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To study the dynamical response of the valence-electron gas in nearly-free-electron metals, we

carried out an electron-energy-loss investigation on Na, K, Rb, and Cs. On polycrystalline samples

we measured the volume plasmon dispersion, which showed strong deviations not only from the

random-phase approximation, but deviations as well from the predictions of the current theories for
Fermi liquids, including short-range exchange and correlation. In addition, anomalous dispersion

of the plasmon half-width was found. Both results may be traced back to exchange and correlation
eA'ects not properly treated by the current Fermi-liquid theories. Furthermore, we observed the ex-

citation of intraband transitions in Na and Rb, the dispersion of which yields the eA'ective band

mass for unoccupied states. The results for Na are at variance with recently published enhancement

of the band mass for the occupied states. To elucidate the inAuence of band structure, measure-

ments were also performed on a single-crystalline Na film and we observed the so-called zone-

boundary collective state in Na.

I. INTRODUCTION

The alkali metals apart from Li are regarded as
nature's closest realization of the free-electron-gas model
and hence are claimed to be the metals understood best.
Indeed, by de Haas —van Alphen measurements, ' photo-
emission studies, positron-annihilation investigations,
and optical experiments, it seems well established that
the alkali metals are nearly-free-electron (NFE) metals.
However, the alkali metals have attracted new interest
due to possible correlation effects which might seriously
modify the free-electron-gas behavior. Recent experi-
ments reporting on an enhanced magnetic susceptibility
of expanded liquid Cs and anomalous findings in positron
annihilation spectra of Cs indicated the importance of
electron correlation at low valence-electron densities. A
reinvestigation of the electronic structure of the alkali
metals has also been stimulated by another phenomenon,
the charge-density wave. ' Its experimental evidence has
been the subject of extensive discussions in the litera-
ture. " ' Stated that band-structure effects are small,
the alkali metals offer a unique chance to study correla-
tion effects of NFE systems at various electron densities.
The understanding of the dynamics of a correlated free-
electron system is considered to be of fundamental impor-
tance in metal physics.

The importance of exchange and correlation effects led
us to an electron-energy-loss (EELS) investigation of the
plasmon excitations in the NFE metals Na to Cs, since
the existence of a plasmon is a direct consequence of the
Coulomb interaction between the electrons. ' We will
show that the dispersion in plasmon energy shows strong
deviations not only from the predictions of the random-
phase approximation (RPA) but as well from more so-
phisticated Fermi-liquid theories. Especially, the nega-
tive volume plasmon dispersion of Cs indicates that ex-

change and correlation effects are much stronger than
reAected by the current theoretical models. Parallel to
the dispersion of plasmon energy, the dispersion of
plasmon half-width shows substantial deviations from
current theoretical calculations which likewise em-
phasizes the importance of exchange and correlation
effects. Intra- and interband transitions provide informa-
tion on the band structure. Consistently with the experi-
mental results, ' in the case of Na it turned out that
band-structure effects are weak. There are only minor
effects on the plasmon dispersion. The analysis of the
dispersion of intr aband transitions in Na yields an
effective band mass close to one whereas the same investi-
gation on Rb revealed a 25% enhancement of band mass.
A band mass of close to one has also been deduced from
the measurements of the dispersion of the zone-boundary
collective states (ZBCS) in Na. They have an extraordi-
narily low intensity relative to that of the volume
plasmon. Nevertheless, we were able to observe it in Na
for the first time. Part of this work has been published
previously. '

II. THEORETICAL BACKGROUND

Plasmons are a direct consequence of the interelectron-
ic Coulomb interaction in solids. A widely used first ap-
proach to tackling this many-body problem is the RPA, '

a mean-field theory restricted to long-range interactions
and exact only in the limit of high electron density
r, ((1, a case not very realistic for ordinary metals with
2(r, (6. (r, is the Wigner-Seitz radius for electronic
spacing, expressed in Bohr radii. ) In spite of its
shortcomings, the RPA was successful in describing
many experimental findings. For instance, it has ex-
plained many experimental data on the volume plasmon
dispersion E (q) with momentum transfer q:

40 10 181 1989 The American Physical Society



10 182 A. van FELDE, J. SPROSSER-PROU, AND J. FINK 40

E (q) =E (0)+ (A' /m)aRp~q +0 (q )

where m is the electron mass and the dispersion coef-
ficient is given by

aRp~ '
, [Er—/E(0)],

EF being the Fermi energy. Such a positive quadratic
dispersion with dispersion coefficient close to the one pre-
dicted in the RPA has indeed been observed in many ear-
lier experiments.

A shortcoming of the RPA is the absence of any damp-
ing mechanism, resulting in an infinite plasmon lifetime
for momentum transfers smaller than the critical momen-
tum transfer q, where the plasmon curve reaches the
range of single-particle excitations. The situation has
been improved by introducing a simple, phenomenologi-
cal relaxation time in a particle-conserving manner,
yielding the so-called Lindhard-Mermin (LM) function
for the response of a free-electron gas. The RPA has
been further improved considerably by the inclusion of
short-range exchange and correlation effects by means of
local field corrections (LFC), describing the eff'ect of an
exchange-correlation hole comoving with the electron.
We do not want to discuss the various LFC's we are go-
ing to use in a subsequent comparison of experimental
and theoretical data on the volume plasmon dispersion.
We merely note that the common effect of all LFC's is to
lower the dispersion coefficient the more, the lower the
electron density.

