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That very strong coupling of the B-B bond-stretching, Branch of phonons to the o bonding hole states

is responsible for the remarkable superconductivity in M@Bwell established. This entirely new manner of
driving the superconducting.Tto high levels requires additional analysis. Here recent findings, such as how
this strong coupling is related to possible structural instability, are discussed, and investigation into the practical
limits of such coupling is initiated.

1 Introduction this coupliing quite evident: this spectral density is domi-
nated by a huge peak at the calculated frequency ofte
Although several aspects of the superconductivity near 40 K(bond stretching) mode.
in MgB,, discovered by Akmitsu’s group[1] are now under-
stood, there remain several puzzles, which include the fol-
lowing. (1) To what extent is the extremely strong coupling
between the Br band holes and the B-B bond-stretching
modes really understood? This type of coupling is entirely
new, as regards its microscopic origin and its strength. (2)
Is the two-band character an intrinsic feature of this sort of
superconductor, or a value-added item to provide added ex
citement in the field? (3) Is MgBsimply one of a kind (so

Consideration of the Fermi surfaces (FSs) begins tc
clarify the degree to which the strong coupling is spread
through, or rather focussed, in the phonon spectrum. Th
FS consists of two types: slightly fluted cylinders surround-
ing theT-A line (two of them), arising from Bp,, p, (o)
states, and a more complicated, three dimensional she
arising from the B2p,(r) orbitals. These Fermi surfaces,
‘with calculations presented in most detail by Mazin and

L . o Kortus,[9] Rosneet al[10], and Harima,[11] have been ver-
far, it is), or can the operating principles be used to suggest

i ductors in this class? Al of th r ified in detail by Carringtoret al[12] In fact, shifts of the
other superconductors in this class: ot these questions,; andr bands by no more than100 meV would make the
have been attracting strong interest.

: 2 : . correspondence exact.[10] The strong coupling involves thi
In this paper two specific questions will be addressed. bond-stretching phonons wi) < 2k, that can scatter a
First, we review recent analysis of electron-phonon (EP)

U . . hole from a cylinder, to a cylinder. Here and belawy is
coupling in MgB,-like materials that reveals how remark- ) ) .
ably strongly the bond-stretching modes are coupled. Thisthe average radius of the cylinders, agd= /@3 + Q7 is
brings up the questions of whether the theory remains valid, the in-plane wavevector. Detailed analysis, which involves
and whether such coupling can be increased, and by howin a central way the two dimensionality of the bands,
much, and still retain crystal stability (a primary limiting shows[13] that all the bond stretching modes v@th< 2k
mechanism for EP coupling). We focus on the implications are renormalized by the same amount (a feature of the 2

for the validity of EP couping theory as it is presently being susceptibilityx(Q)[13]): the Kohn anomaly is not a down-
applied in MgB.. ward cusp as in 3D, but rather an inverted plateau.

This 2D Kohn anomaly can be seen clearly in Figure 1,
. . where the calculated phonon dispersion curves[14] for botl
2 Consequences of Two Dimensional- undoped and doped LiBC are shown. Doping holes into the
ity of the o Bands B-C ¢ bands, which are very much like those in MgBn-
troduces an extremely sharp and deep renormalization of th
Since the earliest theoretical work[2, 3] it has been clear thatE;, modes forQ < 2kr. Similar behavior can be seen in
the covalent B-B bond that is driven to be metallic by the the published phonon dispersion relations[3, 7, 5]. However
chemistry of MgB is at the root of the remarkable super- neither the sharpness nor the “inverted plateau” shape he
conductivity of MgB,. The very large deformation potential been evident before, because the Q mesh in the phonon c:
D of the Bpo band for stretching of the B-B bond was iden- culations has been much too coarse in all of the studies. Th
tified early on,[2] and several calculations[4, 5, 6, 7, 8] of Q mesh in the Li_,BC calculations[14] was much finer,
the electron-phonon spectral functioit '(w) have made  and the true behavior is evident in Fig. 1.
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For MgB; in particular, it is important to consider both d
compositions, as we now demonstrate.
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Figure 1. Calculated phonon dispersion curves for (top) semi- Q) = 25(Ek)5(8k+Q)/[Z 5(Ek)]
conducting LiBC and (bottom) hole doping corresponding to k k
Lio.7sBC. The B bond-stretching modes are connected by heavy 1
lines, to emphasize the extremely strong downward renormaliza- = —, 4
tion for Q < 2kp (wg decreases by60%). The sharp and very % 1-— (%)2
strong Kohn anomalies &k along the various directions are ap-
parent. See Ref. 14. and N2P(0) is the 2D DOS per spin for a singte band.
These mode\ 5 , values are related to the phonon linewi
A.Li;_,BC G, by (for MgB,)
It is appropriate to digress briefly. There has been much 1 T
interest in possible other members of a “Mg8ass” of su- Qlwe = E)‘Q §N(0)WQ

