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Acoustic-phonon anomaly in MgB,
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Recent first-principles calculations of the phonon dispersion curves in,Mgie suggested the presence of
anomalies in some of the curves, particularly in the longitudinal acoustiéalbranch in thd™ to A direction.
Similar behavior has been observed in numerous other superconductofi wittigher than those of standard
electron-phonon BCS superconductors. Phenomenological calculations Bf-tiAe LA dispersion based on
both an acoustical plasmon and a “resonant polarization” mechanism are given here to emphasize the impor-
tance of these similarities.
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Single crystals of the new superconductor MgRrge  phonon interaction. Ganguly and Wdbdbserved that the
enough for inelastic neutron scattering experiments have ne@nomalies may be produced by the interaction of acoustical
yet become available, but first-principles calculations of theplasmons and phonons. While it is difficult to reconcile this
phonon dispersion curves have appedréeth Ref. 2, awell-  suggestion with the electronic band structure of Nb, as
defined anomaly appears in the dispersion of the LA mode ipointed out by RuvaldSthe notion that there is a connection
theT to A direction. This anomalous behavior is remarkablybetween AP-like electronic modes and phonons persisted.
similar to that found in transition-metaand transition-metal The resonant electronic polarization arising from the double-
carbidé superconductors with high transition temperaturesshell model of Weberet al® is somewhat related to the
Indeed, it has often been considered a signature of highacoustical plasmon mechanism in that an additional mode
temperature electron-phonon superconductivity in these sysvhich interacts with the “bare” phonons is introduced. First-
tems. Here, we call attention to and emphasize the potenti@irinciples calculation's'*?that began to appear subsequently
importance of this similarity by carrying out model calcula- could replicate the anomalies but the assignments to specific
tions in which the anomalies are produced both by an acougnechanisms were often in conflict. However, the important
tical plasmon (AP) mechanism and by a parametrized, roles of electronic polarization and details of the band struc-
g-dependent, interband contribution to the dielectric re-ture were clear.
sponse function. The acoustical plasmon concept was introduced by

Many superconductors with even moderately high transiPines® in 1956 and subsequently applied to superconductiv-
tion temperatures show some type of anomaly in the phonoity by a number of author¥! "It is thought that AP’s may
dispersion curves when compared to their [wer nonsu-  occur in systems in which heavy- and light-mass carriers
perconducting analogs. In this connection, the lattice dynameoexist and the light carriers screen the heavy ones to pro-
ics in high-T, cuprate materiafsis currently being revisited. duce an acousticale{(—0 asgq—0) excitation. Transition-

It now appears that there are effects in the optical mbdesmetal systems with the electrons playing the role of heavy
and in the electronic structuréhat correlate with hole dop-
ing and that may be related to superconductivity.

We are mainly interested in anomalies in the LA disper-
sion curves because they are distinctive and prevalent, occur-
ring in systems that have no optical modes as well as those
that do. They were first observed and discussed for Nb (
~10 K) more than 30 years atjand somewhat later in the —~
transition-metal carbidesFigure 1 shows the LA dispersion %
curves for NbC, TaC, and HfC, which have transition tem- E
peratures of approximately 11 K, 11 K, ardl K, respec- 84
tively. The anomalies are obvious for the first two materials
but do not occur in HfC. Many other examples of this type of 10
behavior could be given, notably the elemental materials Nb,

V, and Ta where only acoustical modes occur. Also shown in 7
Fig. 1 are the results from Ref. 2 of recent first-principles . ! ! - 0
calculations for MgB (T,=38.5 K). While only four points 02 0.4(r | uo')6 08 !
were calculated in thé' to A direction, they clearly show qirta.

that the behavior is anomalous in the sense being used here. g, 1. Phonon dispersion curves alorg,0) for NbC, TaC,