So far in this section, we have discussed the electrons
as free and have neglected the effect of the ion cores.
First, the core electrons constitute a polarizable back-
ground, which tends to screen the plasma oscillation.
Since the excitation energies for core electrons are by far
higher than the plasmon energy, the polarizability of the
core electrons can be well approximated by a static polar-
izability contribution added to the LM function.

Second, the effect of the nonhomogeneous crystal po-
tential caused by the ion cores leads to interband transi-
tions within certain ranges of momentum transfer thus
possibly shifting the plasmon energy and changing the
dispersion coefficient. Experimental evidence for sud-
den changes in the slope of the plasmon dispersion curve
was claimed by several authors.

Third, the presence of ion cores modulates the
valence-electron density, thus allowing plasmons to decay
into interband transitions, which limits their lifetime even
in the long-wavelength limit, in the absence of crystal de-
fects and at zero temperature. The plasmon full width at
half maximum is given by

AEi yp(q) =EE

imp�(0)+

(A'/m )Pq

where EE,&z(0) is the width at q =0 and P is the disper-
sion coefficient of the plasmon width. The calculation of
the dielectric response in the reduced translational sym-
metry of a crystal is a laborious problem and has been
carried out in an approximative manner for a few metals
only. Using the NFE approximation, it turns out that
the plasmon half-width depends on those Fourier com-
ponents of the pseudopotential the corresponding wave

vectors of which are able to couple the plasma oscillation
to the continuum of electron-hole pair excitations. For
wave vectors q greater than the critical wave vector q„
the aid of a reciprocal lattice vector is not needed since
now the plasmon can decay directly into particle-hole ex-
citations. This Landau damping shows up as a strong in-
crease of the plasmon half-width for q )q, .

Finally, the periodic crystal potential leads to a gap in
the electron-hole pair excitation continuum. Electronic
states originally located in the energy region of the gap
are now shifted to the gap edges, leading to van Hove
singularities. Transitions from the occupied part of the
band into states close to these singularities, i.e., a com-
bination of intra- and interband transitions, cause the
ZBCS in the loss function.

III. EXPERIMENT

Thin polycrystalline films were produced by thermal
evaporation of the alkali metals on 50—100 A thin poly-
mer substrates under ultrahigh vacuum (UHV) condi-
tions provided by a preparation chamber attached to the
EELS spectrometer. The thickness of the alkali films,
monitored by a quartz gauge, was chosen to be about 500
A. During the evaporation, the substrate was held at

0
room temperature and the deposition rate was 2 —5 A/s.
Characterization of the samples was carried out
in UHV at liquid-nitrogen temperature. From the dif-
fraction patterns we deduced that the films were fine
grained, having a grain size of about 200 A. Single-
crystal Na films were obtained likewise by thermal eva-
poration on MgO single-crystal films„whereas all the oth-
er parameters (thickness, deposition rate, etc.) remained
unchanged. Prior to evaporation, the MgO film was
heated for 5 —10 h up to 600'C in order to remove surface
contaminants. Epitaxial growth on the single-crystal sur-
face resulted in single-crystalline Na films with a mosaic
spread of about 5 . The MgO substrates were produced
by thermal evaporation from sintered MgO tablets on
LiF covered NaCl single crystals held at a temperature
of 420'C. The thickness was 700 A, the deposition rate
was 5 A/s. The LiF coverage had a thickness of less than
300 A. It was grown epitaxially by thermal evaporation
on freshly cleaved NaC1 crystals held at 360'C with a
deposition rate of 10 A/s. Finally, the MgO films were
floated off the NaC1 substrate in distilled water, which
made the LiF coverage dissolve completely. The thick-
ness of the MgO substrate was checked by Rutherford
backscattering measurements. All alkali metal films were
characterized by electron diffraction and core-level spec-
troscopy. Within error limits, no oxidation of the films
was detected. The polymer and MgO substrates exhibit-
ed a good transparency in the spectral region (0—8 eV)
crucial for the detection of valence-electron excitations in
the alkali metals. The spectra were taken in UHV at
liquid-nitrogen temperature with a high-resolution 170-
keV EELS spectrometer described elsewhere. The en-

ergy and momentum resolution were chosen to be 0.16
eV and 0.04 A, ' respectively.
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IV. RESULTS

A. Volume plasmon dispersion

Figure 1 shows typical energy-loss spectra for various
momentum transfers q taken on a Na film. The upper-
most spectrum reveals at low energy two surface
plasmons, rejecting the electron oscillations on the
metal-substrate and on the metal-vacuum interfaces, re-
spectively. The sharp line slightly below 6 eV represents
the volume plasmon loss. At q =0.3 A ' the surface
plasmon intensities have disappeared from the spectra
and one is left with a broadened volume plasmon excita-
tion. At even higher q, the plasmon line is rapidly
broadened due to Landau damping (q, for Na is about

0
0.75 A ), whereas multiple scattering intensities increas-
ingly contribute to the spectra. Visibly, double scattering
creating a plasmon with q =0 and a quasielastic event
with q equal to that set by the spectrometer seriously ob-

0

scures the spectra in Fig. 1 for q )0.7 A '. However,
since Na and K volume plasmons show a dispersion, dou-
ble scattering contributions at large q, occurring at the
plasmon energy for q =0, can easily be subtracted from
the shifted plasmon line. For Rb and Cs the problem was
more severe due to the weak dispersion of their plasmons
(see below) causing the plasmon line and the double
scattering contributions to occur at about the same ener-
gy. The appearance of double scattering in these cases
was realized by a sudden decrease in volume plasmon
linewidth and a corresponding sudden increase of the
plasmon loss intensity with increasing q. Data in this q
range have been rejected in our analysis.

