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Plasmon Lifetime in K: A Case Study of Correlated Electrons
in Solids Amenable toAb Initio Theory
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We solve the puzzle posed by the anomalous dispersion of the plasmon linewidth in K via all-
electron density-response calculations, performed within the framework of time-dependent density-
functional theory. The key damping mechanism is shown to be decay into particle-hole pairs involving
empty states off symmetry. While the effect of many-particle correlations is small, the correlations
built into the “final-state”d bands play an important, and novel, role related to the phase-space
complexity introduced by these flat bands. Our case study of plasmon lifetime in K illustrates
the importance ofab initio paradigms for the study of excitations in correlated-electron systems.
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Much less is known about how to calculate accurate lifeturn off) do not affect the linewidth dispersion. By con-
times of electronic excitations for realistic models of solidstrast, the exchange-correlation effects built into the cru-
than about ground-state and structural properties of thesgal “final-state” d bands have a profound impact on the
systems. Currently a major thrust is focused on the exciealculated linewidths. The identification of the physics
tations in systems of strongly correlated electrons. Thdehind the data is made possible by our approaching the
complex band structure characteristic of these systemgroblem on the basis of an all-electron response scheme
notwithstanding, the prevalent paradigm adopted for theiwhich is framed within time-dependent density-functional
study invokes sophisticated treatments of correlation totheory (TDDFT) [7]. The novel features of our results
gether with minimal representations of the band structurare traced to the fact that the damping process is domi-
[1]. Interestingly, for systems with simpler band structuresnated by a subtle interplay between fltabands and the
the puzzles posed by a variety of spectroscopic data [2,3jollective mode.
have led to the advocacy of a similar paradigm. Thisbeing On first glance, it may seem that the energy scale
the case, the latter systems offer the possibility—which wef the physics involved in plasmon damping-4 eV,
pursue in this paper—that, because of their relative simin K) is too large to be of significance for the current
plicity, they may be more amenable &b initio theory. interest [1] in the study of excitations and correlations

As a significant example, landmark electron-energynear the Fermi surface which we alluded to at the outset.
loss spectroscopy (EELS) measurements by vom Feldéjowever, in fully self-consistenimany-body calculations
Sprosser-Prou, and Fink [2,4] revealed remarkable anom§8] the collective mode feeds back onto the one-patrticle
lies in the excitation spectrum of the alkali metals. Forspectrum, and this effect influences, e.g., the value of the
example [5], the dispersion of the plasmon linewidth inquasiparticle renormalization factor at the Fermi surface.
K (and to a lesser degree in Na) was found to differMoreover, the electronic correlations at low energies are
qualitatively from theoretical predictions obtained on theof course affected by screening, and this process—usually
premise that the effects of the one-electron band structudgypassed via phenomenological on-site interactions—is
are unimportant, except for the presence of a small gaplosely related to the physics of the collective mode.
just above the Fermi surface [6]. On this basis it was In TDDFT the exactlinear density-response function
concluded that (i) the linewidth dispersion is anomalousy (x, x’; w) obeys the integral equation [7]
and (ii) the phy;ics behind the anomaly must be due X =¥ 4+ Y% + frox, (1)
to strong dynamical short-range correlations [2]. Sinc

Swherey® h f f inter-
these correlations vanish in the high-density limit— 0, erey *'(X, ¥ w) is the response function for “noninter

o . X . . . acting” Kohn- Sham electrong,(x — x’) is the Coulomb
which is far from being realized in K, in which the interaction, and f,.(¥,%"; @) accounts for dynamical

dﬁgsllty 'Snlol\’\{(r rft ;wfh) tﬁoncgu5|r?n (")f S(Ianerrs nzltulralfm exchange-correlation effects For a periodic crystal, the
and s consiste € absence of single-particie TN€eq gy transform OI\/(S) is given by

structure in the EELS data. fio— fiia
In this Letter we show that the anomalous dispersion ofX(’) Giw) = — Z D U [ —

