	
   higher	
   EF	
   in	
   TiB2.	
   Elongation	
   shifts	
  
some	
  electrons	
  from	
  the	
  rising	
  σ-­‐band	
  to	
  the	
  metal	
  (Table	
  S1).	
  

 
Figure 4. The band structures of (a-c) ScB2 and (d-f) TiB2 with cell parameters along c direction being 100%, 110%, and 120% (from left 
to right). The optimized cell parameters c are 3.5242 and 3.2232 Å, for ScB2 and TiB2, respectively. 
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We	
  focus	
  now	
  on	
  the	
  more	
  promising	
  case	
  of	
  ScB2.	
  The	
  density	
  of	
  
states	
  (DOS)	
  projected	
  on	
  the	
  orbitals	
  of	
  B	
  and	
  Sc,	
  for	
  the	
  optimized	
  
and	
   stressed	
  along	
  c	
  and	
   ab	
   ScB2	
  are	
   shown	
   in	
   Figure	
  5.	
   It	
   can	
  be	
  
seen	
  that	
  the	
  boron	
  σ-­‐states	
  shift	
  toward	
  the	
  Fermi	
   level	
  after	
  the	
  
cell	
  parameter	
  elongation	
  along	
  the	
  c	
  direction.	
  Additionally,	
  the	
  s-­‐	
  
and	
  d-­‐states	
   on	
   Sc	
   show	
  pronounced	
  differences	
  before	
   and	
   after	
  
elongation.	
   Upon	
   elongation,	
   the	
   Sc	
   s-­‐states	
   rise	
   in	
   energy	
   and	
  
gradually	
  develop	
  a	
  peak	
  near	
  the	
  Fermi	
  level	
  (teal	
  in	
  Figure	
  5).	
  The	
  
effect	
  of	
  the	
  compression	
  along	
  ab	
  on	
  the	
  p-­‐DOS	
  is	
  nearly	
  identical,	
  
again	
  showing	
  the	
  important	
  build-­‐up	
  of	
  the	
  boron	
  σ-­‐states	
  at	
  EF.	
  

The	
   effect	
   of	
   cell	
   parameter	
   change	
   on	
   the	
   band	
   shifting	
   of	
  
metal	
   borides	
   has	
   also	
   been	
   found	
   in	
   other	
   studies,	
   both	
  
experimentally	
   and	
   computationally,	
   but	
   without	
   a	
   chemical	
  
bonding	
   rationale.27,4,28	
   Band	
   structure	
   of	
   MgB2	
   will	
   change	
  
and	
   the	
   superconducting	
   transition	
   temperature	
   Tc	
   will	
   be	
  
raised	
  if	
  the	
  c	
  parameter	
  is	
  increased.27	
  An	
  experimental	
  study	
  
states	
   that	
   the	
   high	
   c	
   lattice	
   constant	
   (c	
   =	
   3.52	
   Å)	
   of	
   MgB2	
  
should	
  explain	
  its	
  high	
  Tc,	
  comparing	
  to	
  NbB2.4	
  (c	
  =	
  3.32	
  Å)	
  and	
  
AlB2	
  (c	
  =	
  3.25	
  Å).4	
  Another	
  experimental	
  study	
  shows	
  that	
  for	
  
NbB2+x	
  system,	
  increasing	
  x	
  gradually	
  from	
  0	
  to	
  1	
  increases	
  the	
  
cell	
  parameter	
  c,	
  and	
  at	
  the	
  same	
  time	
  Tc	
  also	
  increases	
  with	
  a	
  
similar	
   trend.28	
   Our	
   findings	
   agree	
   with,	
   and	
   expand	
   upon	
  
these	
   earlier	
   observations,	
   and	
   substantiate	
   them	
   with	
   the	
  
electronic	
  and	
  vibrational	
   information.	
  Additionally,	
  we	
  so	
   far	
  

see	
  that	
  the	
  compression	
  along	
  ab	
  achieves	
  the	
  same	
  effect	
  on	
  
the	
  electronic	
  structure	
  as	
  the	
  elongation	
  along	
  c.	
  
