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Electron-phonon coupling in a boron-doped diamond superconductor
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The electronic structure, lattice dynamics, and electron-phonon coupling of the boron-doped diamond are
investigated using the density-functional supercell method. Our results indicate the boron-doped diamond is a
phonon mediated superconductor, confirming previous theoretical conclusions deduced from the calculations
employing the virtual-crystal approximation. We show that the optical-phonon modes involving B vibrations
play an important role in the electron-phonon coupling. Different from previous theoretical results, our calcu-
lated electron-phonon coupling constant is 0.39 and the estimated superconducting transition tenipéasature
4.4 K for the boron-doped diamond with 2.78% boron content using the Coulomb pseudopqi&mt@iLO,
in excellent agreement with the experimental result.
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Recently, Ekimowet all! reported the discovery of super- is too small, and’, in the second study is too large, although
conductivity in the boron-doped diamond synthesized at higlone can obtainT.=4 K by setting u* to a somewhat
pressure and high temperature. Their measurements showkgge value, i.e., 0.20. The disagreements between experi-
that the boron-doped diamond with a hole carrier density ofnent and theory might indicate the inapplicability of
5x 107t cm® is a bulk, type-Il superconductor below the the VCA to the newly found boron-doped diamond supercon-
superconducting transition temperatufg~4 K. Using a  ductor. In fact, there are some cases where the VCA failed,
simplified McMillan formuld by setting the Coulomb ¢ g the VCA was inappropriate for calculating the band
pseudopotential* to zero, they estimated the electron- 4ans of GaPN and GaAsM,and it described badly the
phonon couplingEPQ constant=0.2, indicative of weak  grctural and electronic properties of the quaternary alloy

EPC. o . GaAlAsN” On the other hand, although computational de-
Before that, superconductivity in some doped S€mIiCONtanding  the supercell method is usually reliaI& To
ductors had been discovered experimentafignd supercon- bridge the gap between experiment and theory, and to verify

ductivity in ma".‘y"’a”ey degenerate sem.iconductors ha?he phonon mediated superconducting mechanism in the
been also predicted theoreticallyAs the first group-IV boron-doped diamond, here we report a first-principles su-

Qiamond-type semiconduptor with superconducting proper; ercell calculation on the EPC of the boron-doped diamond.
ties, the boron-doped diamond superconductor has bees,. resyits support the conventional phonon mediated

studied by several groups. Baskarenal® suggested that uperconducting mechanism in boron-doped diamond and

when the boron doping concentration increases 0 a criticahe caicylatedr, is in excellent agreement with the experi-
value n;~4x10°*cm®, an Anderson-Mott insulator to 0o ane

resonating vaIencge-banl&V_BY supercpnducti\{ity transition Electronic structure calculations and geometrical optimi-
takes place. By first-principles density-functional perturba-

tion calculation® employing the virtual-crystal approxima zations are performed using density-functional  theory
: : S ~ (DFT)'81% in the local-density approximatioLDA).29-21
tion (VCA),® Boeri et all® substantiated that the recently (DFT) y app NLDA)

) - . The electron-ion interaction is described by ultrasoft
discovered superconductivity below 4 K in 3% boron-doped seudopotentiaR which allow a low cut-off energy25 Ry

diamond is _caused by the coupling of a feyv holes at top o n this work) in th,e plane-wave expansion. The phonon and
the o-bonding valence band to the optical zone-centeiepe calculations are carried out using density-functional

P 11-14 . : ;

Rhonr(])ns%_ similar _tol Mg q alb|e|t n t?}res/glo\mer:js;ons. perturbation theory in the linear resporfse/ithin the pho-
;'Ot er wst;}pr:jnmlp es zt_u y%mﬁ oylr?gt eVt ﬁ”l.kr?zen non mediated theory of superconductivifi, can be esti-
phonon method also indicated that the EPC is the likely sup,5i04  sing  McMillan's  solution of the Eliashberg

perconducting mechanistA Regardless of their similar con- equatior?
clusion in these two studies, we note that there are some '
discrepancies in these two studies, especially in the oP! p{ 1.041+)\) }

