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Dielectric functions and collective excitations in MgB
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The frequency- and momentum-dependent dielectric funati@pw) as well as the energy loss function
Im[ — e 1(q,w)] are calculated for intermetallic superconductor Md® using twoab initio methods: the
plane-wave pseudopotential method and the tight-binding version of the linear muffin-tin orbital method. We
find two plasmon modes dispersing at energi€sd—8 eV and~18-22 eV. The high energy plasmon results
from a free electron like plasmon mode while the low energy collective excitation has its origin in a peculiar
character of the band structure. Both plasmon modes demonstrate clearly anisotropic behavior of both the peak
position and the peak width. In particular, the low energy collective excitation has practically zero width in the
direction perpendicular to boron layers and broadens in other directions.
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After the discovery of superconductivity in the MgB calculate the inverse dielectric function we invoke the ran-
compound with the transition temperatifg~39 K!much  dom phase approximatiaiRPA) wheree (g, w) is defined
effort has been devoted to understanding the mechanism @k (in symbolic form e 1=1+ v.(1— x°v.) “1x°, whereu,
the superconductivify™ as well as to studying different is the bare Coulomb potential and is the density response
electronic and atomic characteristics of this compoundfunction of the noninteracting electron system. The dielectric
Amoqglathese characteristics are tht_a s_uperconductinghnction is related toy® as e=1—v.x°. The energy loss
gapl?'z L, e crystal structure and its influence on fynction may be obtained by inverting the first matrix ele-
T¢,"**~"%band structurt™!~*%and the Fermi surfacklat-  ment of e that leads to neglecting short-range exchange and
tice vibration§*?**as well as thermodynamic and transport . ralation effects or directly frone~* when these effects
properties” Recently Voelkeet al® explored collective ex-  o'inciuded. We have computed the energy loss function by
glttrii(t):;rz Vr(;rg dZIGZrnfjh?oEﬁ[jmtlhleevellaZ%gﬁlnagcc?uzltzzprlﬁokc)jszlsmg both of these approaches and found that the inclusion

P %t the local field effects leads to negligible changes of both

very small momentag=0.01 a.u.!) and low energiesd : .
~ 0.01 eV). Here we study collective excitations in MgB the width and energy of the plasmon peaks. In the calculation

for different momenta and energies, namely, for Of the density response matr (d,) we have used two
=>0.1 a.u-landew= 2 eV.We report first-principle calcu- different first-principle methods: the plane wave pseudopo-
lations for the reale; (g, w), and imaginarye,(q, »), part of tential metho@ and the tight-binding version of the LMTO
the dielectric function as well as the energy loss functionmethod:*2°
Im[ — e %(q,w)]. As a result of the calculation two plasmon  In Figs. 1a) and Xb) we show the evaluated band struc-
modes and a few features arising from interband transitionire of MgB, and B, along the symmetry directions. In gen-
are obtained. eral, these band structures are quite similar. The distinctions
MgB, crystallizes in the so-called AlBstructure in which ~ between them in the vicinity of the Fermi leve£) are due
B atoms form graphitelike honeycomb layers that alternatdo the lower position oE relative to theo band in thel’A
with hexagonal layers of Mg atoms. The magnesium atomslirection for B,. The states of this band, which are @f,
are located at the center of hexagons formed by borons argymmetry, are degenerate itA and their charge density is
donate their electrons to the boron planes. Similar to graphittocated in B layer showing a clear 2D character. This char-
MgB, exhibits a strong anisotropy in the B-B lengths: theacter leads to weaker interactions between the B layers and
distance between the boron planes is significantly longeto smaller dispersion of the band alond’A in B,. Thep,
than in-plane B-B distance. We use this resemblance betwedyand which is occupied dt in MgB, becomes unoccupied
graphite and MgBin order to clear up the origin of plasmon atI" in B,. In Figs. 2a) and 2b) we present the momentum
peaks in MgB by comparing the calculated energy lossdependence of the energy loss function in Ik, I'K, and
function features with those obtained from EELS measurel’'M directions. In MgB we have found two plasmon modes.
ments for graphite and single-wall carbon nanotubesThe higher collective excitation mode originates from the
(SWCN).?"?8 To shed more light on the problem we also free electron like excitation mode with energy,,
evaluate the dielectric functions and the energy loss spectra&19.1 eV that corresponds to the electron density parameter
for the MgB, crystal structure with the Mg atoms removed rs=1.82 a.u. of MgB. This free electron like mode is trans-
(this hypothetical crystal structure is designated gk B formed into two separated submodeg{ and wf)l in a real
Information on the energy lost by electrons in their inter-crystal. One of them is very isotropic in the hexagonal plane
actions with metals is carried by the dynamical structure fac{the 'K and I'M directions and disperses linearly up for
tor S(g,w) which is related by the fluctuation-dissipation momentag=0.2 a.u., while another one, in tHeéA direc-
theorem to the energy loss functidm[—egol(q,w)]. To tion, has smaller energy and is nearly constant. Because of
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FIG. 1. Calculated energy band structurd@fMgB, and(b) B, ] *is oa e n oot "
along the symmetry directions: and « denote the boron bands of = 1
Px,y andp, character, respectively. L 15 R
4 $5, 4 & A & A & & &
==
limitations of the calculation methods and a large width of &» - g e AT
the energy loss peaks at small momenta we could not dete £ g - o A .
mine accurately the plasmon peak position in this regionld ] e
Therefore we define the plasmon energy at kh@oint by ] P ' i
extrapolation of the computed plasmon dispersionsqat *E B R e © 02 R ae e
= 0.2 a.u. This extrapolation results }j=19.4 eV and Z 3
wél=18.8 eV in good agreement with the free electron gas ol _ ,
value wp;. The width, A, of both these energy loss peaks 0 0.2 0.4 0.6 0.8
decreases with the increasing momentum, and\thewidth q (a.u.
decreases faster thahy) .