the plasmon linewidth in K is, in fact, controlled by decay = o Ein — Eiwgw T i@ + i)

into single particle- hole' pairs |_nvoIV|ng empty statesdof % <k,n|e iG5|} 4 G.n')

symmetry. By comparison with the EELS data we con- . L

clude that dynamical many-body correlations (which we X (k + §,n'le! @ |k, n), 2)
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whereG is a vector of the reciprocal lattice, is a band

index, the wave vectork and g are in the first Brillouin 0.004
zone (BZ), andV is the normalization volume. In this
representation, Eq. (1) is turned into a matrix equation
which we solve numerically; the plasmon loss corresponds
to a well-defined peak in Ingg o 61—((¢: @) for a giveng.

The off-diagonal matrix elements in Eq. (2) incorporate the  0.000
“crystal-local fields” in the response function. This effect =
turns out to play a minor role in the present calculations; € 0.004
thus, it will not be mentioned any further.

In this paper we computg® by making use of the
local-density approximation (LDA) in the evaluation of 0.002
the exchange-correlation potentid.(x) [9]. We adopt
an all-electron approach, which starts from the knowledge  y4o
of the LDA band structure and wave functions in the
full-potential linearized augmented plane wave (LAPW) S T
method [10]. Energy (V)

Our aim is to disentangle the effects of the one-particler|G. 1. Loss function for K forg = (1,1,0) (27 /16ay),
band structure from those of dynamical many-body correwhere a; = 5.23 A is the lattice constant. Thick solid line:
lations. The TDDFT linear-response framework is well!m x obtained from Egs. (1) and (2) for imaginany’s,
suited for this purpose, as it allows us to turn off the latter©/lowed by analytic continuation to a distande above the

. v . realw axis [13]. Thin solid line: Imy obtained directly for
by settingfx. = 0—which we do [11]. Hence, we con- (eq s, using broadening; in Eq. (2). Top (bottom) panel
centrate on elucidating the impact of single-particle decayorresponds té = n = 1 meV (10 meV).
channels.

Now, an accurate evaluation of the linewidth of a long-
lived excitation such as the K plasmon poses a nontrivplasmon linewidthdispersionof K is not controlled by a
ial problem to theory. Indeed, when sampling the BZ indynamical many-body mechanism [16].

Eq. (2), conventional methods introduce numerical broad- The result of Fig. 2 is striking, as “intuitive” expecta-
ening via a finite value ofp which typically is in the tions, based on the fact that the gap just above the Fermi
0.5 eV range—larger than the natural linewidth. We pro-surface at thev point is small [17], yield the result shown
ceed differently. We first compu;e(s), and solve Eq. (1), by the solid line in Fig. 2, which corresponds to an evalu-
for imaginary frequencies—this allows us to sample theation of the dielectric function to second order in an
BZ without numerical broadening; = 0in Eq. (2). The empirical pseudopotential [6]. It is apparent that the use
physical responsg is obtained on the real axis—a dis-
tance 6 above it—by analytic continuation, which we
perform via Padé approximants [12]. The power of our
method is illustrated in Fig. 1, in which we compare the
loss function Imygs_, ¢1—(g; @) obtained as just outlined
[13] with its counterpart obtained via the (more standard)
direct evaluation of Eq. (2) for reab’s (a finite n is now
required) [14]. Figure 1 corresponds td@ X 16 X 16
wave vector mesh [15]; for the samkemesh, the real-axis
approach cannot resolve the linewidth. Since in the upper
panel2s is ~1/100 of the plasmon linewidth, an accurate
value of the natural width is thus extracted.