Figures 2(a), 2(b), 2(c), and 2(d), which are plots of the
plasmon energy versus the square of the transferred
momentum in the excitation process, comprise our re-
sults on the volume plasmon dispersion. Comparison of
our data with previous measurements of Na (Refs. 28 and
34—37) and K (Refs. 28 and 35) reveal good agreement of
the plasmon energies within about 0.1 eV. For Rb and
Cs there are no previous measurements of the plasmon
dispersion. We have implemented a different way of
determining the dispersion coeKcient by fitting the data
with a function of the form

The inclusion of the core polarizability lowers the long-
wavelength plasmon energy and brings the theoretical re-
sult closer to the experimental value.

To elucidate the inAuence of band-structure effects, we
also carried out, with improved statistics, dispersion mea-
surements on a Na single crystal. Figure 3 shows the
difference of the plasmon energy measured with q along
the [110] and the [100] orientations, respectively. The
plasmons with wave vector q parallel to the [110]direc-
tion have higher energies than those with q parallel to

N

—0.3

85

E(q) = 3 +Bq +Cq

(thin solid line) up to the critical wave vector q, . From
the parameter B dispersion coe%cients u could be derived
and are given in Table I. The other curves describe
theoretical calculations. The uppermost dash-dotted line
gives the plasmon dispersion using the LM function.
Starting at the same energy value, the dashed line
represents the RPA with inclusion of a LFC by Vashishta
and Singwi (VS) which reduce the plasmon dispersion at
low q. The solid line resulted after additional inclusion of
a core polarization term. The core polarizabilities were
taken from experimental work on alkali metal ions be-
cause for the metallic state, there were none available.

6 8 'l0

ENERGY (eVj

FIG. 1. Experimental energy-loss spectra of Na for different
momentum transfers, demonstrating surface plasmons, the
volume plasmon dispersion, and the onset of double scattering

o

contribution at high q (q & 0. '7 A ).
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TABLE I. Data used from the literature: Wigner-Seitz radius r, in units of Bohr radii, Fermi wave-number kF and Fermi energy
Fz, critical wave number q, {defines where plasmon enters particle-hole continuum), plasmon dispersion coem.cient o.zpA from
theoretical calculations in RPA. Measured values: Plasmon dispersion coefficient a,„pt from parameter B in a fit

E~(q) = 3 +Bq + Cq to the experiment, full width at half maximum of the plasmon [EE,~iioi] in the long-wavelength limit, disper-
sion coefficient P from experimental half-width dispersion, effective electron mass m in the unoccupied part of the valence band in
units of free-electron mass, damping parameter I' used in a least-squares fit to obtain the band mass, given at two difFerent wave num-
bers.

Na

Cs

r, /ao

3.93

4.86

5.20

5.62

kJ;

(A )

0.92

0.75

0.70

0.65

(eV)

3.24

2.12

1.85

1.59

9c
(A ')

0.75

0.65

0.62

0.59

&ZPA

0.32

0.29

0.27

+expt

0.17

0.075

0.045

—0.18

kE
~ y2 (0)

(eV)

0.28

0.24

0.39

0.77

0.11

0.30

m */rn

1.05
{+0.04)

1.25
(+0.06)

r
(eV)

0.35
0.42

0.18
0.31

at q

(A ')

0.25
0.40

0.17
0.31

0 0.2
I & I

0.4 0.6
q(A )

0.8 'I. O 0 0.2

)~ qc

0.4 0.6

q{A j

0.8 1.0

FIG. 2. Experimental plasmon dispersion (points with error bars) for polycrystalline Na (a), K (b), Rb (c), and Cs (d), compared to
theoretical curves. Dash-dotted line: Lindhard-Mermin function. Dashed line: the same with inclusion of a local field corrrection
by Vashishta and Singwi. Solid line: Core polarizability included. The experimental data have been fitted with a function of the
form E(q) = A +Bq +Cq (thin solid line) up to the critical wave number q, .
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[100]. The overall difference in plasmon energy measured
in different directions remains less than 40 meV for q (q,

B. Volume plasmon halfwidth

Figure 4 provides the measured plasmon half-widths as
a function of the momentum transfer q. The reader
should note that the abscissae are scaled in different
powers of q. In Table I we report the starting half-width
b,E&&2(0) as well as the dispersion coefficients P. For Na
and K the data are not very different from what has been
measured by other authors on NFE metals. ' ' We
found a positive quadratic dispersion which changes
more or less abruptly at the critical wave vector q,
(least-squares fits of straight lines are indicated by the
thin solid lines). One should notice that the linewidth in
K increases much faster than in Na (note the different en-
ergy scales). Whereas in the long-wavelength limit the
plasmon widths are almost identical, at about q, the
plasmon width of K is about twice as large as that on Na.
In the case of Rb, it turned out that the data on plasmon
half-width did not fit bEi&z(q) =DE&~2(0)+pq . For
q (q, best agreement with a straight line was obtained in

a plot bE, &z(q) versus q with x =1.5+0.2. The most
striking case is given for the metal having the highest r,
value, i.e., for Cs, where the data show a perfect linear re-
lationship between plasmon half-width and wave vector.
This is in sharp contrast to what has been known so far,
namely, that the width of a plasmon line has a positive
quadratic dispersion. It is interesting to note that the
linear dispersion extends beyond q, .