A different behavior is shown by the low-energy loss FIG. 2. (Color) Dispersion of the plasmon modéled circles
function peak which disperses linearly up in both ha  and of the featuregtriangles for (a) MgB, and (b) B, along the
direction and in the hexagonal plane. In #hA direction, at ~Symmetry directionsT'A (green, I'K (red), andI'M (blue)
q,~0.1 a.u.l, the peak is very narrowA,§2~0.01 ev,
that can be seen in the very small valueegfin the energy
interval around the peak position wheeg=0 [Figs. 3a)
and 3b)]. In particular, forq, =0.12 a.u:! this interval is

between 1 and 5 eYFig. 3@] and the energy loss peak is . ) ;
located at 2.9 eV. On changing the momentum to the 2=0.8I'M|. Comparing the plasmon energies obtained from

point this interval becomes more narrow and moves to highei® LMTO and pseudopotential calculations one can find
energies[Fig. 3(c)]. At small momenta the first peak of Only @ small dlfferengf of-0.1 eV bzet\/_veen them. For in-
Im[ — €9, ) ] placed in the energy interval 0—1 eV is de- stance, ag=0.2 a.u. _the LMTQ wpp IS slightly smaller
termined by intraband transitions within the twdbands and ~ than the pseudopotential one avide versafor larger mo-
onew band in thex,y plane around th& A direction, while menta. Th[s slight difference resglts in different energy loss
the second peak located at 5.4 B¥g. 3a)] is mostly de- p_eak EosmonsZ af’: the extrapolation of bgih plasmon ener-
termined by interband transitions between théoron band ~ 9i€S@p3 andwy, calculated fog=0.1 a.u.* to thel" point

and thes magnesium band in tHeK andI’'M directions and ~ 9ives p,=1.8 eV, w;?=2.0 eV (LMTO) and wp,
partly by theo- transitions between boron parallel bands in=2.2 €V, wy)=2.4 (pseudopotential We estimate the ac-
the AH and AL directions. So, one can interpret the low curacy of these values to be better than 0.2 eV.

energy plasmon excitation as a result of charge fluctuations Besides two plasmon modes we have obtained four small
between boron and magnesium shé&ti the hexagonal features in Ifi— ey (g, )] that correspond to interband ex-
plane, in thd K direction, the low energy EELS peak broad- citations. It is difficult to find out what transitions are respon-
ens|Fig. 4@ ] and disperses linearly up on going from fiie  sible for these features, nevertheless we show them in Fig.

point to K. In theI'M direction the plasmon peak disperses
similar to that in thd’K one showing a nearly ideal isotropy
in the hexagonal plane. However, it becomes smaller and
wider on going fromI" to M and vanishes finally at
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FIG. 3. (Color) Real(dashed lingsand imaginary(solid lines

parts of the dielectric functioagg(q, w) along thel’ A direction for

G=0 andq=(0,0)(27/c): (Qa=1/8,(b) a=1/4,(c) a=1/2 (A
point). The energy loss function is shown in the inset. The red=2/3 (K point). The energy loss function is shown in the inset. The
red (blue) lines represent MgB(B,).