EPC strength andT; A=027 and T.=0.2K when Te= 700X =% (1+0.62) @)
u*=0.10 for 3% doping concentration in the first study,

however, \=0.55 andT.=9 K when x*=0.15 for 2.5% where\ is the EPC constant" is the logarithmically av-
doping concentration in the second study. The difference ireraged characteristic phonon frequency, arids the Cou-
doping concentration makes the discrepancy even mor®mb pseudopotential which describes the effective electron-
prominent, since larger doping concentration leads to largeelectron repulsion. The EPC constanis calculated as an

N and T.. Moreover, although a qualitative agreementaverage over th& g-points mesh and over all the phonon
with experiment is found in these two studies, some obviousnodes A=2g,\q,/N, where\, is the electron-phonon in-
disagreements still exist, in particulaf, in the first study teraction for a phonon mode with momentumq. The
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FIG. 1. (Color online Structures ofa) model | and(b) model
1. Refer to the text for the description for the models.

) |

modes responsible for superconductivity can be identified
from the Eliashberg function,

1
CVZF((U) = 2 )\qquvé(w - qu)- (2
2N qv

Thenof"is calculated as

2 o]
o= ex[{zfo doa’F(w)in w/w}. S

We use the supercell technique to model the boron-doped
diamond. In order to study the dependence of the EPC on the
doping concentration, we choose two models 2X 2 and
3 X 3X 2 diamond supercells with a carbon atom substituted
by a boron atom, named models | and Il, respectively. The
total B content(Cg) for experimental samples is 2.8+0.5%, \
which is smaller than the total B conte(@®.25% in model | 0 — p :

: 10 -8 6 4 2 0 2 4 6
and very close to the total B conte(®.78% in model II.
The two models are shown in Fig. 1. The optimized lattice Energy(eV)
Con_stant for d'.amond is 3.57 A, algreelng W.e" with the X R 2. (Color onling Electronic DOS for the undoped diamond
penmentalslattlce constari8.566 A). and previous theoreti- and two boron-doped diamond models) The TDOS of the
cal resu_lt§ For the boron-doped dlar_nond we ch_eck that OUrndoped diamondb) and (c) The TDOS and LDOS plots for
calculations reproduce the slight lattice expansion, less thap,gels | and I1. The LDOS for C shown here represents the average
0.3%! Since the not very large boron doping has a negligible pos of all the C atoms. TDOS is in statéspinx eV
effect on the lattice constant of diamond, we use our opti- giamond unit cell. The unit of LDOS is state$éV x supercell.
mized lattice constant3.57 A) in all subsequent calcula- Energy is relative to the Fermi levek (for the undoped diamond,
tions. the valence top is taken as zero-enegy point

The k-point integration for geometrical optimization,
construction of the induced charge density, and calculation ofyose for model I, except that the width of the acceptor
the dynamical matrix is performed over ax#ixX4 (2X2  pands(the bands between the valence top and the Fermi
X 3) Monkhorst-Pack grigf for model I (Il), and a finer |evel) for model | is larger than that for model II. For both
8X8X8 (4x4x6) grid is used in the phonon linewidth cases, the width of the acceptor bands is larger than that for
calculations, where the convergence in kigoint sampling a boron-doped diamond 64-atom superéel§uggesting a
is more difficult than that for the phonon calculations. Thedependence of the width of the acceptor bands on the boron
dynamical matrix and phonon linewidth are computed on aloping concentration. When the doping concentration de-
3X3X3 (2X2X3) g-point mesh for model KIl), and a creases, the width of the acceptor bands decreases. At very
Fourier interpolation is used to obtain complete phonon dissmall doping concentration, the acceptor bands even no
persions. longer overlap with the valence-band edge of the diamond

The Lowdin population analysis has been carried out taesulting in a threefold-degenerate acceptor state with a hole
get the local density of statetDOS). The total electronic  binding energy oEg~0.37 eV?® Since there are onlg and
density of state¢sTDOS) and LDOS for models | and Il are p electrons in boron-doped diamond, the electron correlation
plotted in Fig. 2(the TDOS for the undoped diamond is also should not be very strong. The metallization in the boron-
shown as a referengeThe TDOS clearly indicates a degen- doped diamond is reasonably caused by the increased boron
erate or metallic behavior in both models, contrasting sharplgontent, and does not necessarily resort to the Anderson im-
with the semiconductor behavior of the undoped diamondpurity model?”?8 which is suited for describing strong cor-
The TDOS and LDOS for model | are very similar with related systems. Figuregl® and 2c) contain the LDOS
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FIG. 3. (Color onling Phonon band structures fos) 2 2x 2 0.5
supercell diamond angb) 22X 2 supercell diamond with a car- 0.5
bon atom substituted by a boron atgmodel I). The insets show
the high-energy optical-phonon branches nEaboth for the un- 0 0 A
doped and doped systems 0 40 80 120 160 0 40 80 120 160
(a) Frequency(meV) (b) Frequency(meV)

