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Inelastic x-ray scattering study of plasmon dispersions in solid and liquid Rb
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The plasmon dispersion relations in solid and liquid Rb were determined by inelastic x-ray scattering
techniques. In liquid Rb, the plasmon energy increases with the momentum transfer ¢, whereas in solid Rb,
the dispersion curve exhibits a cusplike shape. We also found that the plasmon linewidth in liquid Rb is narrower
than that in solid Rb near ¢ = 0. These features suggest that the conduction electrons in liquid Rb are more
suitably described by the electron gas model than in solid Rb, since the electron gas model predicts a smooth
increase in the plasmon energy with ¢ and the infinite lifetime at ¢ = 0. The origins of the observed variations
in the plasmon energy and the linewidth upon melting are investigated with the aid of theoretical calculations.
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I. INTRODUCTION

The behavior of conduction electrons in alkali metals is
basically well described by the electron gas model, which is
manifested, for example, in the almost spherical shape of the
Fermi surface. However, the electron energy loss spectroscopy
(EELS) experiments for solid alkali metals (Na, K, Rb, and
Cs) [1] revealed that the plasmon dispersions in Rb and
Cs deviate significantly from the interacting electron gas
model [2], which predicts that the plasmon energy smoothly
increases with the momentum transfer g. The experimentally
obtained plasmon energy in solid Rb only slightly increases
as g becomes larger and then starts to decrease around
q ~ 0.60 A1 showing the “cusplike” behavior. In the case of
solid Cs, even a negative dispersion is observed.

Motivated by the EELS measurements of alkali metals,
many theoretical works have been carried out [3—10]. Several
studies [3,5,6] which treated the electron-electron interactions
in a more sophisticated manner were performed in order to
account for the plasmon dispersions in heavy alkali metals.
These studies improved the agreement with the experimental
results, but did not reproduce the shape of the dispersion curve
in the all ¢ range where the experiments were performed.
On the other hand, some researchers [9,10] pointed out that
interband transitions to the unoccupied d states substantially
modify the plasmon dispersions in heavy alkali metals (the so-
called “band structure effect”). Aryasetiawan and Karlsson [9]
performed ab initio calculations of the plasmon dispersions
in solid alkali metals (Na, K, Rb, and Cs) to investigate how
the band structure effect influences the plasmon behaviors.
These authors showed that the band structure effect becomes
increasingly as important as going from Na to Cs, and found
that the band structure effect causes a very small dispersion in
solid Rb and a negative dispersion in solid Cs. These results
qualitatively reproduced the experimental trends, except for
the detailed features such as the cusplike dispersion in solid Rb.

Theoretical studies on the electronic density of states (DOS)
have given the information on the unoccupied d states of heavy
alkali metals both in the solid [11,12] and liquid [12-14]
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states. According to Jank et al. [12], it was found that the
unoccupied d states of Rb and Cs substantially change upon
melting. Therefore, comparison of the plasmon behaviors in
the solid state with those in the liquid state will give us valuable
information on the band structure effect in heavy alkali metals.
Up to now, plasmons in liquid alkali metals have been studied
only for the light element [15]. The present work is an attempt
to investigate the plasmon behaviors of the heavy alkali metal
in the liquid state.

In this study, we carried out inelastic x-ray scattering
(IXS) measurements for solid and liquid Rb. IXS technique
has an advantage in that the spectra are purely composed of
single scattering events, while EELS spectra in the high ¢
region suffer from multiple scattering events. In early IXS
experiments, the small cross section limited the measurements
to the light elements [16—19]. In recent years, however, with
the advent of synchrotron radiation sources, IXS has become
a standard tool to probe the dynamic response of electrons in
materials including the heavier elements [20-22]. Moreover,
unlike EELS, IXS measurements can be done even for liquid
samples [15,23,24].

In this paper, we report the plasmon dispersions in solid
and liquid Rb. Upon melting, the plasmon energies increase
in the range g > 0.60 A", and the cusplike behavior is no
longer observed for liquid Rb. From a comparison of the
unoccupied d states in the DOS for solid Rb with those
for liquid Rb, we interpret that the increase of the plasmon
energy originates from the reduction in the band structure
effect upon melting. We also determine the g dependence of
the plasmon linewidth AE|/»(g) and find that AE;,x(g) in
liquid Rb tends to be smaller than in solid Rb near ¢ = 0.
We interpret that this behavior reflects the reduction in the
effect of interband transitions on the plasmon damping upon
melting, which is supported by the theoretical evaluation
of AE /(g =0) for both solid and liquid Rb. Our results
suggest that the effects of the unoccupied d states on the
plasmon energy and those of interband transitions on the
linewidth, which are not considered in the electron gas model,
become less important upon melting. These results indicate
that the conduction electrons in Rb are better described with
the electron gas model in the liquid state than in the solid
state.
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FIG. 1. (Color online) IXS spectra of solid Rb and the empty cell
at ¢ = 0.36 A~! normalized by the incident beam intensity.