Nakagawa and Woodgound they could reproduce their and HfC; the anomalous behavior in the first two is evident. Data
phonon data for Nb with a Born—von Karman model utiliz- from the recent first-principles calculations for MgERef. 2 are
ing numerous force constants. The need for such a complexso shown. Lines are guides to the eye, r.L.u. means reciprocal
model was thought to be indicative of a strong electron4attice units.
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particles and thes electrons the light ones have been longy; is the Fermi velocity of theith particle, and wj;
seen as good candidates. In other systems, holes may be the; ¢2n, /m¥ is the plasmon frequency, with* the effec-
heavy _partlcles and electrons the light ones. In 'the_ smpleg}ve mass anah; the particle density; the imaginary parts are
acoustical plasmon treatment of superconductivity in transiyeglected. Substituting these in Bd) and defining # o°

tion metals, the plasmons_ either replace entirely or simplyzso gives, for the acoustical plasmon frequenay(q),
complement the phonons in a standard BCS-type theory. An

extensive criticism of AP-mediated superconductivity has
been given based on system stability and other restrictive wp(0)=—=, Qup<wy(q)<qu,
requirement$®1°Nevertheless, while to our knowledge AP’s V1+g\?

have not been shown to exist in any bulk mate(sde also N e ; )
Ref. 9, the concept is an intriguing one and based on soundNerevp=vaVNy/3N, is the acoustical plasmon sound ve

. . JJocity, N; is the density of states of thieh particle at the
theoretical arguments regardless of any role it may have i . 5 > = .
ermi level, and\ = \eqh?m/de ke my" is the screening

superconductivity. We note that acoustical plasmons hav% . . ) ;
been proposéd as existing in MgB, although not in the ength of light particles. The Landau damping of acoustical

context of the present lattice dynamical discussion and in glasmons due to the continuum_of light particles is neglected.
much higher-frequency range. In_a more comple_te calcuilatlor_l, we use Et) and the
Magnesium diboride has the AJBstructure consisting of fu]l L|.ndhard expressions foat'. To mplude the phonon con-
hexagonal layers of Mg interspersed between graphite like I%nbynon We use a sL|mpIe, approximate expression for the
layers. Several calculatiofis? establish that the occupied attice polarizabilitya™,
bands consist of- bands formed from borosp? hybridized
orbitals andw bands formed from the 2 orbitals directed
along thec axis. Interactions with the Mgsorbitals result  and take in thd™ to A direction
in the o bands not being fully occupied, as in graphite, which
creates holes at the top of the bands. The various calculations 0 K
are in good agreement in showing a weakly dispersing band @ph(d)=CoSin| = %)’ ©)
in the I" to A direction lying just above the Fermi surface.
Voelker et al?® have provided analytical fits to the bands whereg/qq is the fractional distance to the Brillouin zone
they calculated, with the holes in the bands having high (BZ) boundary anct, is adjusted to give the frequency of
effective mass for motion along the, direction. This led the LA phonon in MgB at the zone boundary, as taken from
those authors to investigate the possible existence of acouBefs. 1 and 2. This implies that the “bare” phonon frequency
tical plasmons. They found evidence that they do exist butugh already contains the screening dueefband the light
the validity of their calculation was subsequently questionectarriers; hence, this screening is taken out in &g.
by Ku et al?* We emphasize that in any case the AP’s con- The results of such a calculation are shown in Fig).2
sidered in these calculations are in a far different frequencyrhe unperturbed or bare phonon dispersion curve is given by
range than those needed here, as will be seen in the follovthe dashed line and the acoustical plasmon by the dotted
ing. solid curve. The latter is Landau damped as it enters the
We write theq- and w-dependent dielectric function as  heavy-particle continuum a&j.~ 0.25. Note again that the AP
mode shown here is calculatedthout taking into account
e(q,w)=1+a’+a'+a"+a", (1) the phonon contribution. Also the bare phonoréforethe
interaction with heavy particles is included. The result of the
full calculation E=go+a'+a"+a") are shown by the
solid line. After the phonon and heavy particles are allowed
to interact, the phonon frequency rises above the unperturbed
. curve and continues to be affected even after the plasmon is
damped, causing the anomalous behavior to develop. Inter-
estingly, the perturbed phonon remains well defined until it
enters the heavy-particle continuum where its width in-
: : , 2) creases rapidly in the region of the anomaly due to the con-
0> K o+ EL—ELHKHO tinuum of the heavy-particle contribution to the imaginary
part of e(q,w). Neutron scattering experiments should
readily pick up this feature if it exists. We note that this is
also the region where the electron-phonon interaction was

