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Possible superconductivity in hole-doped Bg
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In this work the superconducting transition temperature of hole-dopegvigs studied. The total energy,
phonon frequencies, and electron-phonon couplings were calculated for different hole doping levels using the
ab initio pseudopotential method within the local density approximation. The harmonic and anharmonic pho-
non frequencies were calculated by using the frozen-phonon approximation. As is MgBelectron-phonon
coupling between the electronic states in thbands and phonon modes associated with bond stretching was
found to be very strong. The calculation predicts that the superconducting temperature will increase as a
function of doping level.
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In the past few years a great deal of research has beaupling for the entire Brillouin zon€BZ) is beyond the
devoted to the study of superconductivity in MgB® The  scope of this work. Since the BZ in BGs roughly 2x 2
relatively high superconducting temperature of 39 K for thissmaller than in MgB, we are assuming that the EP coupling
material is found to be related to the strong electron-phonoat I" is representative of the full BZ. If the EP coupling is
(EP) coupling of theE,y B-B bond stretching phonon modes peaked af’, then the superconducting transition temperature
with the in-planeo-bonding electronic states*6 T, can be overestimated.

The purpose of this work is to demonstrate the possibility ~ Anharmonic effects, which play a strong role in the su-
of superconductivity in Bg(Refs. 7-1Q which is a graphi-  herconductivity of MgB,® are taken into account. The varia-
telike metallic material related to MgBThe compound BE  ion of the total energy as a function of a frozen-phonon
is synthesized using the chemical reaction of boron tricmo'amplitude was fit to a fourth-order polynomial. The har-

ride and benzenAs is the case for graphite, BGs a lay- e phonon frequency is obtained from the quadratic co-
ered material where each layer has hexagonal symmetry an

. . . . . fficient of the fit, while the anharmonic frequency is given
eight atoms per unit cellsee Fig. 1L Recent first principle .
calculations! have shown that the stacking of the B@yers by the energy difference between the two lowest quantum-

is not as similar to graphite as one may expect. There are dgechanical vibrational states.
least two stable equilibrium stackinge3 and ABC with 16 The hole-doped calculations have been performed by re-
and 8 atoms per unit cell, respectively. TA stacking is ducing the total number of electrons in the system when the

the energy minimum of all the studied stackings and elec-

tronically it is a semiconductor, while thABC-stacking c
ranks second in energy with an energy difference of B -
1.4 meV/atom, and it is a metal. Because of this small en- " o—d T —e
ergy difference and the fact that experimentally ;B€ a T -
metal, it is expected that the structure, as synthesized experi- L - e
mentally, is a combination of both stackings. In this work the N
metallic ABGC-stacking configuration with eight atoms per @
unit cell is used.

The total energy, phonon frequencies, and EP coupling —a > e >—a
calculations reported here are based @b initio — ®

pseudopotentiatd within the local density approximation
(LDA). The Ceperley-Alder functiont for the exchange
and correlation energy was used. The wave functions of the
valence electrons were expanded in a plane wave basis with »
an energy cutoff of 70 Ry, and the interaction with the ionic

cores was modeled by separablenorm conserving
Troullier-Martins® pseudopotentials. The total energy is cal- e s e

culated by a numerical integration over the Brillouin zone £, 1. Top views of the Bgstructure withABC stacking. In

sampled over a 89X 6 k-point grid, and the forces are () two superimposed unit cells are viewed directly from above and

given by the Hellmann-Feynman theorem. in (b) a single layer of atoms is shown. The calculated in-plane
The phonon frequencies were calculated using the frozenattice constant is 5.13 A and the interlayer distance is 3.13 A. Each

phonon approack:1’ The dynamical matrix was calculated layer is shifted relatively to the one below by 1.86 A in theli-

and diagonalized to obtain the 21 optical phonon eigenmodeagction. The layer shift breaks the rotational symmetry of the crystal

at thel” point. A calculation of the phonon dispersion and EPand the relaxed angle between the in-plane lattice vectors is 60.1°.

® > @ o o
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» a . FIG. 3. (a) Phonon density of statds(w) and(b) the isotropic
-16 © @ Eliashberg functionv®’F(w) calculated for anharmonigolid lineg

and harmoni@dashed linesphonons.
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FIG. 2. Calculated electroni@) and(c) bandstructure ancb) j

and (d) density of states of BELfor zero doping(solid lineg and , . i
0.3 holes/unit celldashed lines Figures(a) and(b) are blown-up wherek andk” label electronic states, Is the frequency of