plots of the B atom and the average LDOS of the C atoms. FIG. 4. (Col lind Total oh DOS. b o oh
From Fig. 2 we can clearly see that the LDOS around d( oloron Inet. ?tahp OnOBOS o Olrlon psrt'af onon g
the Fermi level for B is larger than that the average LDOS_ ~"" and average Qaf al pnonon or al carbon afoms, an
. -Eliashberg functiorv“F(w) for (a) model | and(b) model II. The
for the C atoms. However, it does not mean the electronic . . ) )
. . - __Uunit for the total phonon DOS is statéeieV X diamond unit cell.

states near the Fermi level are localized around B, sinc

X tial ph DOS sh h isi bit its.
the sum of the LDOS for all C atoms is larger than the LDOS artal phonon SnOWn nere 1 in arbiirary units

for B. . ) labels the phonon brancley(q,j) is the phonon displace-
The calculated frequency of the highest optical phonon af, et yector for atona, andw(q, j) is the phonon frequency.
I for the undoped diamond is 1295 thagreeing well with The total phonon DOS, B partial phonon DOS, and average

; ; 0,23 ; _
preymust LlDfA calculatlcigi,z _23"1_? I'ttlﬁ smallgr tgant ex partial phonon DOS of all C atoms for both models, are
permental frequency, cr € phonon band Sruc- g, 4n i the upper panels of Fig. 4. The shapes of the pho-

tures folrl the unrt]:ioped' anlg boron-dc()jpeiZXZ dlartnor:d non DOS for these two models are very similar, while the
sHuperce aTet ?howr;w N '%S'(Eg atn t:{ ), frethec 3/_6 Y. honon softening effect in model | is stronger due to the
ere, we plot the phonon band SWUCILTE Tor the diamon arger boron concentration. The lower panels of Fig. 4 are the

supercell just for comparison with that for the boron'dOpedEliashberg functionF(w) for both models. The extremely

Coll 5 more complex than that for the unit el since there 62k SGNal n the lowfrequency paower than 80 mey

. ! of &’F(w) indicates very weak electron acoustic-phonon
are much more carbon atoms in the supercell. There are more "~ . ; . o
branches for the boron-doped diamond since some phono pupling. De.ta|led analysis shows that thg B-vibrationss
degenerates are removed due to the symmetry breaking, erg_lated EPC is the largest among all atoms in both models |

. : . : . and Il (14.5% in model | and 9.3% in model)lIThus the
pecially since the highest optical phonorlais a onefoldA; : :
mode, as shown in the inset of Figb® Besides that, a B-related phonon modes play an important role in the EPC

general effect to the phonon band structures resultin ue to the large B electronic LDOS near the Fermi level. As

Lo . : hown in the lower panels of Fig. 4°F(w) has sizeable
from the boron doping is the phonon softening; esFJECIaIIy'(:ontributions from phonons with medium frequency in our

the softening of the optical phonons is sizeable, e.g., Its. H Boerét al ted that?F
the highest frequency of the zone-center optical phononges’u S. However, boeret al. suggeste (w)'van-
decreases 99 cthto 1196 cmi! for model I. Comparing ishes for phonon frequencies below that of the optical zone-