B L -
. Neglectmgq for.the moment,,an approximate expres- ¢, nq tq pe strong in Ref. 2. Some of these effects will be
sion for the dispersion of the AP’s can be obtained in thediSCusseol in more detail in a subsequent paper

Io.ng-wallvelength. limit. é.lssing the first terms of the expan- To obtain the curves in Fig.(2) we took the mass ratio

sions given by Lindhard, my/m =20 and Fermi momentum ratitg | /kg p=2.4.
Here n=10" cm 3, n,=0.75x10°° cm 3, v,=2.4

) (3)  x10" cm/s, andv,=5x 10> cm/s. This corresponds to the

—wgl/o® Qui<o. choice of light massn* = 1.5m,. Also a value of =30 was

Up

4

ag(©) =~ w0p(a) %+ ay(w)]/ o, ()

and look for its zeros in a standard approaehand " are
the polarizabilities of the two distinct groups of light and
heavy carriers, and® contains all other contributions to the
electronic polarizability, e.g., from interband transitions;
is the lattice contribution. Electronic polarizabilities are ca
culated in the free-electron approximation

2

8me Ng+k— Nk

ay(w)=

where E} and n}, are the free-electron energy and Fermi
function for thei=1,h particles, respectively.

. 3wgi/qzvi2 qQui> o,
)=
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e — FIG. 3. Results for the resonant polarization mechanism as de-
(b) 2.8 | 10 scribed in the text. The upper curves are for the phonon and the
40+ 1.7 i
_____ lower ones are for the supershell frequencies.
30+ 1.0 18 structure of this material leads to some resonancelike inter-
9 07 ’ | = action of the electrons or holes with “bare” phonons. How
O ) 16 this might come about from another viewpoint is illustrated
\%20_ e, by the following calculation.
m 14 > In Eq. (1), ", the polarizability of the heavy carriers,
which gives rise to the acoustical plasmons, was replaced by
10 I a g-dependent polarization term'™ ascribed here to inter-
----- bare" phonon {7 - . . -
— m/m, band transitions that were previously included in the constant
¢°. Herea'"(q) was chosen to be a “skewed Lorentzian” of
" 1 " 1 " 1 " | "
% 0z 04 06 08 I the form
q (r.lu.)
_ _ a(g)= —5—. (7)
FIG. 2. () An example of the calculation of the anomaly given 1+b“(g—qp)

by the acoustical plasmon mechanism, as described in the(lext. o . _ .
The anomaly as a function of the mass of the heavy particle. ~ We initially fixed g, at 0.7 to locate the maximum in the
vicinity of the dip in the phonon dispersion curve. Modifica-

assigned. As was the case with Nb, it is difficult to reconciletion of the bare phonon dispersion and trial and error with
these parameter values with the published band structure cahe parametera andb readily provided a satisfactory repre-
culations and this remains a serious drawback for the applisentation of the anomalous behavior. The results of three
cation of the acoustical plasmon concept to lattice dynamicssuch calculations for different values @f are shown by the

Additional dispersion curves, obtained by changing theupper curves in Fig. 3. We note that the importance of inter-
effective mass of the heavy particles over a limited range, arband transitions has been emphasized in recent electronic
shown on Fig. ). By varying other parameters, a wide structure calculations and particularly those of Refs. 20 and
variety of behavior can be obtained, which may be of interesg4.
for other materials. An interesting aspect of this calculation is that thele-