C. Intraband transitions and ZBCS

When performing measurements with small statistical
error bars on Na and Rb in the energy range below the
plasmon, we detected a comparatively weak structure
with strong dispersion in momentum transfer. This
structure can be ascribed to intraband transitions. To
give examples, Fig. 5 shows two experimental spectra for
each of the two metals, taken at different momentum
transfers (solid lines: least-squares fits within the LM
model). The observation of the intraband loss intensity is
limited in q space, towards zero energy by the tail of the
intense elastic peak (when q is below 0.1 A ') and to-

C

0.2 0.4 0.6 0.8 1.0
2(g-2)

ll qc

0 0.2 0.4 0.6
q(A )

0.8 1.0

FIG. 2. (Continued).
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wards plasmon energy by the volume plasmon tail (when

q is above -0.75 A ').
In Fig. 6 the same type of spectrum is plotted, but for

the Na single crystal. Both the solid and the dashed lines
represent measured spectra for q~~[110] and q~~[100], re-
spectively. For q~~[110] one finds an additional small in-
tensity, which can be identified as originating from the
ZBCS as will be discussed below. Maxima due to ZBCS
could be detected for 0.3 ~q ~0.75 A '. The dispersion
of these ZBCS's is shown in the inset of Fig. 6.

V. DISCUSSION

A. Volume plasmon dispersion

0.2

'(A '}
0.4 0.6

Figure 2 provides a comparison between the measured
volume plasmon dispersion and calculations for three
diferent models. What makes experiment deviate so
much from calculations? There has been a considerable
debate as to how band-structure eff'ects enter into the

FICx. 3. Difference of plasmon energy, measured on a Na sin-

gle crystal with q~~ [110]and q~~ [100],respectively.
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FIG. 4. Dispersion of the plasmon half-width as measured on
the four alkali metals, plotted vs different powers of momentum
transfer q. The straight lines represent least-squares fits to the
data points. For Na and K the data have been fitted below and
above q, .

FIG-. 5. Intraband transitions in the loss spectra at various
momentum transfers. Upper spectra and energy scale for Na,
lower ones for Rb. Lines from least-squares fits of the loss func-
tion Im( —1/e), where e is the Lindhard-Mermin dielectric
function including local field corrections by Vashishta and
Singwi (Ref. 39).
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FICx. 6. Comparison of the Na spectra in the low-energy re-
gion (see Fig. 5) for q~~[110] (solid lines) and q~~[100] (dashed
lines). The difference in the intensities is due to the excitation of
the Na zone-boundary collective state. The dispersion of these
excitations in the gap between intraband and interband transi-
tions is shown in the inset.

plasmon dispersion. Some authors ' claimed that the
dispersion at low q is lowered by band-structure effects
and reported that observation of a discontinuity in the
slope of the dispersion curve of Al. However, in this case
it was not clear why the dispersion curves of Al measured
on single crystals with q in different high-symmetry direc-
tions only start to deviate from one another at high q.
On the other hand it was stated that band-structure
effects should affect the dispersion coefficient in the high-
q range. As a result, experimentalists switched over to
describe measured dispersion curves in terms of two
dispersion coefficients for the low- and high-q regions. '

In our opinion the above-mentioned interpretations
have to be doubted in particular because for the same
metal, e.g. , Al, several q values for the discontinuity have
been reported (0.37 A ' in Ref. 28, 0.57 A ' in Ref. 30,
0.75 A ' in Ref. 31). Hence we looked very carefully for
the occurrence of discontinuities in the dispersion curves
of the alkali metals, and we reinvestigated the case of
Al, but we found none. Different from all analyses of
plasmon dispersion data carried out so far, we describe
our curves in terms of a power law as is suggested by the
RPA, including a fourth-order term q beside the quadra-
tic q . As can be inferred from Fig. 2 the data are well
fitted by this power law, indicating that there is no need

for two dispersion coe%cients. The claimed discontinui-
ties seem to be an artifact of the analysis, occurring when
the dispersion curve is measured with too coarse a q mesh
or when the data points show considerable statistical fluc-
tuations.

The question remains, whether the dispersion curve is
affected as a whole by band-structure effects. In the case
of Na we found a difference in the dispersion of plasmon
energy for wave vectors pointing along [110] and [100].
In a simple picture neglecting exchange and correlation,
the plasmon dispersion is a measure of vF, the Fermi ve-
locity squared. In the direction of the nearest zone
boundary, the Fermi surface forms bottlenecks and U&-

differs from any other nonequivalent direction. However,
the extremely small difference in the plasmon dispersion
found for q along different high-symmetry directions and
also the weakness of the ZBCS (see below) points to only
weak band-structure effects in Na. Unfortunately, no
such data could be obtained for the other alkali metals.
We only succeeded in growing single crystals of K on
MgO but not with a simple orientation (K[310] on
MgO[100]). Concerning the heavier alkali metals, one
might expect an inAuence of electron transitions to unoc-
cupied 3d states, which come close to the Fermi level
when going from K to Cs. ' However, the s-d matrix
element is very small, and we have not observed any in-
terband transitions in the energy range below 10 eV.
Another fact which votes against any considerable
inhuence of interband transitions is that the volume
plasmon energy at q =0 is close to its free-electron value
when core polarization is included. Interband transitions
are known to renormalize the plasmon energy if they are
strong and close in energy to the plasmon. The strong re-
normalization of the Ag plasmon energy is a famous ex-
ample.

