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Small Fermi energy and phonon anharmonicity in MgB, and related compounds
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The remarkable anharmonicity of t&, phonon in MgB has been suggested in the literature to play a
primary role in its superconducting pairing. We investigate, by means of local density approximation calcula-
tions, the microscopic origin of such an anharmonicity in MgBIB,, and in heavily hole-doped graphite. We
find that the anharmonic character of tBg, phonon is essentially driven by the small Fermi energy ofdhe
holes. We present a simple analytic model which allows us to understand in microscopic terms the role of the
small Fermi energy and of the electronic structure. The relation between anharmonicity and nonadiabaticity is
pointed out and discussed in relation to various materials.
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The report of superconductivity at.;=39 K in MgB,  MgB, shares strong similarities with graphite. In both mate-
(Ref. 1) has raised great expectations about the metal dirials one can identify strongly two-dimensionalbands, al-
borides MB,. There is indeed no reason to believe thatmost entirely derived from BC) s and Py, Orbitals, plus
MgB; represents the highe$t- compound within this fam-  ponding and antibondingr bands with three-dimensional
ily. Since the very beginning, a generic consensus about th@ispersion and mainly rE{Mg (sz) character. The most
electron-phonond-ph) nature of the superconducting pair- jyaortant difference between MgBand graphite is the po-
ing has prevailed;’ although some pyr.ely electronic models sition of the Fermi levelL.. In undoped graphitg cuts ther
have been prpposé‘dThg precise orgin of such a highy  hang strycture just in the middle, about 3 eV abe{j8, the
supercond_uctlng phase is Stl|! unknown. Recently the strongop of the bondingr bands, which are thus completely fif.
f':mharm_onlc characFer of.the m—p]aligg phorpn mode and In MgB, the combined effect of additional magnesium lay-
its possible correlation with the high, value in MgB, have o5 ifferent ionic charge between boron and carbon, and
attracted a considerable interéstHere we attempt a simple valence-charge transfer from magnesium to boron layers
theory of such a strong anharmonicity and test its predictivgjie|ds a different arrangement of and 7 bands. The result-
power on related compounds. With this perspective we havgg Fermi levelu still cuts them-band structure somewhere,
performed first-principles calculations of the band structurehyt is now~0.5 eV below the top of ther bands, which
and lattice properties of MgB AlB,, and of a hypothetical therefore, in MgB, give a sizable hole contribution to the
hole-doped graphite. We identify the small value of theFermi surfacé'® not present in graphite. This important
Fermi energy for the holes in theband, with entire portions  difference was almost immediately pointed dtitnore re-
of the Fermi surface disappearing upég, distortion”'®as  cently, the large splitting and shifts which thebands un-
the fundamental origin of anharmonicity; a simple way ofdergo upon typicalE,; phonon displacements were sug-
modeling the effect of distortion on the band structure congested as the likely source of anharmonicity for thg,
firms our finding. It has already been pointed out in the lit-phonon in MgB.°> We are going to make this statement more
erature that MgB resembles in many ways graphft€1®  precise. We claim that neither the presence at the Fermi level
From the structural point of view MgBis formed by of theo bands nor their strong coupling to tBg, phonon is
graphenelike layers of B spaced by planes of Mg atoms. Theufficient to induce anharmonic effects: it is the small Fermi
point group symmetry of in-plane boron phonon modes ofenergy associated, in the unperturbed crystal, tootteon-
MgB, and in-plane phonons of graphite is thus the s&me,duction holes €°P—,=0.45 eV) which makes the differ-
and the difference in frequency is related to the differentence. On these grounds we may expect anharmonic effects to
strength of B-B and C-C bonds. Out of the whole vibrationalbe strong in other materials with small Fermi energiasd
spectrum, a large interest has converged towardsEthe sufficiente-ph coupling and also conjecture a relation be-
mode in MgB,, which involves only in-plane boron displace- tween anharmonic and nonadiabatic effects. We present local
ments. This mode has been shown to have an extremeljensity functiondf calculations, based on Martins-Troullier
strong coupling with the in-plane- bands>*°~°which in  pseudopotentiaté and theasinim code®® which support this
MgB, provide conduction holes; a relation to the high super-picture; the resulting bands aifityy frozen-phonon energies
conducting temperaturd,. was naturally suggested. This are well understood in terms of a simple model, discussed in
idea was also supported by the negligible partial isotope cothe second part of this paper. We studied Ejg phonon for
efficient onT, associated with the Mg atomic maédn this  MgB,, AlB,, graphite, and a hypothetical hole-doped graph-
context the strong anharmonicity, a unique property of théte where one electron is missing from each carbon atom.
E,y phonon within the MgB vibrational spectrum® ac-  Experimental lattice parameters were used as an input for
quires an obvious importance. The electronic structure oMgB,, AIB,, and graphite, while for hole-doped graphite the