We followed Frdnlich and Rothwarf a bit further by cal- pendence ofx'" correlates closely with that of the “super-
culating T, from a modified BCS-like expressiorkT,  shell frequency’ws{q) in Weber’s double-shell modéf:'t
=hopmexp(-1/F). Herew,, was taken to be the frequency Smith et al?® calculatedws{q) for TaC by assigning the
at which the plasmon enters the heavy-hole continuumFand free-electron mass to the supershell. The supershell motion
was calculated as described in Refs. 16 and 17. Valu@s of was then retained explicitly in the dynamical matrix rather
quite close to the experimental value could be found but theyhan being transformed out as is usually done in the shell
were very sensitive to the relevant parameters which couldhodel. They found thabs(q) for the longitudinal mode had
be changed over a fairly wide range without greatly changing pronounced, asymmetrical dip centered at the position of
the dispersion curves. Having in mind the known restrictionghe anomaly. Loosely speaking, the function of the supershell
on the acoustical plasmon mechani€m’® we do not con- s to provide a “resonant polarization” mechanism to screen
sider these results of direct, fundamental significance for théhe relevant part of the dynamical matrix. This implies that
high transition temperatures in MgBthat is to say, we do the shell frequency should vary inversely with the square
not argue that superconductivity is produced by acousticaloot of this polarization. Calculating tteedependence ab
plasmons. However, the results do suggest that the electroniic this way from Eq.(7) and comparing it with thevgg ex-
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tracted from Ref. 26 gives the results shown in the lower partational and a physical standpoint. As discussed above, at-
of Fig. 3; the agreement is obviously quite good. The supertempts to identify a well-defined mechanism producing the
shell frequencies have been normalized to one anothgr at anomalies in other materials in the 1970s were inconclusive
=0 and then shifted into the range of phonon frequenciesand MgB, may now provide an impetus to reconsider their
Of course, the introduction of a distinct, well-defined modeorigins_ It will indeed be interesting to see how well these
for the supershell in this region ofj(w) space is a rather calculations fit the experimental lattice dynamical data when
drastic simplification whose implications are not clear. HOW‘crystaIs large enough for neutron scattering become avail-
ever, it is remarkable that the calculations of Ref. 24 alsoyple. Of course, any hint of acoustical plasmon effects also
point to a sharp resonance in the vicinity of 2.5 eV attributedyould be of great interest.
to interband transitions. In any case, the simple form in Eq. 1o summarize, one recent first-principles calculation of
(7) does seem to capture much the same physics containedgRe phonon dispersion curves in MgBhows anomalies in
the double-shell model and, perhaps, also that in less phgne LA branch similar to those found in other hidh-
nomenological treatments. _ electron-phonon BCS superconductors; however, another
The calculations of the phonon spectra of MgB Ref. 2, ¢ajculation did not give them. These anomalies can be cal-
which show the anomalies, used a density functional theoryy|ated using an acoustical plasmon mechanism but the band
(DFT), full-potential linear response, linear muffin tin orbital parameters involved seem unrealistic. A resonant polariza-
(LMTO) approach. The calculations of Ref. 1, which showtjon mechanism in which interband transitions give a
no ar2170maly, used a mixed basis pseudopotential method ardgependent contribution to the dielectric response function
DFT.”" While the results of the two calculations are in gen-js probably more realistic. A detailed analysis of the new
eral agreement, they differ strongly in the dispersion of in-\igp, |attice-dynamical calculations and comparison with
terest here. Kongt al” also calculated the electron-phonon eayjier calculations for transition-metal materials should be

interaction and fognd it to be partiqularly large in the yicinity invaluable in giving insight into the underlying mechanism.
of the anomaly. Since the calculations of Ref. 2 obtained the

anomalies, their origin must be embedded in and, in prin- We would like to acknowledge valuable discussions with
ciple, can be extracted from those calculations. ConverselfR. Fishman, I. Mazin, and D. Singh. This research was sup-
since the anomalies were not obtained in Ref. 1, a comparported by ORNL, managed by UT-Battelle, LLC, for the
son of the two approaches is important from both a compud.S. DOE under Contract No. DE-AC05-000R22725.
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