In Fig. 2 we show a well-converged calculation of the -\/
plasmon linewidth dispersion of K, obtained by using a
20 X 20 X 20 k-mesh and an energy cutoff of 20 eV in
Eqg. (2), corresponding to the inclusion ef20 valence oL v v 1y
bands plus core states. Our result is compared with the 0.0 0.2 04
EELS data of vom Feldet al. [2]. Note that the full width 92 (ke?)
at half maximum of the plasmon peakFE;»(g), is given

; ; s ; FIG. 2. Plasmon linewidth dispersion for K. Comparison
relative to its extrapolated value fgr= 0, a convention f our theoretical results (circles) with the EELS data of

X 0
also adopted by previous authors [2,6]. Clearly, our rEESUItﬁef. [2] (diamonds) and the theoretical results of Ref. [6] (solid

are in excellent agreement with experiment; since thisine). Theory is for(110) propagation; the EELS data are for
agreement is obtained fgi,. = 0, we conclude that the polycrystalline K.
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of nearly free-electron states and eigenvalues in the evalwhere &(§; w) = 1 — v(¢)x“(4; w) is the dielectric
ation of y® breaks down completely. Note that the factfunction. The first factor in Eq. (3) represents the avail-
that this simple-model result is so far off the EELS dataability of channels for decay into particle-hole pairs with
is precisely what led to the proposal of the importance oknergy/iw,(g); the second represents a “polarization ef-
dynamical correlations [2]. fect” from interband transitions taking place at othes.

In Fig. 3 we analyze the role of key final-state bandsThen, sincew,(g) disperses upwards, a larger portion of
entering the evaluation of the single-particle respopée  the flat bands in the shaded strip become available to the
the relevant part of the band structure is shown in theplasmon agg| increases, which naturally leads to an en-
inset of Fig. 3 (left panel), in which the shaded strip ishancement of the first factor in Eq. (3)—thus the positive
the w interval representing all of the single-particle statedinewidth dispersion, in agreement with experiment.
which may couple to the plasmon (as determined by the We concluded above that dynamical many-body corre-
conservation laws of energy and crystal momentum) [18]lations are unimportant in the present problem. However,
Now threevalence bands (thin solid lines) are needed inthereis a subtle many-body effect built into our result of
order to obtain a good dispersion curve for the plasmorig. 2; the same has to do with the exchange-correlation
energy. Keeping just these bands, our plasmon linewidtheffects included in the Kohn-Sham respong®. We
dispersion curve agrees well with the result of Ref. [6],emphasize that, although the single-particle states enter-
which is understandable, as the states kept are, for the madsg Eq. (2)—in particular, the crucial bands of interest
part, nearly free-electron-like. Next, we have the resulhere—do not have the meaning of quasiparticle states,
which incorporates the contribution from three additionalEq. (2) isrigorousin the TDDFT linear-response frame-
bands (thick solid lines in the inset). The inclusion of thesework [7]; the only approximation we have made in the
bands brings about qualitative change in the plasmon evaluation ofy® is the LDA. We have performed ad-
linewidth dispersion curve, which is now quite close toditional calculations within the random-phase approxima-
the EELS data [19]. Clearly, these three bands provide tion (RPA), in whichall exchange-correlation effects are
the key decay channels for the plasmon of K.is left out, including those in the band structure—which
significant that the bands in question are overwhelminglynow corresponds to the Hartree approximation. Our RPA
of d character, as evidence by the angular momentunresults are given in the left panel of Fig. 4, together with
resolved density of states (DOS) shown in the right panethe full LDA results. The key physical change is that
of Fig. 3. the flat Hartreel bands are shifted upwards in relation to

The damping channels which we have just identifiedthe LDA d bands of Fig. 3; the former lie almost entirely
yield a positive linewidth dispersion. We can visualize abovethe shaded strip in Fig. 4. As a result, the plasmon
this result by noting that [6] linewidth dispersion curve acquires a much smaller slope,