Previous measurements of the plasmon dispersion in
simple metals always showed a positive, quadratic disper-
sion. Rb is the first metal to show almost no dispersion at
all, see Fig. 2(c). The deviation becomes even more
marked in the case of Cs, which exhibits a plasmon with
a negative dispersion. Deviations not only occur with
respect to the RPA (which is to be expected), but to im-
proved theories as well. This is presented in Fig. 7 where
we supply the experimental dispersion coefficients nor-
malized to the RPA values versus r, ~ The solid line cor-
responds to calculated values using RPA and static
LFC's of VS included (other static LFC's gave similar re-
sults). The dashed line represents the dynamic LFC pro-
posed by Dabrowski. " It is evident that the experimen-
tal results deviate strongly from the predictions of
current Fermi-liquid theories. Particularly, the devia-
tions increase with r, . We can take r, as a rough measure
of the strength of correlation effects. The ratio of the po-
tential energy of an electron V-1/er„ to its kinetic ener-
gy Ek;„—1/r, , i.e., V/Ek;„-r, /e gives an indication of
the strength of the electron-electron correlation. Using
r, /e instead of r, on the abscissa of Fig. 7 would even
enhance the discrepancies.

Now we turn to the discussion of the inhuence of core
electrons on plasmon dispersion. The bold lines in Fig. 2
give the result of a LM calculation with inclusion of a
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constant static term added to the Lindhard function to
account for core electron polarization. The resulting
dispersion coeScients, normalized to the RPA values, are
shown by the open circles in Fig. 7 not yet discussed.
The added polarizabilities are probably somewhat too
high, because they were measured not in metal but in al-
kali halides where the conduction bands are empty. Al-
though the added term is constant, its efFect on plasmon
dispersion is q dependent, see Fig. 2. This is due to the
LFC. While for high q the dispersion appears to be
influenced mainly by the LFC, for low q the LFC is of
minor importance, i.e., the core electrons counteract the
local field which itself tends to reduce the dispersion
coeScient. Hence, with inclusion of the core polariza-

N KRbL

tion, the deviations between experimental results and
theoretical predictions are even more pronounced. This
is in principle the same as discussed above when replac-
ing r, with r, /e.

With Fig. 8 we turn now to a comparison, not only of
the dispersion coefficient, but of the entire experimental
dispersion curve with theory. DifFerent from Fig. 2, the
plasmon energy is now normalized to its long-wavelength
energy and the abscissa is linear in momentum transfer.
The downward triangles (Na), upward triangles (K), cir-
cles (Rb), and diamonds (Cs) reAect the measured data.
The solid lines resulted from a calculation of the plasmon
dispersion in an electron liquid with various densities
(r, =2—20) including the LFC of Singwi et al. (this is
the LFC preceding the LFC of VS). This LFC is notice-
able, since for r, &6 it produces a negative plasmon
dispersion. We mention, however, that this LFC does
not fulfill the exactly valid self-consistency conditions as
well as the LFC by VS does. Nevertheless, we have
chosen the LFC of Singwi et al. because it is the only
one where the entire dispersion curves have been calcu-

C)
CL

LaJ

C7
CL

4J

0.90

I I I I

0 1 2 3 0 5 6
0.0 0.8 1.2

FIG. 7. Volume plasmon dispersion coefficient normalized to
the dispersion coefficient in RPA vs the Wigner-Seitz radius r, .
The solid circles with error bars represent the results from our
measurements. The solid (dashed} line gives the dispersion
coefficient calculated with inclusion of a local field correction by
Vashishta and Singwi (Ref. 39) [by Dabrowski (Ref. 43)], the
open circles give the dispersion coefficient when core polariza-
tion is accounted for.

FIG. 8. Volume plasmon dispersion normalized to the
plasmon energy at q =0. The symbols represent the experimen-
tal data for Na (r, =3.93, downward triangles), K (r, =4.86, up-
ward triangles), Rb (r, =5.20, circles), and Cs (r, =5.62,
squares). The solid lines give the theoretical plasmon dispersion
of Singwi et al. {Ref.44) for oarious r, .
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lated up to exceedingly low electron densities (r, =20).
Astonishingly, the shapes of the theoretical and experi-
mental curves are quite similar. Evidently, this agree-
ment is qualitative but by no means quantitative. A
theoretical curve fitted to the measured values of Cs
would yield r, =12, corresponding to a hypothetical met-
al with one-eighth of the Cs valence-electron density.

We extrapolated the LFC of VS, too, and calculated
the entire dispersion curves. The results are sensitive to
the kind of extrapolation chosen, and it is not guaranteed
that after application of a specific extrapolation the self-
consistency conditions are still fulfilled. However, what
can certainly be said, is that using this LFC, the required
r, to describe the Cs result would be even higher than in
the case of the LFC by Singwi et al. This means that in
spite of the improvements achieved on using the im-
proved LFC, the discrepancy between experiment and
theory even increases.