0163-1829/2002/621)/2145014)/$20.00 65214501-1 ©2002 The American Physical Society



BOERI, BACHELET, CAPPELLUTI, AND PIETRONERO PHYSICAL REVIEW B5 214501

[ 1 N 1 N 1 N LI
0.02|- |m MgB, a,=12
L |O AB, a,=44
0.016- [0 9 a,=104
l |® gr++ a,= 53

O \\// 21)1 \VAY A

o 4 -
% 0.012} / /
W 5008 8 A MgB,|{ | ] i
[ > N
0.004| °

ot . ] . ] . L N
0 0004 0008 0012 < 0 [ [ a [\
~d
u? (A% <11 s
4 - - -
FIG. 1. EnergyAE associated with a&,, phonon displacement

of amplitudeu, plotted as a function ofi>. For each material this

energy is divided by, (in the inset, units of eV/A), the quadratic -8 AlB2 | = |
coefficient of a polynomial best fik E=a,u?+a,u*+ - - -. On both P w—
axes the units are thus?Aand harmonic phonons collapse on a r M L A T T M L AT

single straight ling/=x. The solid lines result from our modgtgs.

(3) and(5)]; the corresponding parameters are shown in Table I. FIG. 2. Upper panels. MgBelectronic bands withouleft) and

with (right) an E,y phonon distortion of amplitudei=0.05 A

. . ower panels: same as upper panels, but for A#d u=0.05
Iattlce_ parameters were left qt the experimental value. 0 (anss, /3uigs,) A The o bands are marked as thicker lines. Their
graphlte. For th‘? purpose of ,thls study the use of generallzegp”mng uponE,, distortion is equally large in MgBand AlB,, but
graQIent apprO).(lme.ltlonGEGAg)' arld an e?(tremely accurate in the latter(lower panels they are always below the Fermi level
a priori determination of equilibrium lattice parameters are(,=0 in all panels.
not an issue. Great care in tkespace integration is, instead,
an issué since, in some cases, entire portions of the Fermtions find no anharmonicityFig. 1, open circles; “gr.” stays
surface disappear upon distortion; we use two<15xX10  for graphitd. But if, by adding a uniform neutralizing
shifted Monkhorst-Pack grids in the Brillouin zofeWe background? we remove one electron per carbon attimo
should also specify that, between the two possible eigenvegdectrons per cell, solid circles in Fig) from graphite, thus
tors for theE,, phonon, we only show results for the one shifting €', the top of itse- bands, back to the “optimal”
labeledE,4(b) in Ref. 6, whose energy is, by symmetry, an position (~1 eV abovey in the undistorted crystglthen,
even function of the displacement; phonon displacements Ugpon typicalE,, distortions, the lower splitofé- band sinks
to 0.05-0.1 A were considered. The first important Observabelowlu’ and we recover Strong anharmonic eﬁects' shown
tion is that theE,, anharmonicity is completely absent in jn Fig. 1 (solid circles. To clarify the origin of this anhar-
AlB;, whosea bands undergo equally large splittings andmonic behavior we have traced back the effect of Eig
shifts as MgB. As shown in Fig. 1, our frozeB,g-phonon  frozen-phonon distortion to the electronic structure. For all
calculations reproduce the large anharmonicity found fomaterials we find that the main effect of the lattice displace-
MgB; (solid squares™® but predict no such effect for ABB  ment is a linear energy splitting of thebands. Ther bands
(open squargs whose energy remains proportional to the gre, instead, only weakly modified. The effects of lattice dis-
square of the phonon displacement for all the displacementgrtion on the band structure, in a relevant energy range
under consideration. Our finding is consistent with the ex-around the Fermi levek, can be thus schematized, to a good
perimental fact that thé,y phonon line is very broad in approximation, asde, (k)= *g|u|, with opposite signs for
MgB, but not in AIB,.% the two differents bands. The value of deduced from the