II. EXPERIMENT

IXS measurements were carried out on the Taiwan inelastic
x-ray scattering beam line BL12XU at SPring-8, designed for
the studies on various types of electronic excitations [25]. The
incident beam from the undulator was first monochromatized
by a Si(111) double crystal monochromator and then by
a Si(400) four-crystal high-resolution monochromator. IXS
signals were collected with a diced, spherical, crystal analyzer
and a Si detector in a near backscattering geometry. The
scattered photon energy was fixed at 13 835.3 eV (= Ej), while
incident photon energy was scanned by 6 eV near Ey. The
energy resolution, which is determined by the full width at half
maximum (FWHM) of the quasielastic peak, was 0.22 eV. The
q resolution is determined by the opening of a mask (85 mm
diameter) in front of the analyzer. We evaluate it to be 0.25 AL

The measurements were performed at room temperature
for solid (polycrystalline) Rb and at 333 K for liquid Rb. (The
melting temperature of Rb is 312 K.) We used a thin-walled
(100 um) sample cell made of sapphire to perform stable
measurements for the liquid phase. The thickness of the sample
was 300 pm. The sample was sealed under a He atmosphere
to prevent oxidation. We heated the sample with a Fe-Cr
electronic resistant heater and monitored the temperature
by alumel-chromel thermocouples. The range of the energy
transfer was from 0.5 to 6.5 eV. The range of the momentum
transfer was from 0.18 to 0.90 A~! for solid Rb and from 0.18
t0 0.80 A~! for liquid Rb. The measurements took three hours
for each momentum transfer. We also measured the IXS from
the empty cell and confirmed that the inelastic signals from
the empty cell were negligible compared with those from the
sample, as can be seen from Fig. 1.

III. RESULTS

Figure 2 shows the IXS spectra of solid and liquid Rb as
a function of the energy transfer hw. The peak arising from
plasmon is clearly observed around Aw ~ 3.5 eV both in solid
and liquid Rb for each of the momentum transfers g. The
IXS spectra were fitted by the sum of two Lorentzians [26],
one representing the inelastic (plasmon), and the other
the quasielastic contribution. The fitting functions were
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FIG. 2. (Color online) IXS spectra of (a) solid Rb and (b) liquid
Rb normalized by the incident-beam intensity. Values at the right side
of the figures are momentum transfers. Solid curves are the fitting
functions. Vertical line denotes the peak position of the spectrum at
g=0.18A".

convoluted with a Gaussian of 0.22 eV FWHM, corresponding
to the experimental energy resolution. These functions are
indicated with solid curves in Fig. 2. The vertical line in each of
the figures denotes the inelastic peak position in the spectrum
atg = 0.18 A~!. Note that the shift of the peak position from
the vertical line with increasing ¢ is larger in liquid Rb than in
solid Rb beyond ¢ ~ 0.60 A~

Figure 3(a) shows the ¢ dependence of the plasmon energy
determined by the fitting procedure. We can see the cusplike
shape of the dispersion curve for solid Rb, where, with
increasing ¢, the plasmon energy gradually increases within
the range 0.18 Al L g <0.50 A~! and decreases within the
range 0.60 A~' < ¢ < 0.90 A~'. This behavior agrees with
the results of the EELS measurements [1]. For liquid Rb, on
the other hand, the plasmon energy monotonically increases
with ¢ and it becomes larger than that of solid Rb in the range
g >0.60A"

The dotted line in Fig. 3(a) shows the boundary of the
particle-hole (p-h) continuum, which was estimated using the
following equations based on the non-interacting electron gas
model:

_lk+qP kP
T 2m 2m

where kr is the Fermi wave vector, k is the wave vector of an
electron, and m is the electron mass. The value of kg used here
iskgp = 0.68 A-! , which is derived from the density of solid Rb
at room temperature, 1.53 g cm™>. The experimental plasmon
dispersions intersect the boundary of the p-h continuum around
g ~ 0.50 A~". Thus the plasmon cut-off wave vector g is
estimated to be ¢&™ ~ 0.50 A~!, above which a plasmon
decays into a p-h pair.