To compare our data with the predictions of Fermi-
liquid theories, we picked out the LFC of VS, which is
the most widely used static LFC. The LFC of Da-
browski is based on the VS LFC and has been chosen to
provide also a comparison to a dynamical LFC. We em-
phasize that the substantial deviations between experi-
mental data and theoretical predictions remain, irrespec-
tively of the specific choice of LFC, i.e., at the time being
there is no LFC, neither static nor dynamic, able to ex-
plain the experimental findings. One may perform a
Kramers-Kronig analysis of the measured loss functions
in order to extract a LFC from the obtained complex
dielectric function. This was carried out in the case of Al
and Na. One should note that this procedure will
mathematically work in any case, but in general the ob-
tained LFC will not satisfy the self-consistency condi-
tions.

Independent of our measurements, a theory has been
established by Taut which offers an alternative explana-
tion, involving both band-structure and correlation
effects. It is based on the correlation induced peak near
2kF in the static structure factor of the homogeneous
electron gas, backfolded by a reciprocal lattice vector
with the absolute value close to 2kF, thus yielding an
anomaly in the plasmon dispersion of Li, Rb, and Cs at q
below 0.5qF. Qualitative agreement is obtained, but not a
quantitative one.

If correlations become very strong in a metal the elec-
tron system condenses in a lattice, the Wigner crys-
tal. ' Recent calculations yield a value of
r, =100+20 for this transition. (For comparison, the hy-
pothetical r, value derived from the fit of theoretical
curves to the plasmon dispersion of Cs was r, =12.) Al-
though Cs is a metal one may interpret the negative
dispersion by an incipient crystallization of the electron
system. What should the plasmon dispersion in a Wigner
crystal look like? If the electrons have condensed to form
a lattice the plasmon is the analogue to an optical phonon
of an ion lattice. An optical phonon exhibits a negative
dispersion, as observed in the case of the Cs plasmon. ' A
reduction of the plasmon energy is equivalent to a reduc-
tion of the restoring forces for a certain wavelength and
hence an indicator for the system's tendency to generate

a nonhomogeneous electron density distribution by itself.
Finally, it is interesting to note that likewise strong devia-
tions from present many-body theories were observed in
positron annihilation experiments on heavy alkali met-
als. The breakdown of the above-mentioned theories
was also ascribed to strong electron localization.

B. Plasmon half-width

K NaRb Cs Li

$/
i/e

0
I I I I I I

6

»o ~e

FIG. 9. Measured plasmon linewidth at q =0 of all alkali
metals plotted vs the square of the pseudopotential. The points
with error bars and the solid line correspond to the measure-
ments and a fit of other authors (Refs. 27, 36, and 37). The open
circles represent the results of our measurements.

The plasmon half-width at q =0 should be proportion-
al to the square of the V»o Fourier coefficient of the pseu-
dopotential, which is the only important one in the al-
kali metals. This is confirmed by Fig. 9 which was origi-
nally proposed by Gibbons and Schnatterly, where the
solid circles refer to their measurements and the open cir-
cles to ours. We omit error bars for the width since the
symbols themselves exceed already the uncertainty of the
measurement. At low values of the pseudopotential, our
data points level off from the straight line, indicating the
inAuence of others than band-structure effects. Those be-
come more pronounced when the band-structure contri-
bution approaches zero. Probably, the deviations are
caused by boundary scattering (the grain size in the Na
and K polycrystalline samples was about 200 A), which
gives a lower limit of just the required size for the ob-
served halfwidth.

In Fig. 10 we compare the dispersion of the width cal-
culated in the NFE approximation by Sturm and
Oliveira ' with the measured dispersion. The band-
structure contribution decreases with increasing momen-
tum transfer. This results from the fact that the phase
space for the plasmon decay into electron-hole excita-
tions decreases quadratically with increasing q. This is
indicated by the dashed-dotted line labeled BS in Fig. 10.
It is the inclusion of electron-electron scattering which
counteracts and which yields in total a net positive in-
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FICs. 10. Comparison of the measured dispersion of Na and
K plasmon half-width with theoretical predictions by Sturm
and Oliveira (Ref. 51). BS designates the pure band-structure
contribution to the plasmon half-width, BS+CE represents the
total damping when electron-electron scattering is included.

crease (labeled BS+CE). However, the differences be-
tween measured and theoretically estimated widths are
enormous, in particular for K.

Plasmon half-width in the long-wavelength limit q =0
is caused by several mechanisms, like electron scattering
with phonons, at grain boundaries or at Bragg planes,
which provides the momentum necessary to couple the
plasmon to the electron-hole continuum. The latter
mechanism is in general the most effective one, and Fig.
9 demonstrates that it also dominates the plasmon half-

width of the alkali metals.
Concerning the plasmon half-width dispersion, all met-

als investigated so far obeyed a positive, quadratic disper-
sion for q up to the critical wave vector q„beyond which
Landau damping sets in and causes a tremendous in-
crease in linewidth. The metal investigated most exten-
sively is Al, where the positive, quadratic dispersion has
been successfully explained by the inclusion of band-
structure effects. Nevertheless, it is unclear why up to
now, in no cubic metal there has been found any anisot-
ropy in plasmon-linewidth dispersion, although it
should be expected when band structure controls the
dispersion. The situation is even more puzzling in the
case of the alkali metals. For Na and K, as shown in Fig.
10, theory predicts too slight a dispersion, for Rb and Cs
we estimate that the two contributions, BS and CE, near-
ly cancel. The linear plasmon half-width dispersion of Cs
extending beyond q, is in sharp contrast to the usually
encountered quadratic behavior. The q

' dependence in
the case of Rb may be interpreted as a superposition of a
linear and a quadratic term. But so far, theory has put
forward only one process which provides a linear depen-
dence, i.e., the plasmon decays into another plasmon by
means of absorption or emission of a phonon, a process
which turns out to be too weak to explain our data.
Hence it seems very unlikely that the observed anomalies
in the linewidth dispersion can be accounted for by
band-structure effects. The inAuence of low-lying d states
coming close to the Fermi level in the heavy alkali metals
is not clear. Once again we note that we have neither ob-
served any interband transitions into unoccupied d states,
nor a substantial shift of plasmon energy away from its
theoretical value, which would have revealed their
relevance.