(blue) lines represent MgB(B,).
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parts of the dielectric functioagg(q, ) along thel’K direction for
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2(a). One of them arises aj=0.1 a.u.! at an energy of distinctions between the energy loss functions in MgBd
~2 eV in the hexagonal plane, another one occurg at B, one can conclude that mostly the features of the excita-
=0.4 a.u. ! in the'M direction at an energy o4 eV  tion spectrum of MgB can be derived, with the relevant
and the other two small features arise in Th& direction for ~ corrections, from those of the hypothetical crystal B
q=0.1-0.25 a.u.! at energies of 10 eV and 13 eV, re- The two plasmon modes similar to those obtained in
spectively. MgB, were a7lszg observed in EELS experiments for graphite
In Fig. 2(b) we show the momentum dependence of thedld SWCN;*® which are even more anisotropic than
energy loss function calculated for the hypothetical crystaM9B2: The upper plasmon mode which has larger energy in
structure B. In general, the energy loss function in Bhows ~ 9raphite and SWCN than in MgB[near ,the}; point wp;
relatively similar features to those in MgBthough there are =21 €V(SWCN andw,,=26 eV (graphitg]™also results
some important distinctions. In particular, all collective exci- from excitations of all valence electrons. The lower plasmon

tations including two plasmon modes manifest a smaller dis-thd(_a “"@IZ show_sha Imea_r depc—:;ngeni:/e Socvgomerétum, like
persion in thel’A direction. This effect is a direct conse- that in MgB,, with energieswg,=> e ( : N and wp,
576.5. eV (graphitg (Ref. 2§ at I'. But in contrast to

guence of a weaker interactions between adjacent layers %WCN q hi h h llecti
boron in B, compared to MgB. Another distinction is that =" * and graphite wherep,, renggsentst eco ectm_a ex-
citation of therr-electron systei~2°in MgB, this mode is a

all features in the energy loss function in &e much clearer .
than those in MgB [Figs. 3a)—3(c) and 4a)-4(c)]. One ex- result of the coherent charge fluctuations between B and Mg

6 . .
ception is the high energy plasmon mode. The third distincSheet®’ and in B, this mode corresponds to charge fluctua-

tion is that B has more features in | ey (g, )] than  1oNS between ther ando boron bands. .
does MgB. The low ener lasmon mod(()aoext'ra olation to In conclusion, we have performed the first-principle cal-

gb-. ’ 7 gy plasmor rap culations of the dielectric functions;(q,w) ande,(q,w) as
theI point givesw,=4.1 eV whichis~2 eV higher than . ) .

. . o . . well as the energy loss function [m e “(q,w)]. The cal

that_ n MgB,. This shift in energy is due fo the hlgher ENEIGY - ylations reveal the two plasmon modes in Mg®d B, and
\%ﬁ'lt'o?h of thgt_secop?h m?xu’tnum Iff ]!rﬁb()]. [';'g‘ 3(a):||- a few interband collective excitations. The low energy plas-
coirl1§idese v&?ﬁltﬁ:t ?n Mgeg lcrhse gsgong pg;;tll? i zmr:)(\ag:jyby mon mode shows a very anisotropic behavior of the peak
2 eV to higher energies. Via the Hilbert transform width. The energy loss spectrum of Mgian be derived,

. NN with the relevant corrections, from that of the hypothetical
(Kramers-Kronig relationit also moves the node of; to yp

higher energy. The fourth distinction is that the second peal%rysmI structure B

of Im[ — egol(q,w)] is mainly determined by ther-o inter- We thank R.H. Ritchie and A. Bergara for helpful discus-
band transitions between parallel band of boron and theions. This work was partially supported by the Basque
lower energy plasmon in Bmay be interpreted as charge Country University, Basque Hezkuntza Saila, and Iberdrola
fluctuations betweenr and o boron bands. Despite some S.A.
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