To	
   summarize,	
   both	
   proposed	
   types	
   of	
   mechanical	
   stress	
   are	
  

effective	
  in	
  raising	
  the	
  boron	
  σ-­‐band	
  and	
  decreasing	
  its	
  population,	
  
when	
  applied	
  to	
  ScB2.	
  Depending	
  on	
  the	
  associated	
  behavior	
  of	
  the	
  
E2g	
  phonon,	
  the	
  e-­‐ph	
  coupling	
  might	
  be	
  enabled	
  again.	
  

Stress	
  and	
  phonon	
  structure.	
  As	
  the	
  boron	
  states	
  loosen	
  the	
  grip	
  
of	
  covalency	
  with	
  the	
  metal,	
  would	
  the	
  E2g	
  phonon	
  recover	
  its	
  
smaller	
   frequency?	
  We	
   test	
   this	
   for	
   both	
   the	
   promising	
   ScB2	
  
case,	
  and	
  the	
  not-­‐promising	
  TiB2,	
  as	
  these	
  two	
  materials	
  have	
  
the	
   electronic	
   and	
   vibrational	
   structures	
   of	
   the	
   highest	
   initial	
  
resemblance	
  to	
  those	
  of	
  MgB2.	
  
After	
   significantly	
   changing	
   the	
   lattice	
   constants	
   via	
  
mechanical	
  stress,	
  TiB2	
  is	
  found	
  to	
  lose	
  the	
  original	
  symmetry,	
  
i.e.	
   gain	
   imaginary	
   phonons	
   (Supporting	
   Information).	
  
However,	
   for	
   ScB2,	
   the	
   structure	
   is	
   found	
   to	
   remain	
   after	
  
applying	
   both	
   types	
   of	
   studied	
   deformations.	
   Figure	
   6	
   shows	
  
the	
   phonon	
   spectra	
   of	
   ScB2	
   before	
   and	
   after	
   compressing	
  
along	
   ab	
   and	
   increasing	
   the	
   c	
   parameter.	
   After	
   increasing	
   c	
  
parameter,	
  the	
  E2g	
  phonon	
  band	
  became	
  much	
  lower	
  in	
  energy	
  
along	
  the	
  Γ-­‐A	
   line.	
  This	
  correlation	
  between	
  c	
   lattice	
  constant	
  
and	
  phonons	
   should	
  enable	
   the	
  e-­‐ph	
   coupling,	
   and	
   create	
  an	
  
experimentally	
   observable	
   change	
   in	
   Tc.	
   However,	
   the	
  
compression	
   along	
  ab	
  made	
   the	
  phonon	
   rise	
   in	
   energy	
   along	
  

 
Figure 5. Projected DOS of ScB2 (a) equilibrium structure, (b) the structure with compressed along ab, and (c) the structure elongated 
along c. The boron σ-states formed by the boron pxy-AOs (red) shift toward the Fermi level upon both types of cell deformations. The s- 
and d-states of Sc (teal and orange, respectively) rise in energy and develop peaks at the Fermi level upon lattice deformations. 
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the	
  Γ-­‐A	
  line.	
  This	
  effect	
  is	
  likely	
  due	
  to	
  the	
  increased	
  π-­‐overlap	
  
upon	
  compression,	
  making	
  the	
  lattice	
  stiffer	
  in	
  the	
  xy	
  plane.	
  
Hence,	
  while	
  the	
  compression	
  has	
  the	
  desired	
  effect	
  on	
  the	
  σ-­‐
band,	
  it	
  does	
  not	
  help	
  the	
  e-­‐ph	
  coupling	
  with	
  the	
  E2g	
  phonon.	
  
Only	
   the	
   elongation	
   along	
   c	
   remains	
   a	
   promising	
   mode	
   of	
  
mechanical	
   deformation.	
   Both	
   the	
   electronic	
   and	
   the	
  
vibrational	
   structures	
  of	
   ScB2	
   start	
   looking	
   like	
   those	
  of	
  MgB2	
  
upon	
   the	
   elongation.	
   This	
   suggests	
   that	
   superconducting	
  
behavior	
  could	
  be	
  observed	
  in	
  anisotropically	
  stressed	
  ScB2.	
  