Figure 3(b) shows the g dependence of the plasmon
linewidth AE{,:(g), determined from the FWHM of the
Lorentzian curve. The values of AE|,>(q) for liquid Rb tend

hw , |kl <kp, |k4+q|>kp, (1)

to be smaller in ¢ < g™ and larger in ¢ > g¢™™ than those
of solid Rb. This behavior is seen more clearly in the inset of
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FIG. 3. (Color online) (a)Plasmon dispersions of solid and liquid
Rb. The boundary of the p-h continuum is indicated by the dotted
line. (b) g dependence of the plasmon linewidth AE,/,(g) of solid
and liquid Rb. The inset shows the difference of AE,/,(q) between
solid and liquid Rb, which was derived by subtracting AE,»(q) of
solid Rb from that of liquid Rb (AE}, — AE}%). The g resolution

0.25 A~! is indicated by the error bars for ¢ in both figures.

Fig. 3(b), which shows the difference of AEj,(g) between
solid and liquid Rb.

IV. DISCUSSION

A. Plasmon energy

As mentioned in Sec. I, it has been shown that the plasmon
energy in solid Rb is strongly modified by the interband
transitions to unoccupied d states [9]. Therefore, we discuss
the unoccupied DOS of Rb to understand the variation in the
plasmon dispersion upon melting.

Figure 4 shows the theoretical DOS for solid [11] and
liquid [13] Rb. The DOS of solid Rb shown here is the result
of full-potential linear muffin-tin orbital (LMTO) calculations
for 300 K performed by Soderlind and Ross [11]. The DOS of
liquid Rb was obtained from the Schommers-LMTO-recursion
method [27-30] for 373 K, which was carried out by Mirzoev
et al. [13]. The DOS of solid Rb above the Fermi energy
considerably deviates from the DOS of free electrons. Peaks
are observed at about 1, 2.5, 4, and 5 eV in the DOS of solid
Rb, mainly because of the d-state contribution. Upon melting,
the peaks at about 4 and 5 eV, observed in the DOS of solid Rb,
are smoothed out. In addition, the broad peak at about 1.7 eV

PHYSICAL REVIEW B 89, 014206 (2014)

—— solid Rb (total)
--- solid Rb (d-state)
— liquid Rb (total)

|- -~ liquid Rb (d -state)
—— free electron

w

DOS [states/(eV atom)]
[ N

-2.0 0.0 2.I0 4.0
energy [eV]

FIG. 4. (Color online) Theoretical DOS of solid (300 K) [11] and
liquid (373 K) [13] Rb. Solid and dashed lines show the total DOS
and the contribution from d states, respectively. The thin solid line
shows the DOS of free electrons corresponding to the electron density
of Rb. A shaded area shows the energy range where plasmon peaks
were observed in the IXS measurements. The Fermi energy EF is set
to 0.

appears for the liquid state, instead of the sharp features at
about 1 and 2.5 eV in the DOS of solid Rb.

Peaks in DOS modify the plasmon energy for the following
reason. When unoccupied DOS has a peak at a certain energy,
interband transitions to that energy become strong, which
makes a maximum in the imaginary part of the dielectric
function, &;(q,w). The €;(q,w) is generally associated with
the real part of the dielectric function, ¢;(q,w), through the
Kramers-Kronig relation,

w'er(q,0")
a)/z _ 0)2 :

2 o0
e1(q,w) =1+ —/ do’ )
T Jo
Therefore, the variation in &,(q,w) due to interband transi-
tions modifies the plasmon energy, which is determined by
e1(q,w) = 0.

Aryasetiawan et al. [9] discussed how interband transitions
change the plasmon energy. According to their discussion,
plasmon energy is lowered owing to the enhancement of inter-
band transitions above the plasmon energy. To explain this low-
ering, they represented the last term in Eq. (2) as the sum of two
terms with different integration ranges, [O,wg] and [a)g,oo].
Here, a)g is the plasma frequency obtained without considering
the enhancement of the interband transitions. Then, we can see
that the term with the integration range [a)g ,00] contributes
positively to ¢;(q,w) at v = a)g. Thus, when interband tran-
sitions are enhanced and &,(q,w’) increases within the range
o > wg, the value of &(q,®) becomes larger at » = a)g. The
increasein e (q,w = a)g) results in the lowering of the plasmon
energy relative to a)g [9], because the slope of € is generally
positive at the plasmon energy.