: : . . the phonon mod¢ and wave vectog=k—k’, N(Eg) is the
versions of(c) and (d), respectively, in a narrow energy window . . .
around the Fermi level. The horizontal so(idashedl line is at the electron density of statejs_ per spin at the Fermi lewgl
zero doping(0.3 holes/ce)l Fermi level. :5(|_EF_E_'<)/N(EF) _and bVq is the change in the crystal po-

tential with and without a frozen phonon. Bec?use only the

electronic levels are filled. A background negative charge isg._F phonons were calculated, bof(w) and a°F(w) are
applied to achieve charge neutrality. This method is com- iscrete collections ob(w-a) functlons.. For clfarlty, n the'
pared to a rigid-band model. For the doped calculation th IOth we have convoluted the_se_ funct!ons with a gaussian
stresses and forces are very small, and no relaxation of t aving a 3 meV St?‘”dafd deviation. Figure)3shows the
lattice parameters is carried out. Experimentally, the dopin Ole .Of anharmonicity. Most of the .phon.on modes are har-
could be achieved either by chemically doping the syste onic, but for some the anharmon|C|ty Is strong enough to
with charge acceptors or by gating the sample. raise the p.honon frequenmes by as much as .20 meV. The

In Fig. 2 the LDA electronic band structure and density of'SOtrO.pIC Eliashberg function contamg an averaging of the EP
stategDOS) of ABC-stacking BG are shown for two doping couplings over all phonon frequencies. Flgur(éu)3reve_als
levels: the zero doping casgsolid lineg and the highest dop- that a few high frequency modes couple strongly with the
ing studied, 0.3 holes/unit ceftiashed lines In Figs. 2a) electrpns. Further mspectlon _reveal§ that one of these strong
and 2b) it is clear that the hole doping causes some of theCOUpIIng anharmonic mOdeS IS equllvalent to the _douny de-
bands, but not all, to shift by as much as 50 meV. Also, it jsgenerate bond stretchingy mode in Mg that is very
clear that the DOS at the Fermi level increases sharpl;%tronglly Coupled_ to ther-bond!ng _electrons.
with hole doping, which has a dramatic effect on supercon- The EP coupling constant is given by
ductivity. o 5 2

The phonon density of stateB(w) and the isotropic )\:f a F(a));dw, 4)
Eliashberg functionv®’F(w) are shown in Figs. @) and 3b) 0
for the case of 0.3 holes/cell. These are given by

“ 2
:EJ asz(w)—dw, (5)

. i w

Flw) =2 oo - o)), ) e
j
=2\ (6)
]
o?F (@) = N(Eg) 2 WiWier (k| V4 k)2 8(w = w}), (2) Table | shows values for selected modes for the

Kk 0.3 holes/cell doping case. Although tWe8C-stacking of
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TABLE I. The electron-phonon coupling consta.nt for some pho.- 250 S 12 e T
non modes for both the harmonic and anharmonic cases assumin g:;} — anharmonic —e—
0.3 holes/cell dpping. The symmetry notations refer_tc_) Bba ples - 10
symmetry of an isolated sheet. The bracketed labels distinguish be 200 - 1g-2 ]
tween different phonon polarizations with the same symmetry 6 /-
group. S 0.8

- 150 ;

Harmonic Anharmonic 'E 0.6 //'
Mode ® [meV] \j  [meV] Aj g 100 WM
Eqg[1] 215 0.133 30.1 0.068 0.4 ‘
Elg[Z] 27.6 0.095 34.8 0.059 /
Biglal 46.3 0.049 50.3 0.042 50 — 0.2
Egg[b1] 131.1 0.119 144.7 0097 [ 1T M ¥
Eq[b2] 130.1 0.117 147.2 0.091 o ¥ 00 4)
Eyglcl] 147.9 0.185 167.3 0.144 0.0 0.1 02 03 0.0 0.1 0.2 03
Egglc2] 148.2 0.147 170.6 0.111 hole doping [e/cell] hole doping [e/cell]

FIG. 4. (a) Selected phonon frequencies as a function of doping.
the BG; layers breaks th®g, symmetry, the phonon polar- Solid(dashegiline_s for anharmoni(:harmo_nio frequerjcies(b) cal-_
izations remain very close to those for an isolated layer, esculated EP coupling constahtas a function of doping. The solid
pecially for the in-plane modes. For this reason, the symmellnes represent the fully dopeq calculation, while the dashed lines
try notations are retained here. However, the degeneracies 8f€ for the non-doped calculatiesee text
some modes are lifted as can be seen in Table I. What is also
noticeable in Table | is that there are essentially six or seveperconducting transition temperatufg has been calculated
modes that give a significant contribution 0 The high ~ with the McMillan equatioff~*°
frequency modedsyy 1, Epg o Eog-c1, @nd Exy o are in S 1.041+N)
plane modes, while the low-frequencl,y ,, Eiq-1, and T.= Din i , 7)
B1g-a are out of plane modes. The latter are responsible for 1.2 "A-u(1+0.62)

the low-frequency tail ine’F(w) in Fig. 3. Because of the . . .
factor 1/w in equation 4, these modes have a strong contriy\/here“"n is the logarithmic average of the phonon frequency