	
  
Effect	
  of	
  doping.	
  One	
  of	
  the	
  most	
  explored	
  ways	
  to	
  control	
  or	
  even	
  
induce	
  superconductivity	
  is	
  the	
  doping.	
  This	
  is	
  also	
  the	
  case	
  of	
  MgB2	
  
and	
  MB2	
  materials.	
  There	
  is	
  a	
  large	
  wealth	
  of	
  evidence	
  relating	
  the	
  
doping	
   of	
   MgB2	
   to	
   changes	
   of	
   the	
   lattice	
   parameters	
   and	
   to	
   the	
  
change	
   of	
   the	
   Tc.	
   	
   In	
   it	
   is	
   generally	
   found	
   that	
   a	
   small	
   amount	
   of	
  
substitutional	
   doping	
   of	
   a	
   transition	
   metal	
   decreases	
   both,	
   the	
   c	
  
lattice	
  parameter	
  and	
   the	
  Tc.29-­‐31	
  There	
  are	
   few	
  exceptions,	
   in	
   the	
  
case	
  of	
  slightly	
  Co	
  doped	
  MgB2,	
  both	
  the	
  lattice	
  parameters	
  and	
  Tc	
  
remains	
  almost	
  constant,32	
  and	
   in	
   the	
  case	
  of	
  Sc	
  doping,	
   the	
  main	
  
changes	
  are	
  an	
  increase	
  of	
  the	
  lattice	
  parameter	
  together	
  with	
  the	
  
decrease	
  of	
  the	
  Tc.33	
  All	
  the	
  aforementioned	
  trends	
  are	
  in	
  line	
  with	
  
the	
  effect	
  of	
  the	
  different	
  types	
  of	
  strain	
  in	
  our	
  article.	
  

Regarding	
   MB2	
   materials,	
   there	
   are	
   few	
   reports	
   of	
  
superconductivity	
  induced	
  due	
  doping.	
  Renosto	
  et	
  al.34	
  and	
  Barbero	
  
et	
  al.35	
  found	
  the	
  emergence	
  of	
  superconductivity	
  in	
  V-­‐doped	
  ZrB2	
  
and	
  HfB2.	
  They	
  measured	
  a	
  decrease	
  of	
  the	
  c	
  lattice	
  parameter	
  due	
  
to	
   the	
  doping.	
   This	
   suggests	
   that	
   in	
   this	
   case	
   the	
   change	
  of	
   the	
   c-­‐
parameter	
   is	
  not	
  the	
  key	
  factor	
  for	
  the	
  onset	
  of	
  superconductivity.	
  
Instead,	
  the	
  superconductivity	
  in	
  these	
  systems	
  can	
  be	
  explained	
  by	
  
two	
  factors	
  (i)	
  the	
  V	
  doping	
  moves	
  downwards	
  in	
  energy	
  (respect	
  to	
  
the	
  Fermi	
  energy)	
  the	
  d	
  bands	
  (ii)	
  the	
  V	
  impurity	
  splits	
  the	
  dxz,	
  dyz	
  
bands,	
  the	
  lower	
  branch	
  of	
  these	
  bands	
  is	
  degenerated,	
  semi-­‐filled	
  
and	
  almost	
  flat	
  along	
  the	
  Γ-­‐A	
  line.	
  Therefore,	
  upon	
  the	
  V-­‐doping	
  the	
  
dxz-­‐dyz	
  bands	
  behave	
   in	
  a	
  similar	
  way	
  to	
  the	
  σ-­‐band	
  of	
  MgB2.	
  The	
  
related	
  calculations	
  are	
  presented	
  in	
  the	
  Supplementary	
  Material.	
  

Finally,	
   it	
   is	
  worth	
  to	
  mention	
  that	
  the	
  excess	
  of	
  B	
  also	
  can	
   induce	
  
superconductivity.	
  As	
   in	
   the	
  case	
  of	
  doped	
  MgB2,	
   this	
   is	
   related	
  to	
  
increasing	
  the	
  c-­‐axis.36,37	
  

Computational	
  Methods	
  
 
The	
   ScB2	
   and	
   TiB2	
   atomic	
   configurations	
   are	
   obtained	
   from	
  
Materials	
  Project.38	
  DFT	
  calculations	
  are	
  performed	
  using	
  VASP	
  