perconductors that would share similar characteristics of EP
coupling and also a high.T Hole-doped LiBC has been

suggested as a serious possibility.[15] Its semiconducting
electronic structure seems susceptible to hole-doping by Li
depletion, and the broad band nature of all the bands in LiBC With usual values ofy < 1, this relation gives the stal
suggests that the doped-in holes, which would be parity dard small linewidthy, << wgq. Due to the 2D FS nesting
character, would be itinerant. Moreover, Li.BC had al- both~q and )¢ are strongly)) dependent in MgB (which
ready been reported by &e et al[16] to be synthesizable, may have experimental consequences), but because th
with conductivity increasing with hole doping. A number very large only in a limited region of) space (see below
of groups have synthesized and begun to characterize LiBC an average is not representative and is insufficient for ar
[17, 18, 21, 19, 20, 22] There are two reports of deintercala- derstanding and even for reasonable quantitative estim:
tion of Li. Zhao, Klavins, and Liu reported evaporation of Li To apply these relations in detail to MgBthe analy-
upon vacuum annealing, with no sign of superconductivity sis goes as follows. On the surfaces, calculated and d
in the annealed samples.[22] Foggal. have reported[23]  rived values (dHVA data [12] compared with theory) clus
synthesis of Li-deficient Li_,BC by high temperature an- around), = 1 — 1.2, here the conservative valdg = 1
nealing and also report no evidence of superconductivity in will be used. This total value arises from both the stronr
the susceptibility. The full story on the LiBC system remains coupled E5, modes Af%), and all of the other mode
uncertain. (Aether), Comparing the calculated linewidths (equivalen
mode lambda) for the strongly coupled modes to the
ers {(.e. those withQ < 2krp compared to those wit
Q > 2kp), we conclude that this arises almost entir
from the £, modes. To be conservative again, the f
The mode coupling strengthy ., whose average over lowing estimate will assume that only 80% arises from

Q

1.6
A x 5 X 0.35¢V 1 x 0.07eV
~  0.004 \g (5)

B. Return to consequences of 2D character
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E,, modes. The fraction of phonon modes from which this far, the experimental evidence for any well defined phonor
arises is 2/9 of the branches, and — according to the latesis not strong. The main evidence is from inelastic xray scat:
de Haas-van Alphen data[12], and averaging the areas of theering, where it can only be said that some linewidths are
two o cylinders — only 12.4%= é) of the Brillouin zone less than the 8 meV energy resolution.[26]
lies in the region) < 2kr. These values imply that the
value of < )\SZ" > x(2/9) x (1/8) = AF* ~ 0.8 im-
plies < )\gzy >~ 38. Then Eg. (5) gives the full linewidth
2’)/E2g ~ 0.3 — 0.4wE2g!