In K the linewidth increases much faster than in Na.
Whereas in the long-wavelength limit the plasmon half-
widths are almost identical, at about q =q„K reaches
about twice the Na linewidth. Since both metals have a
bcc lattice (we disregard the existence of d electrons for
the reasons cited above) their band structure is similar on
the scale of Fermi momentum (or somewhat less accu-
rately on the scale of critical momentum). This indicates
that something beyond band structure comes into play
here. Since by going from Na to Cs we strongly enhance
the exchange and correlation effects, it does not seem
surprising that there is some increasing inhuence on the
plasmon linewidth when turning to the heavier alkali
metals. This expected trend is corroborated by the mea-
surements on plasmon dispersion, where we found in-
creasing deviations from RPA with increasing r, .

The parallelism of the development of plasmon energy
of half-width dispersion and in particular the fact that
these deviations from RPA are growing when passing
from Na to Cs, emphasizes that half-width dispersion, as
well, is strongly modified by exchange and correlation.
Refined theories for plasmon linewidth dispersion need
the inclusion of exchange and correlation. We note that
in highly correlated metals the Fermi edge smears out,
which makes the electron-hole continuum broaden, so
that the critical wave vector is no longer well defined. In
principle, this can enhance plasmon decay below q„and
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also explain the unchanged dispersion of Rb and Cs when
passing through q, .

C. Intraband transitions
and zone boundary collective states

In Fig. 5 we have shown experimental spectra of the in-
traband transitions in Na and Rb, the observation of
which is among the first of this kind besides those
made in Al. The identification of the observed features as
intraband transitions is confirmed by the fact that they
agree in energy, intensity (relative to the volume
plasmon), and in line shape with calculations based on
the LM function with the inclusion of LFC by VS. The
intraband excitations correspond to single-particle excita-
tions of electrons within the Fermi sphere to unoccupied
states outside it. The upper energy cutoff of this feature
reAects transitions of electrons at the Fermi surface into
unoccupied states with the direction of the measured
momentum transfer q being parallel to the electron's ini-
tial momentum kz. Hence the dispersion of the cutoff
energy of the interband transitions directly measures the
dispersion of the unoccupied part of the conducting band
and is, therefore, related to the effective mass of the elec-
trons in this energy range. The cutoff energies were ob-
tained by a least-squares fit of the data by the function
Im[ —1/eLM vs(q, co)] yielding the solid lines in Fig. 5.
In the case of Na, the only fit parameter was the electron
momentum q*. The damping parameter I was estimated

0.4
LJ

0.1 0.2 0.3 O. L 0.5

(q/kp)

FIG. 11. The dispersion of the upper cutoff energy E, of in-
traband transitions (normalized to the free-electron Fermi ener-

gy E~). Symbols with error bars are from fits to the measured
spectra, circles are for Na and squares for Rb. Lines are para-
bolas for free electrons of various band masses, being 1.00 (bold
line), 1.05 (dash-dotted line), and 1.25 (dotted line), respectively.

from the plasmon linewidth. In the case of Rb, however,
it was necessary to optimize besides q

* also the damping
parameter I . From the difference between q and q*
(measured and fitted momentum transfer) the effective
band mass m* can be derived. The parameters m* and
I are listed in Table I.

Figure 11 shows a plot of the cutoff energies E, nor-
malized to the free-electron Fermi energy EF versus
momentum transfer q normalized to kz derived from the
measurements on Na (circles) and Rb (squares). Included
are three curves of the form

E, /E~ = ( m Im *
)( 2q Ik~+ q Ik~ )

for three different effective masses m*/m =1.00 or 1.05
and 1.25, respectively. The comparison between experi-
mental points and the calculated curves yields for Na an
increase of the effective mass of 5% compared to the
free-electron band mass.

This result seems to be in confiict with a number of re-
cent publications which indicate a substantial reduction
of the Fermi energy corresponding to much higher band
masses. Among those are photoemission measure-
ments" (m*/m =1.28 —1. 18), x-ray absorption spec-
troscopy on the K edge of Na (m*/m =1.16), and
theoretical calculations including electron self-energy re-
normalization by Northrup et al. (m*lm =1.18) and
by Shung et al. (m*/m =1.12). At first it should be
noted that the theoretical calculations have given the
band mass of the occupied states, although Northrup
et al. claim that the band narrowing should persist in
the unoccupied states. Also the photoemission yields in-
formation on occupied bands while the x-ray absorption
results and the present measurements on the energy
cutoff of interband transitions yields information on
unoccupied states. This is an important point to note
since due to the k dependence of the self-energy correc-
tion the renormalization of the band mass should be
stronger at k =0 compared to k ~ kz. A further explana-
tion of the different experimental results of the effective
mass may be the different measuring processes. In photo-
emission, one electron is removed from the conduction
band, in x-ray absorption spectroscopy there is the in-
teraction with a localized core hole while in the present
intraband transitions the interaction of the excited elec-
tron with the hole, i.e., excitonic effects, may be impor-
tant. At present we have no theoretical explanation why,
in the latter measuring process, the effective mass should
be close to the free-electron value.