5.4.4,39,40	
  with	
  PBE	
  functional,41	
  energy	
  cutoff	
  equal	
  to	
  500	
  eV,	
  
and	
   k-­‐points	
   grid	
   15x15x15	
   centered	
   at	
   Gamma	
   point.	
   The	
  
optimized	
  lattice	
  constants	
  are	
  a	
  =	
  b	
  =	
  3.1457	
  Angstrom	
  and	
  c	
  
=	
  3.5242	
  Angstrom	
  for	
  ScB2,	
  and	
  a	
  =	
  b	
  =	
  3.0351Angstrom	
  and	
  c	
  
=	
   3.2232	
   Angstrom	
   for	
   TiB2,	
   respectively.	
   For	
   structure	
  
optimization,	
  the	
  lattice	
  constants	
  are	
  relaxed	
  and	
  tetrahedron	
  
smearing	
   method	
   with	
   Blöchl	
   corrections	
   is	
   used.	
   For	
   band	
  
structure	
   plotting	
   Gaussian	
   smearing	
   is	
   used.	
   The	
   phonon	
  
calculations	
   are	
   performed	
   using	
   Phonopy	
   1.13.242	
   and	
   VASP	
  
5.4.4.	
   For	
   phonon	
   calculation,	
   a	
   4x4x3	
   (for	
  MgB2)	
   and	
   4x4x4	
  
(for	
  TiB2	
   and	
  ScB2)	
   super	
   cell	
   is	
  used.	
  Based	
  on	
   the	
  geometry	
  
super	
   cell,	
   two	
   structures	
   with	
   displacements	
   are	
   generated	
  
for	
  calculating	
  forces.	
  The	
  forces	
  of	
  these	
  super	
  cell	
  structures	
  
are	
  evaluated	
  using	
  11x11x11	
  k	
  point	
  mesh.	
  The	
  unfolding	
  of	
  
the	
  band	
  structures	
  is	
  made	
  with	
  the	
  pyProcar	
  code.	
  	
  
	
  

Conclusions	
  
In	
   summary,	
   in	
   this	
   contribution	
   we	
   explicate	
   how	
  
superconductivity	
   in	
   a	
   series	
   of	
   related	
   materials,	
   metal	
  
diborides,	
  can	
  be	
  understood	
  and	
  strategically	
  manipulated	
  on	
  
the	
  level	
  of	
  chemical	
  bonds.	
  In	
  these	
  layered	
  materials,	
  the	
  σ-­‐
bonding	
  states	
  on	
   the	
  boron	
  need	
   to	
  be	
   located	
  at	
   the	
  Fermi	
  
level,	
   be	
   partially	
   occupied,	
   and	
   couple	
   to	
   the	
   low-­‐frequency	
  
anharmonic	
   E2g	
   phonon,	
   for	
   the	
   creation	
   of	
   the	
  
superconducting	
  Cooper	
  pairs.	
  This	
  is	
  achieved	
  in	
  MgB2,	
  where	
  
the	
   Mg-­‐B	
   bonding	
   is	
   purely	
   ionic.	
   In	
   all	
   transition	
   metal	
  
diborides,	
   the	
  occupied	
  d-­‐AOs	
  of	
   the	
  metal	
  participate	
   in	
   the	
  
bonding	
   and	
   bring	
   covalent	
   character	
   to	
   the	
   metal-­‐boron	
  
bonds.	
   This,	
   together	
   with	
   the	
   larger	
   number	
   of	
   electrons	
   in	
  
the	
  systems,	
  pulls	
  down	
  the	
  σ-­‐band	
  and	
  the	
  same	
  time	
  stiffens	
  
the	
   E2g	
   phonon,	
   diminishing	
   their	
   e-­‐ph	
   coupling.	
   	
   We	
   tested	
  
two	
  mechanisms	
  by	
  which	
  the	
  metal-­‐boron	
  covalency	
  could	
  be	
  
manipulated.	
   We	
   showed	
   that	
   stretching	
   the	
   material	
  
uniaxially	
   along	
   the	
   c-­‐axis	
   decouples	
   the	
   sd-­‐hybrid	
   on	
   the	
  
metal	
   and	
   the	
   hybrid	
   from	
   the	
   bonds	
   with	
   the	
   boron.	
   This	
  
raises	
   the	
   energy	
   of	
   the	
   σ-­‐band,	
  making	
   it	
   half-­‐full	
   at	
   certain	
  