For liquid Rb, peaks are not clearly seen in the DOS above
the plasmon peak positions (shaded area in Fig. 4). On the other
hand, for solid Rb, the peaks due to d states are seen in the DOS
atabout 4 and 5 eV, the energies higher than the shaded energy
range in Fig. 4. Therefore, from the above consideration, the
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TABLE I. Experimental values of the plasmon energy at ¢ = 0
[P, (0)] and the plasmon dispersion coefficient or.

Solid Rb Liquid Rb
hasp(0) (V) 3.39 4 0.02 337 4£0.02
o 0.06 = 0.02 0.06 & 0.02

plasmon energy in solid Rb should be lowered by the interband
transitions more strongly than in liquid Rb for the g at which
the s-d transitions are allowed and the momentum conserva-
tion is satisfied. It should be stressed that the probability of the
s-d transitions increases with g* [9]. Thus, the lowering of the
plasmon energy for solid Rb due to the interband transitions
should be more evident for larger g. This is consistent with the
observation that the plasmon energy of solid Rb is lower than
that of liquid Rb for the large ¢ region [Fig. 3(a)].

In contrast to the DOS peaks above the plasmon energy w,,
the d states at 1 and 2.5 eV in solid Rb are not expected to
contribute significantly to w, for the following reason. For the
plasmon with positive dispersion, the difference between the
excitation energy and the positions of the DOS peaks below w,
increases with ¢. This behavior indicates that the influence of
such DOS features on wy, is relatively large for small g range.
On the other hand, the probability of s-d transitions becomes
smaller with decreasing g, which makes the effect of the d
states below w, less significant. This is also true for liquid Rb.

As shown in Fig. 3(a), the plasmon energies in solid Rb
agree well with those in liquid Rb for ¢ < 0.50 A~!, which
suggests that the band structure effect is not important in
this g range. To compare the plasmon dispersions in both
states for g < 0.50 A~!in more detail, we fitted the function
hay(q) = hoy(0)[1 + a(h?/m)q?] to the dispersion curve in
the range ¢ < 0.50 (~ ¢g&™). Table I shows the results of
the fitting. We find that the value of « for solid Rb agrees
with that for liquid Rb. A slightly lower value of hw,(0) for
liquid Rb is explained by the reduction in the electron density
upon melting as follows. The hw,(0) is given by the relation
hw,(0) = hy/4mne?/meg, eg = 1+ 4mn;ix;, where n is the
electron density, n; is the ionic density, and x; is the ionic
polarizability. We set x; = 1.5 x10?* cm?, the value estimated
by Mayer et al. [31]. The density of Rb reduces from 1.53
to 1.46 g cm™> upon melting. From these values, hap(0) is
estimated to be 3.52 eV for solid Rb and 3.47 eV for liquid Rb.
According to this estimation, the ratio of the value of hw,(0)
for liquid Rb to that for solid Rb is 0.986, which reasonably
explains the experimental value 0.994 £ 0.008.

B. Plasmon linewidth

As seen from the inset of Fig. 3(b), the linewidth AE/»(g)
of liquid Rb tends to be larger than that of solid Rb in the range
g > q&® (~0.5 A, Considering the fact that a plasmon
decays into a p-h pair beyond g&™™, the observed tendency sug-
gests that the decay into a p-h pair is stronger in liquid Rb than
in solid Rb. Such an enhanced damping can be explained by
the increase in the unoccupied DOS upon melting in the energy
range where the plasmons are observed (shaded area in Fig. 4).

On the other hand, careful analysis is required to understand
the fact that the AE;,»(q) tends to decrease upon melting
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for ¢ < ¢&™. To understand this behavior, we calculated
the linewidth at ¢ = 0 for both solid and liquid Rb [32].
In the calculation, two effects are considered, i.e., interband
transitions induced by the ionic potential and phonon-assisted
intraband (or interband) transitions [33,34]. If we neglect the
interference between these effects, the linewidth can be written
as the sum of their contributions:

AE12(0) = AEIR(0) + AED,(0), 3)

where we denote the two effects as “ion” (ionic potential) and
“ph” (phonon assisted).