. . ~and u" is the Coulomb pseudopotential parameter. Typical
g ﬂte'?lgyt%fﬂ;% r%oeu\?“(;'fgtﬁgg:s’t?nné‘ deC%rfnﬁéeE:G t?h;hgofnrg values of u* were use_d: 0.10, 0.12, :?md 0.14. Our results
stretching modes of Bg:hagve much higher frequencies suggest that the maximurfi, should lie between 16 and

B . 30 K at a doping level of 0.2 to 0.3 holes/cell. Figur@5
,E%:iz C(l);?rig]u?i\)énvzg;\m’ because of the &/ factor, reduce shows the anharmonic results and Figh)Xlisplays the har-

. monic case. As was found fox, failure to include anhar-
The phonon frequencies for all modes have been calcu-

lated for different doping levels. Figurga shows the de-

pendence on doping of selected strong-coupling modes. It is 0 anlhmonllc tfmomlc
interesting to notice that while for some modes the harmonic (@  p=.10 ---e- (b  p=10 —--e-—
frequencies change significantly with doping, the anhar- 60 L b T ﬁ:ﬁ o
monic frequencies show much less variation.

The EP coupling\ was calculated in two ways. One ap- 50 3
proach did not involve doping, just a rigid-band shift. The fal
dependence on the number of holes is caused by the varia- & 4° g
tion of the Fermi level and the resulting changesN(Eg), £ 30
andW,. The other approach was to calculate the EP matrices
for each doping level. In Fig.(#®) the effect on\ for both 20
calculations is shown. Because in the undoped, rigid-band v
case the anharmonicity of the strong coupling modes is 10 i
small, the undoped calculation af (dashed linesfor the : S
harmonic and anharmonic cases gives essentially the same 00.0 01 02 0300 01 02 03

result. The doped calculatiasolid lineg, on the other hand,
shows that the doping does have an effect probably due to
the lowering of the phonon frequencies. In fact, if anharmo- FIG. 5. The superconducting temperatifieas a function of
nicity is neglected\ would be increasingly overestimated doping level calculated usin@) the anharmonic an¢b) harmonic
with doping. phonon frequencies, and for different values 6t Full (empty)

Finally, in Fig. 5 the dependence of the superconductingnarkers indicate that the electron-phonon matrix elements were cal-
temperature on doping and anharmonicity is shown. The suwsulated with dopingno doping. See text for details.

hole doping [e/cell] hole doping [e/cell]
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monic effects in the doped calculation leads to an overestilated and it was shown that the corrections to the frequencies
mation of T;. The undoped results are similar to the dopedare relatively small. _ 3 _
case, although a sharp decreaseTjnat 0.3 holes/cell is We would also like to point out that the specific stacking
observed. This is connected to the decrease at the same Of the BG layers should not significantly affect supercon-
doping level ductivity. The band structures of all the stackings studied
. ._previously! show that the top of ther bands are located
In conclusion, we have shown that for the metallicP P

ABC-stacking BG structure, superconductivity at B, of very close to the Fermi level. Hole doping B@ any of the

about 22 K can be achieved with doping levels of 0.2 topossible stackings lowers the Fermi level below the top of
0.3 holes/cell. The high frequency phonon modes. thaEhe o bands. This leads to the strong electron-phonon cou-

; .pling between ther-band electrons at the Fermi surface with
couple strongly to the electrons are in-plane, bond-stretchin

d il he de in M in addii e in-plane phonon modes, which is the main contribution
modes, very similar to th&,, mode in MgB. In addition, ;) anqT_ Therefore, superconductivity is expected in hole
three out-of-plane modes contribute significantly Tg, doped BG regardless of the layer stacking.

mainly due to their very low frequency. The effect of anhar-

monicity has been taken into account. This leads to an at- We would like to thank Dr. Hyoung Joon Choi for his
tenuation of the EP coupling constantand consequently, of valuable comments and interesting discussions. This work
T.. However, if anharmonicity is not uniform throughout the was supported by the National Science Foundation under
Brillouin zone, the attenuation of the EP coupling could beGrant No. DMR-0087088, and by the Office of Energy Re-
weaker, leading to an underestimation f On the other search, Office of Basic Energy Sciences, Materials Sciences
hand, since only zone-center phonons were calculated, if thBivision of the U.S. Department of Energy under Contract
EP coupling is peaked dt, T, could be overestimated. The No. DE-AC03-76SF00098. Computational Resources were
dependence of the phonon spectrum on doping was calcprovided by NPACI and by NERSC.
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