degree	
   of	
   strain.	
   The	
   loss	
   of	
   covalent	
   character	
   also	
   reduces	
  
the	
  frequency	
  of	
  the	
  E2g	
  phonon.	
  Upon	
  the	
  compression	
  along	
  
the	
  ab-­‐direction	
   in	
  the	
   lattice,	
  the	
  σ-­‐band	
  also	
  quickly	
  rises	
   in	
  
energy	
   due	
   to	
   electron-­‐electron	
   repulsion	
   in	
   this	
   low-­‐angular	
  
momentum	
   state,	
   and	
   additional	
   deterioration	
   of	
   the	
  metal-­‐
boron	
   bonding	
   overlap.	
   The	
   compressed	
   lattice	
   favors	
   the	
   π-­‐
overlap,	
   and	
   so	
   electron	
   population	
   shifts	
   to	
   the	
   π-­‐band.	
  
However,	
   the	
   latter	
   acts	
   against	
   the	
   desired	
   softening	
   of	
   the	
  
E2g	
   phonon,	
   and	
   hardens	
   it	
   instead	
   as	
   the	
   lattice	
   becomes	
  
stiffer	
  in	
  the	
  xy-­‐plane.	
  
We	
   thus	
   propose	
   one	
   type	
   of	
   mechanical	
   stress,	
   chosen	
  
through	
   the	
   analysis	
   of	
   chemical	
   bonding,	
   such	
   that	
   the	
  e-­‐ph	
  
coupling	
  should	
  become	
  enabled	
  again	
  in	
  ScB2,	
  and	
  mimic	
  that	
  
in	
  MgB2.	
  We	
  note	
  that	
  not	
  every	
  diboride	
  is	
  able	
  to	
  withstand	
  

 
Figure 6. Phonon spectra of ScB2 upon applied compression 
along ab, and elongation along c. The yellow band in (a) and (b) 
or gray band in (c) from A to Gamma k-points is the E2g band. 
Upon the ab compression, the band rises in energy. Upon the 
elongation along c, it drops in energy at Γ. 
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the	
   types	
   of	
   mechanical	
   stress	
   proposed,	
   without	
   changing	
  
structure.	
  	
  
The	
  effect	
  of	
  mechanical	
  stress	
  on	
  superconductivity	
  has	
  been	
  
explored.	
  Usually,	
  extreme	
  pressures	
  are	
  considered,	
  and	
  new	
  
superconducting	
   phases	
   are	
   predicted	
   to	
   form	
   in	
   those	
  
conditions.	
   For	
   materials	
   having	
   the	
   structure	
   corresponding	
  
to	
  ambient	
  conditions,	
  the	
  effect	
  of	
  mechanical	
  stress	
  was	
  also	
  
observed,	
   and	
   came	
   as	
   a	
   surprise.	
   Our	
   work	
   points	
   at	
   the	
  
specific	
   chemical	
   bonding	
   and	
   vibronic	
   effects	
   that	
   strain	
   can	
  
cause.	
   Thus,	
   we	
  may	
   begin	
   envisioning	
  more	
   general	
   recipes	
  
for	
   choosing	
   the	
   direction	
   and	
   strength	
   of	
   mechanical	
   stress	
  
for	
   strategically	
   manipulating	
   the	
   electronic	
   and	
   vibrational	
  
properties	
  of	
  a	
  material	
  toward	
  the	
  onset	
  of	
  superconductivity.	
  
Specifically,	
   one	
   would	
   want	
   to	
   identify	
   the	
   degenerate	
  
electronic	
  states	
  that	
  could	
  be	
  split	
  by	
  an	
  appropriate	
  phonon,	
  
but	
  lie	
  too	
  low	
  in	
  energy.	
  These	
  states	
  could	
  be	
  brought	
  to	
  the	
  
Fermi	
   level	
   by	
   a	
   strain	
   that	
   decouples	
   the	
   covalency	
   within	
  
these	
   states.	
   Additionally,	
   the	
   removal	
   of	
   covalency	
   would	
  
affect	
   the	
   frequency	
   of	
   the	
   phonon	
   of	
   interest.	
   Thus,	
   strain	
  
would	
   have	
   to	
   be	
   chosen	
   to	
   strike	
   the	
   balance	
   between	
  
electron	
  and	
  phone	
  energies.	
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