The linewidth at ¢ = 0 is calculated by the product of the
plasma frequency and the imaginary part of the dielectric
function [34], and thus AE}%(O) can be written as follows:

AED(0) = hwpes™(0,0p), “)
where 8i2°“ (g,w) is the imaginary part of the dielectric function
including the effect of the ionic potential. For the solid state,
€5 "(0,w) is represented by [34]

4n110lvs(G110)/ EF|*(G 110/ ke)*
3(ha)p/EF)4
x Im EL(G] lo,a)p) (for SOlld) (5)

eX"(0,wp) =

where Gy is the reciprocal lattice vector along the [110]
direction, njjo is the number of the reciprocal lattice vectors
equivalent to G 9, vs(q’) is the Fourier component of screened
pseudopotential, and g1 (¢’,w) is the Lindhard dielectric func-
tion [35].

To evaluate AE }‘}‘5 (0) for the liquid state, we have derived
the following expression [32]:

) 4 d3q/ C], 4
on
0, = 1
0 = e T B <2n>3(kF>
2

2@ N me (g op) ©6)

F

(for liquid)

where S(g’) is the liquid structure factor.

Through Eqgs. (4) and (6), the effect of interband transitions
on the plasmon damping is associated with the short range
order of ions, which is characterized by S(q’). The relation
between the short range order and the effect of interband
transitions has been discussed in the previous IXS studies
for liquid samples [15,24], but has not been described in a
quantitative manner. Equation (6) enables us to evaluate quan-
titatively the effect of interband transitions on the linewidth
using the information on the short range order of ions in liquid.
The details of the calculation, including the phonon part, have
been given in our previous work [32].

Figure 5 shows the experimentally determined linewidth
in small g region and the calculated linewidth at g = 0. The
experimental results are fitted by the quadratic function of g
as indicated by the dashed lines in Fig. 5. (The fitting range is
from 0.18 to 0.45 A~'.) The calculated results quantitatively
agree with the extrapolated values at ¢ = 0 for both solid and
liquid Rb.
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FIG. 5. (Color online) Plasmon linewidth of solid and liquid Rb
in small g region are plotted against (q/kg)?, where kg is the Fermi
wave number. Closed circles show the experimental data for solid Rb
and open circles for liquid Rb. Diamonds indicate the calculation for
the solid and the liquid states at g = 0. Dashed lines are the quadratic
functions of ¢ fitted to the experimental data.

Table II shows the experimental and calculated [32] values
expt

of the linewidth for g = 0. (Hereafter, we denote AE, pi 0)

and AE f;‘lzc (0), respectively.) The value of AE T)/qz’t (0) was
determined by the fitting with a quadratic function. In the table,
the values of the two terms in Eq. (3), AE il‘}‘}(O) and AE 11);12(0),

are also indicated. As noticed from the table, the AE’I);’Z(O) of
liquid Rb is larger than that of solid Rb, indicating the increase
of thermal motion of ions upon melting. Thus, the observation
that the value of AEfz/‘lzc(O)[zAE il%(O) + AE’IJ;IZ(O)] in the
liquid state is smaller than that in the solid state is attributed to
the decreasein AE %‘}‘3(0) upon melting. Therefore, we interpret
that the experimentally observed decrease in the linewidth
upon melting is caused by the suppression of the effect of
interband transitions accompanied by the vanishing of the
crystalline structure.
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TABLE II. Experimental value of the linewidth at ¢ =0
[AET’/“;(O)] and the calculated one [AEfj5(0)], which is a sum of

the ionic part [A E}%(0)] and the phonon part [A E {’?2 (0)]. Calculated
results are taken from our previous work [32]. All values are in eV.

AESRO)  AESSO)  AERO0)  AEN0)
Solid 0.47 +£0.07 0.44 0.42 0.022
Liquid 0.27 £0.13 0.31 0.27 0.043

V. CONCLUSION

We have performed IXS measurements of solid and liquid
Rb to determine the g dependence of the plasmon energy
and the linewidth. The comparison of the plasmon energies in
the solid state with those in the liquid state suggests that the
band structure effect becomes less important upon melting.
The theoretical analysis on AE;,(q) for both solid and
liquid Rb reveals that the narrowing of AE|,>(g) near ¢ =0
upon melting reflects the decrease in the effect of interband
transitions on the plasmon damping.

The observed features for the plasmon energy and the
linewidth in the solid and the liquid states suggest that the
conduction electrons in liquid Rb are more suitably described
with the electron gas model than in the solid Rb.
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