We suggest that the different behavior of AlBe simply  |ocal density approximatiofLDA) results differs signifi-
related to the fact that, both before and after g distor-  cantly between the borides (MgBAIB,) and graphitéwith
tion, its o bands are near, but completely below, the Fermior without doping, while it is almost constant within each
level u; unlike MgB,, their electronic occupation remains class of compoundésee Table . From the comparison of
unchanged upon distortidsee Fig. 2. In MgB,, instead, the  the band structures in Fig. 2 we can identify two representa-
top of the o bands is above the Fermi energy but, upontive cases. For AlB (bottom) the bondingo bands, at zero
distortion, the lower splitoff band completely sinks below it, distortion (left), are completely below the Fermi leveland
thus changing its occupation. Besides the amount of theemain there upon distortiotright); their energy splitting,
shifts and splittings, the exact position of thebands before  induced by theE,, lattice displacement, does not change
and after thEEzg distortion is thus a crucial ingredient for its eijther their occupation or the topology of the Fermi surface,
anharmonicity. This is confirmed by artificially moving the which never acquires a sheet; nar band crosseg at any
top of these bands. ", with respect to the Fermi level in  displacement, and the Fermi surface is exclusively dictated
graphite. In true graphite the bands also undergo large by the 7 bands, which, compared to the bands, undergo
splittings, but they are already well belgwboth before and  only minor changes upon displacement. Besides,AlBis is
after thekE, distortion; here our frozef,g-phonon calcula-  also the case of undoped graphitet shown. An entirely
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TABLE |. Three inputs for our total energy model, E¢8) and  term is an effective elastic energy. Far from the Fermi level
(5), extracted from our local density approximatirDA) outputs.  our bands are not realistisee below, so we lump into this
The remaining two parametefd, and N, needed only when term both the bare ion-ion repulsion and those electronic
€sP>u, were adjusted to yield the best fits shown in Fig. 1. Theireffects which are missing from our model bands. The occu-
optimal values K,=0.11, N,=0.39 for MgB,; N,=0.07, N,  pation number can be self-consistently calculatedk,u)
=0.30 for graphite-+) fall in a physically reasonable range, in =f[e;(k)—gu—u(u)], ny(k,u)="f[ex(k)+gu—pu(u)],

spite of our oversimplified density of statésee text n(k,u)=f[e(k)—u(u)], whereu(u) is the Fermi level
in the presence of the frozen phonon dpd]= 6(—Xx) is the
g " & T=0 Fermi function.

Let us consider the representative case of MdgBor the

'IZIIgBBz ﬁgi _ 10 '64; 4142 sake of simplicity we assume two paraboticbands, per-
gr ’ 28'29 2'89 104 fectly two dimensional (2D) and degenerate atu

) ' o =0 k)=e,(k)=€,(k)]. The corresponding density of
. 20 86 e oo [e1(k) = ex(K) = €, (K)] ponding density

stategDOY) of eacho band will be therefore constant up the
top of the bande!®”: N,(e)=N, [e<€P]. From now on

different situation is found when, on the one hand, the top ofV€ conveniently sep(u=0)=0, so thate;” now equals
the bondinge bands at zero distortions°?, is above the €, —#(u=0), the Fermi energy of the- holes in the ab-
Fermi levely (so that in the perfect crystal the Fermi surface S€nce of lattice distortion. In addition, in the energy range we
has o-hole-like cylindrical sheetd), but, on the other, the are interested in, we can assuhig, the density of states of
energy splitting of ther bands is large enough to drive one the = band, to be just constant. The Fermi leugl)) and the

of them completely beloy upon distortion. This is the case total energye(u) in the presence of the frozen phonon dis-
of MgB,, (top, Fig. 2 and also of heavily hole-doped graph- tortion u can now be easily .computed. .The system shows a
ite (not shown. In both cases, at some critical phonon dis_q_ualltatlve!y dlffer?nt behavtlor for_ two interesting regimes:
placement, the number of Fermi surfaces associated to the (i) 9lul<e€z" and (i) glu|= ;. Within the assumptions of
bands changegone of the two cylindrical sheets around the OUr model(rectangular DO in regime(i) the Fermi level is
I'-A line disappears; beyond that point, since the total num- unaffected by the frozen-phonon distortiop,(u)= wx(u

ber of electrons is conserved, larger displacements will imply=0)=0: the depletion of ther band, raised by the distor-

a qualitatively different behavior, due to the reshoveling oftion, is compensated by an equivalent filling of the other
electrons between and 7 states. To gain further insight, we band, lowered by the same amount; théands, modeled by
present a simple model of thE,, anharmonicity which their constant DO ., play no role. We obtain for the total
seems to represent well both types of situations. We firsEnergy

consider the system with no distortiom=€0). The elec- M o2

tronic band energy can be written as E(u)=E(0)+ 229 u2—2N,g2u2, glu|<é€P. (3)