This number is remarkably large for a reasonably high
frequency phonon. The point is clear: thig, modes with
@ < 2kp are extremely strongly coupled, more strongly
than anything that has been seen in other superconductors.
This fact is clear also for the similar materialyl:5BC in
the calculated phonon dispersion curves of Fig. 1, where it
can be seen thal?Ezg (which is what arises naturally in the
theory) is decreased by nearly 2/3 from its unrenormalized
value. There is information on the linewidths from Raman 0
scattering data, whergg,, ~ 0.3 — 0.4wg,, is found,[25]
and from inelastic xray scattering where a similar result was

4

As Calculated

w

Spectrum (Arb. Units)
N

=
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obtained.[26] Figure 3. The upper panel shows théF(w) spectral function
that was calculated by Aet al[14, 13] The lower panel shows
Ao, for E, Phonons the effect of broadening the contributions of the strongly coupled
phonons (those within the peak near 85 meV) by a Lorentzian witt
50 T T T T a width equal to about 40% of the peak frequengy35 meV):

notice that the peak vanishes. A proper theory would probably no
give the simple Lorentzian broadening that arises in conventiona

40 r 1 Migdal-Eliashberg theory.
30 b . Migdal theory for the coupled electron-phonon system
< therefore is not valid for MgB; the analysis we have been

using in fact is not consistent because of this fact. It fol-
lows that the standard Migdal-Eliashberg theory that is be:
ing used to calculate the superconducting behavior of MgB

20 | 1

10 1 is unjustified. Eqg. (5) has assumed very specifically tha
\l g << wgq, but leads to a conclusion that violates this con-

0 X X dition. The application of this theory to MgBhas been
0 02 0.4 00 0.6 08 L challenged on other grounds as well. Using careful frozen:

_ _ ) ) _ phonon studies, Boeri and collaborators[27] have shown thg
Figure 2. Behavior o (Q) = /(QZ + Q7). The dotted line  hg “anharmonicity” of thef,,, (B-B bond stretching) poten-
gives the behavior for two concentric 2D cylinder Fermi surfaces 51 \which had been noticed by several groups, arises fron

such as in MgB, with (integrable) divergences @t — 0 as well L .
as forQ = 2kr for each of the two cylindrical Fermi surfaces. the proximity ofo band edge to the Fermi level. As such,

The full line shows the effect df. dispersion that is representative it is @ “non-adiabatic” effect, but not in the usual sense be-
of MgB.. causeiwg,, is not really so close to the value of-Elt is,
rather, a combination of a relatively low Fermi energy, to-
gether with the extremely strorgband deformation poten-
3 VaIidity of MigdaI-EIiashberg The- tial for bond-stretching distortions. Thus itis an independent
) and new aspect of MgB in which the extremely strong EP
ory in MgB 2 coupling is destroying the validity of Midgal theory. Asd
hoccorrection of this problem, treating this bond-stretching
Occurrence of the prediction of overdamped modes from displacement as independent (which it is not, because itis s
the theory indicates that use of the theory is invalid: for ill-defined), gives according to several groups an increase C
such strong coupling, th&,, modes are not well-defined the “frequency” of roughly 10 meV (or about 15%). Very
phonons. Even worse, since those modes are not phononsgcent calculations of the full third- and fourth order an-
then one can't be sure the others are, because harmonibiarmonic corrections give the resulting increase offihg
phonon theory is a solution to the lattice dynamics problem mode frequency of only 5%.[28] So, interestingly, there is a
only if everyphonon is well defined. Although there is no negative feedback from this strong-coupling enhanced ar
reason to suspect that the situation is so bad as to have nbarmonicity that helps keep the lattice stable. All things
well defined phonon at all, it should be kept in mind that, so considered, it is clear that the coupling strength in MgB
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extremely strong as it is, has not approached the limits of a beautiful example of a two-band (or two-gap) superc
such coupling. ductor. Both quantitative determinations of the propertie
MgB., and a real understanding of what is happening in
bond-stretching-mode &hole dynamical soup, remains
4 How Strong Can Mode Coupling  be sorted out using some extension of the theory.
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