our results with those obtained from the VCA, we find thatCeNter modes, then jumps to a maximum, and finally alls.
the softening of the highest optical-phonon moded"dh Their relative simple picture for F(w)_should stem from _
our supercell calculations is much smalléhe decrease in the fact that there are only three optical-phonon modes in
theirs is 265 cmt for diamond with 5% boron conteldy. their virtual-crystal calculations. Since we involve many
Zhanget al. observed that the zone-center optical-phonof"ré phonon modes to calculatéF(w), our results should
line at 1332 crit downshifted for boron-doped diamond P€ more reliable. _
film.2° Part of the reason for the downshifting might be ~ The calculated TDOS at the Fermi leV&l(E¢)], average
the softening of the optical phonon due to the EPC. Wdrequenciesoy', EPC constants, and superconducting tran-
can see that there is a S||ght upturn of the uppermost mod@tion temperature§c for models | and Il, are listed in Table
especially when moving fronT" to X for both undoped | As expected, théN(Eg) for model | is larger than that for
and doped diamond, similar with the previous resti®. model Il due to the larger boron concentration. TH€Eg)
Moreover, the upturn for the boron-doped diamond is mordor the boron-doped diamond is consistent with the virtual
noticeable due to the larger EPC for the zone-center opticalrystal — calculations: N(Eg)  (in  states{spinx eV
phonons. X diamond unit ce)l is 0.062 for 2.78% boron versus 0.060
The partial phonon density of statéBOS) for atomais  for 2.5% boront> 0.106 for 6.25% boron versus 0.08 for 5%
defined aspa(w):Equ:’\'ﬂea(q,j)|26{w—w(q,j)], whereNis  boron!® The smallerN(Eg) for the boron-doped diamond
the total number of atomgy is the phonon momenturj, than MgB, would result in weaker EPC in the boron-doped
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TABLE I. Computed electronic DOS at the Fermi leyB(Eg)], Our treatment neglects the anharmonic corrections.
average frequencie&ﬁf‘, EPC constants,, and superconducting For MgB,, Choi et all® showed that\ is decreased
transition temperaturek; for models | and II. The two values fdi, ~ from 1.0 to 0.78 after including partial anharmonic correc-
correspond to two different values pf (0.10 and 0.15 N(Er) is  tions. However, more recently, Lazzest all* suggested
in states(spinx eV X diamond unit ce)l. Boron contenCg is also  that the effects of anharmonicity 6f, and\ in MgB, are

shown for each model. indeed negligible by explicitly taking into account the
on scattering between different phonon modes at different

Ce  NEp) oK) Te (K) g points in the whole BZ. Boeret all® considered the
Model | 6.25%  0.106 1287 056 23.6115 anharmonic corrections in the boron-doped diamond using

frozen phonon calculations, and found that the effect of
anharmonicity is small, i.e., in general decreases 0.03
after taking into account the anharmonicity. So, our main
diamond. The larg@f)' for the boron-doped diamond leads results remain essentially unchanged even after including
to high T,, as demonstrated in McMillan's formufaAl-  the anharmonic corrections, since the anharmonic corrections

though the phonon softening increases with increased boro@gr the boron-doped diamond are small, as discussed

concentrationwf" for model | is larger than that for model by Leeet all®

Il, i.e., 1287 K versus 1218 K. The smallef;’ for model Il In summary, we have carried out a first-principles study
results from the substantial EPC in the medium frequency, tne heavily boron-doped diamond. Optical phonons in
region. The EPC constant for model I is 0.56, larger than - giamond are softened after doping with boron. The boron-
that(A=0.39 for model Il. The typical value fop* isin the  rg|ated vibrational modes contribute an important part to the
range 0'10_0'15'*-_”18 calculated, for model 1 s gjigshherg function?F(w). Superconductivity in the boron-

23.411.9 K fOI’*,u. =0.10(0.19, and for model ”,'t 'S doped diamond is found to be mediated by the EPC. By
4.40.9 K.for p*=0.10(0.19. The boron concentration for using the supercell technique, we resolve the discrepancy
model Il is very close to the experimental value and thepetween theoretical results based on the VCA and experi-

calculatedT agrees well with experimentdl;, about 4 K. yantal data, and the calculat@g s in excellent agreement
We can see thal increases with increased boron concen-yith the experimental result.

tration due to the increased A detailed analysis reveals that

the EPC is peaked dt, which is also found in a previous This work is partially supported by the National Project
study® Leeet al1® overestimated andT, since\ should be  for the Development of Key Fundamental Sciences in China
averaged over the whole Brillouin ZoriBZ), but their fro-  (G1999075305, G2001CB30g95the National Natural Sci-
zen phonon calculations only took into account the zoneence Foundation of Chin®0121202, 20025309, 10074058
center phonons. and the USTC-HP HPC project.

Model I 2.78% 0.062 1218 0.39 4.4,0.9
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