(o8

E(u=0)=22 Ei(k)ni(k)+22 e.(kn k), (1 Equation(3) represents a phonon frequency renoimalization

ki K due to the response of the electrons, E(u)=E(0)
+MO3u%2, with 03,=w3,—4N,g%/M. The harmonic
character of theE,q phonon mode is, however, unaffected.
Things change in regiméi) glu|= €. When the energy
splitting is larger than the zero-distortion Fermi energy of the
o holes,g|u|< €', the lowero band is completely shifted
below the Fermi level. Now this band is full and cannot
further compensate the loss of electrons from the upper
band. Then the only way to conserve their total number is to
add more electrons to the bands, which thus come into
play. To obtain this, the Fermi level needs to shift, and the
dependence oun of the total energy, is, in turn, deeply modi-
fied:

where €;(k) represents the dispersion relation of the two
bands,e (k) takes into account the remainingbands, and
n;(k), n,(k) are the corresponding occupatidtise factor 2

is for the spin degeneragyThe LDA bands teach us that the
most important effect of ak,y distortionu# 0 is an almost
linear splitting(i.e., proportional tou) of the two ¢ bands
around thd™-A line. This can be roughly modeled by a linear
e-ph Jahn-Teller-like coupling of th&,4 phonon to theo
bands; the small coupling to the bands is neglected alto-
gether. The resulting total energy @#0 is

E(u)zzg ei(k)ni(k,u)+2§k: e (K)n(k,u)

o top
1

N
_ _ _to
2 ILL(U)_ N(T+N,n.(g|u| eop)v g|u|260' (4)

Mo
+2gu2) [ng(kw)—ny(kw)]+ 5= (2) o
E(u)=E(0)+ 229112—2Nl,g2u2

In Eq. (2) the electronic band energy, in the presence of a
phonon displacement was split into the sum of three terms: N,(2N,+N_)
unperturbedo and 7 bands withu—dependent occupation NN
[first two terms in the right-hand sid&kHS)], plus a linear ol
e-ph coupling of theE,; mode with theo bands. The last 5)

(glu[—€P?%  glul=€;".
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In our simple model the transition between the harmonic andligB, is induced by the extremely small value of tirehole
anharmonic regimes occurs when one band is completelgermi energy. Along this view we can predict a strong an-
shifted below the Fermi level and does not manifest itself ahiarmonicity in heavily hole-doped graphite. We have shown
a simple additional quartic termi*. Rather, an overall anhar- that the anharmonicity of th&,, mode, which is strongly
monic potential results from a simple harmonic term up tocoupled to thes bands, can be considered a signature of
glu|<€P, which, for glu|= €', smoothly connects to a small Fermi energy; this points out in a natural way towards
shifted parabola with different curvature. Such a nonanalytidche possibility of nonadiabatic effects. A quantitative descrip-
behavior has to do with the extreme simplifications of ourtion of this situation involves, however, quantum many-body
model, in particular with the perfectly 2D parabolic charactereffects (nonadiabatic renormalization of the phonon
of the o bands(steplike density of statgsnd on the assump- frequencie¥). While this task is beyond the aim of the
tion of perfect degeneracy of the bands atu=0 [e;(k) present paper, different theoretical studies already suggest
=€,(k)]. We have checked that, with slightly more realistic that nonadiabatic effects could be responsible for the fiigh
models, the sharp transition of E&) becomes considerably in MgB,.2>?! Note that this is entirely different from the
smoother. However, Ed5) is particularly appealing just be- initial claim® that anharmonicity affects superconductivity
cause of its simplicity, since it depends only on a few paramvia the nonlinear coupling. From this point of view the situ-
eters which can be extracted from LDA calculatiofgge ation is, instead, similar to fullerenéswhich have been
Table |), thus providing a direct test of the model. The resultsrecently shown to reach critical temperatures as highi as
are shown as solid lines in Fig. 1 for the compounds consid=117 K in field-effect-transition- (FET-)  doped
ered here. The agreement with LDA first-principles calcula-<compound£?2 In this respect our work suggests new perspec-
tions is quite good, considering the extreme simplificationgives in the search for higl; materials. In particular,

of our model. In conclusion, in this paper we have investi-heavily hole-doped graphite, which we predict to have small
gated, by means of numerical and analytical techniques, theermi energy and anharmonig, phonon, would be a po-
microscopic nature of the anharmonicity of thg; phonon  tential candidate for higfi-, superconductivity. The recent
mode in MgB,. The results presented here provide clear eviclaim of T.=35 K in amorphous graphite-sulfur composite
dence that the anharmonicity of ti&, phonon mode in samples could be related to this scendfio.
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