The result of an effective mass close to one is further-
more supported by our measurements of the dispersion of
the ZBCS s in Na which were shown in Fig. 6. As point-
ed out above, they are caused by a combination of intra-
band and interband transitions into final states near the
zone boundary where a gap is opened due to scattering of
the electrons by the ion potentials. The loss structure
broadens rapidly with increasing momentum transfer q.
Theoretically it should retain its sharpness and its intensi-
ty should increase with increasing q. That this is not the
case is an artifact of our measurements, where we used a
single crystal with nonvanishing mosaic spread. Small
tilts of the spatial orientation of individual crystallites
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correspond to energy shifts of the gap location, which de-
pends on the length of the q-vector projection on the
[110]direction. This effect becomes more and more per-
ceptible with increasing q. This is particularly true in the
case of Na having a narrow band gap or a weak pseudo-
potential, respectively. The ZBCS intensity, too,
confirms the weakness of the band-structure effects in Na.
Nevertheless, the energy of the ZBCS can be determined
with good accuracy. The inset in Fig. 6 shows that the
measured ZBCS's (dots) are for small q very close to the
upper gap edge of the particle-hole continuum (interband
transitions) calculated for m*/m =1, and then tend for
higher q towards the lower gap edge (intraband transi-
tions) in excellent agreement with predictions by Foo and
Hopfield and recent calculations by Sturm and
Oliveira. ' It should be noted here that contrary to the
case of the intraband transitions the ZBCS's are a probe
of both the unoccupied states (at the zone boundary) and
the occupied states. A substantial band narrowing would
cause a noticeable shift in the energy and dispersion of
ZBCS's. The comparison of the experimental data on
ZBCS's with calculations yield an upper limit for the
mass enhancement of conduction electrons in Na of S%%uo.

This is in excellent agreement with what we concluded
above from the analysis of the intraband transitions.
Furthermore, the measurements on the ZBCS's provides
evidence that the conduction band is not severely distort-
ed at the Fermi edge as was concluded from the photo-
emission results. Hence there is also no indication of
charge-density waves in Na.

ZBCS's have been previously observed ' in Li and Be
using inelastic x-ray scattering. In these metals, ZBCS's
are much easier to observe than in Na thanks to the
stronger pseudopotential. The fundamental difference
between EELS and inelastic x-ray scattering is that the
latter is more suitable for the range q )q„whereas the
former is usually a good probe for q &q„due to the
different q dependencies of the cross sections for x rays on
one hand and electrons on the other.

The theoretical postulation of the ZBCS and its experi-
mental verification is closely related to the discussion
about the inhuence and the strength of exchange and
correlation effects. Depending on the number of non-
negligible pseudopotential coefricients, one might obtain a
complete ZBCS band structure, since every pseudopo-
tential coefFicient generates a corresponding ZBCS. The
smooth electron-hole continuum, as calculated in the
RPA, becomes structured. Structures which have been
found in the electron-hole continuum and which were in-
terpreted as exchange and correlation effects or even as
an indication of an incipient Wigner crystallization are

probably caused by band-structure effects.
To close this section we discuss the measurements of

the intraband transitions in Rb. An effective mass of
m*/m =1.25 has been derived from the comparison of
the cutoff' energies of the intraband transitions with cal-
culations (see Fig. 11). The 25% increase of the effective
mass may be explained by band-structure effects since
unoccupied d states come close to the Fermi level in the
heavy alkali metals. We cannot exclude exchange and
correlation effects from causing the deviation from a
free-electron behavior. The fact that the damping con-
stant I had to be adjusted separately in the fits, i.e., the
damping is different for the plasmon and interband tran-
sitions, may support the latter explanation.

VI. CONCLUSIONS

We have provided extensive experimental data on the
fundamental excitations of the alkali metals Na to Cs. It
turned out that a full understanding of these metals is
prevented by unexpectedly strong exchange and correla-
tion effects. The results on the dispersion of plasmon en-
ergy and half-width proved to be inconsistent with the
predictions of current Fermi-liquid theories. The concept
of local field corrections for describing exchange and
correlation effects appears to be inadequate for the heavy
alkali metals. The strong correlation at low electron den-
sities causes the negative plasmon dispersion in Cs, indi-
cating an incipient instability of its electron quid. We
have also provided data which emphasize that band-
structure effects are of minor importance for the alkali
metals investigated here and that they are unlikely to ac-
count for the observed dispersion anomalies. For the
case of Na, we showed that the electron band mass is
near unity, as it should be for a NFE metal. In Rb, how-
ever, this band mass is enhanced. In Na, the inAuence of
the ion lattice shows up in the existence of the ZBCS,
which has a much lower intensity compared to the
volume plasmon. Unfortunately, the information that
could be obtained for the heavier alkali metals is less reli-
able. More measurements on single crystals of the heavy
alkali metals and the investigation of the Rb and Cs exci-
tation spectra in the momentum range beyond q, by in-
elastic x-ray scattering appear to be highly desirable.
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