AE12(3) ~ Ime(3; o) [0 Ree(d; w)/aw]—llw:%@, yvhich differs significantly from experiment. T_his find_-

ing places our result in Fig. 2 in an even more interesting
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FIG. 3. Left panel: Plasmon linewidth dispersion obtained byFIG. 4. Left panel: Plasmon linewidth dispersion obtained
keeping three (triangles) and six (squares) valence bands ion the basis of RPA (diamonds) and LDA (circles) response
x“ [19]. Diamonds and solid line are the same as in Fig. 2.y*). Inset: Hartree bands used in the RPA case; note the
Inset: LDA band structure of K; the arrow indicates the valuelocation of thed bands relative to those of Fig. 3. Right
of w,(0). Right panel: Calculated DOS for K—total DOS and panel: Calculated plasmon linewidth dispersion in the presence
contributions from states of p, andd symmetry [10]; the zero  (circles) or absence (squares) of the core contribution to the
of energy is the Fermi level. Kohn-Sham responsg'.
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perspective, since it means that the correlations contained J.C. Fuggle and J. E. Inglesfield (Springer, Berlin, 1992),

in the one-particle-like Kohn-Sham statesdsymmetry p. 203.
play a nontrivial role—via)((s)—in the explanation of  [5] There was also the surprise [2,4] that the dispersion of the
the plasmon damping mechanism. plasmonenergyin Cs is negative. F. Aryasetiawan and

K. Karlsson, Phys. Rev. Lett.3, 1679 (1994); A. Fleszar,

Finally, we note that K has a polarizable core, which )
R. Stumpf, and A.G. Eguiluz, Phys. Rev. B, 2068

impacts the damping process via the second factor in (1997)

Eq. (3). The “local-orbital” extension of the LAPW _—
method [10] allows us to treat the contribution jds) [6] K. Sturm and L. E. Oliveira, Phys. Rev. B4, 3054 (1981).
[7] E.K.U. Gross and W. Kohn, Adv. Quant. Chegi, 255

from higher-lying core statesn the same fOOIinQVith (1990); M. Petersilka, U.J. Gossmann, and E. K. U. Gross,
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the 3p®-derived states, whose threshold is at 16 eV). The[8] W.-D. Schéne and A.G. Eguiluz, Phys. Rev. Lefl,
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to y¥. It is apparent that the absolute value of thel[10] P. Blaha, K. Schwarz, P. Dufek, and R. Augustyn
linewidth is affected markedly by the availability of the WIEN9S, Technical University of Vienna, 1995 [im-
core excitations. In fact, their effect othe slopeof proved and updated UNIX version of the original copy-
the linewidth dispersion curve is even larger than that of ~ "gnted WIEN code, P. Blaha, K. Schwarz, P. Soratin,

. . . and S.B. Trickey, Comput. Phys. CommuBg9, 399
the many-particle correlations. Of course, this effect was (1990)]; D.J. SinghPlane Waves, Pseudopotentials, and

included in our central result of Fig. 2. the LAPW MethodKluwer, Boston, 1994).
In summary, we have explained the “anomalous” dis{11] |t is straightforward to incorporate the effect of. within
persion of the linewidth of the K plasmon vib initio the LDA; this leads to small changes in our results.

TDDFT-based calculations. The key mechanism was  For systems with more complex electronic structures we
shown to be decay into particle-hole pairs involving expect that the dynamical correlations containedfjn
empty states ofl symmetry. Our results highlight the would play an important tole, in general.
role of the exchange-correlation effects built into the LDA[12] H.J. Vidberg and J.W. Serene, J. Low Temp. Phys.
single-particle band structure—which is closely related to 29 179 (1977); Padé approximants have been used in a
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space complexity introduced by these bands into the plas: . F1YS: Rev. B54, R8285 (1996). .
mon damping process renders simple models inapplicablilg] At least 801 w's Up 10 wmax = 30 eV were used in
N . . " preparing the approximant (the actual number depending
Ab initio paradigms should also play an important role

. D 2 . § . . on g) to ensure that the semicore excitations were reliably
in the study of excitations in materials with complicated accounted for.

band structures near the Fermi surface. [14] A.A. Quong and A.G. Eguiluz, Phys. Rev. Lef0, 3955
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