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Effect of thermal vibration and the solid-liquid phase transition on electron dynamics:
An inelastic x-ray-scattering study on Al
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Inelastic-x-ray-scattering measurements of the dynamic structure f&tpiy), of electrons in Al both in
the solid phase at rising temperatures and in the liquid are presented. The double-peak str&tyre)ofor
g>q. (g.=plasmon cutoff vectgr diminishes gradually with decreasing strength of the ion-core potential; the
peak position and the sloping plateau of B, ) spectra forg>q. do not exhibit marked changes upon
melting. The plasmon energy for<q, shifts according to the variation of the electron density upon heating
and melting, and does not respond to the loss of long-range ¢&&163-18208)03201-9

The dynamic structure of valence electrons in condenselly introducing damping of the single-particle states via on-
matter is adequately described in terms of the dynamic strucshell self-energy correctiorté.But it must be stressed that a
ture factorS(q, ), which is the Fourier transform in space certain amount of theoretical work on that subject failed to
and time of the ground-state expectation value of the timereproduce the experimentally found fine structtrd&ven
dependent density-density correlation operats(g,w) can  self-energy corrections do not yield this fine structure, when
be measured on an absolute scale by means of inelastic scaerformed off-shelt! On the other handab initio band-
tering of x ray$ (IXSS) or electrons[electron-energy-loss structure calculations @&(q,w) on Al,**'°Be®and Lil” as
spectroscopy(EELS)].2 Within the limits of the jellium well as empirical pseudopotential calculations on’ Alave
model, a free-electron gas embedded in a uniform positiveeproduced most of the fine structure in agreement with ex-
backgroundS(q,) can be calculated in random phase ap-periment, in the case of Al even that type of fine structure
proximation (RPA) by using the well-known Lindhard di- which is more or less resistant against orientational averag-
electric functiort: ing.

But, as far as the intermediate range of momentum trans- In spite of this progress at the theoretical front, and since
fer |q|, defined byg.<q<3pg, is concernedd_ is the plas- band-structure calculations do not explicitly distinguish be-
mon cutoff vectorpg is the Fermi momentuit turned out  tween the effect of near-neighbor interaction of atoms in
that the RPA-calculate8(q, ) is far from experiments, per- solid and long-range-order effects, it is worthwhile to find
formed onsp-bound metals like Li, Be, and A% The out by an experiment, independently of any theoretical
deviations likewise found for al p-bound metals, are two- model, how the strength of the ion-core potential, on the one
fold: hand, and the crystalline long-range order on the other hand,

(i) The overall shape of the experimental spectra exhibit &ontribute to the dynamic structure factor in the intermediate
main peak, which is shifted to lower energy losses comparetange of momentum transfer. Therefore, we have measured
with the RPA-calculations. It has been shown in Refs. 7, 95(g,w) of polycrystalline Al by means of IXSS, where we
and 10 that, with respect to the general shape of the spectrhave gradually diminished the strength of the potential of the
a much better agreement between experiment and calculatidong-range-ordered ion cores by heating the Al sample in
could be achieved by taking into account exchange and comseveral steps up to the melting point. Then we have removed
relation via local-field corrections. In Refs. 7 and 9 self-the long-range order by investigating Al in the liquid phase.
energy corrections have brought calculations still closer tdNe found that the general shape of 186, w) spectra re-
the experiment, though performed only “on-shell,” a treat- mains unchanged upon heating and melting, so that it cannot
ment, which has been cast doubt upon by the authors of Relie strongly influenced by the crystalline long-range order.
11, who are claiming an “off-shell” self-energy correction. Only the dip at 38 eV, which characterizes the double-peak

(i) The spectra show some fine structure, which partlystructure of the room-temperature Al spectra, washes out
depends on theg orientation, thus proving to be lattice in- gradually with increasing thermal vibration, disappears
duced, which has been verified by means of pseudopotentiahearly upon melting, and must therefore be attributed to the
based model calculatiod$. But there has been found fine strength of the long-range-ordered ion-core potential.
structure, which is more or lesgorientation independerit As far as the range of plasmon excitations<{(q.) is
and can thus survive averaging in polycrystalline material. litoncerned, most recent calculations of the plasmon disper-
is exactly this type of fine structure, in most cases a doublesion on Al, which include crystal lattice effects as well as
peak or a one-peak-one-shoulder structure, which has astatiq local-field correctiond® have revealed good agree-
tracted the attention of theoreticians. There have been madeent with EELS measuremeritswhere it is mainly the re-
several attempts to interpret this fine structure as a universglacement of jellium by band electrons, which brings the
property of a correlated electron liquid, either by explainingcalculations nearer to the experiment. But again, it can be
it as an indication of an incipient Wigner electron latfice  decided only by experiment, whether the removal of long-
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FIG. 1. (a) Data points: Experiment&(q,») for q=1.5 at. units of polycrystalline Al at different temperatures as indicated; solid line:
cubic spline interpolated experimental data; arrow; position of a zero of the first derivative of the experimental data at 295 K. Insets: Dip
region magnified by two. The tangents connect points of equal slope of the interpolated spectra on both sides oftth&€dlig.line:
Empirical pseudopotential calculat&q, ) of Al for g=1.5 at. units, weighted averagediff 100], [110], [111], [311], and[331] spectra,
local-field corrected; temperature effect included via Debye-Waller factor; arrow and insets as iteFi@ashed line: jellium calculated,
local-field-corrected(q, ) of Al. (c) Solid line: as in(b), but on-shell-self-energy corrected. Dashed lifg: Insets: Dip region magnified
by 1.5.

range order upon melting will push the experimental plasbrought to an absolute scale by means of theum rule’
mon data back to the calculated jellium data or not, where ifThe statistical accuracy at ti8éq, w)-peak position was 1%.
the latter case the remaining short-range order could be madehe subtraction of the quasielastically scattered line, which
responsible for that behavior. We found by measuring thes increasing in intensity with increasing temperature, makes

plasmon energy of Al for a given momentum transfer at risthe data between 0 and 7 eV energy loss less reliable, so that
ing temperatures below the melting point and in the liquidhey were skipped in the plots of Fig. 1.

phase, that no effect of the diminished ion-core potential and Tpe results of the measurements K[, ) for g=1.5

of the removed long-range order, respectively, could be dej |, iy the solid state at different temperatures are plotted in
tected and that the plasmon energy shift upon heating anghy 15 The most prominent fine structure of the experi-

melting can be completely explained by the changing of themental spectra, the dip at 38 eV, is marked by an arrow that

a0
electron density: gives the position of a zero of the first derivative of the

The S$(g,0) measurements were carried out at the L e .
HARWI-inelastic beamline at DESY/HASYLAB. A hori- room-temperature spectrum. This dip is magnified in the in-
i set. A tangent, which connects points of equal slope of the

ontally focusing Sb611) monochromator supplies a flux of . . .
z y focusing 611 Hpp' g smoothed experimental curve on both sides of the dip, dem-

3x 10" photons s * of 13.7 keV at the sample position. The _ _ ; O
energy analysis of the scattered radiation is performed jpnstrates its strength. The dip gradually disappears with ris-

inverse geometry by means of a spherically befitBD,0 ing temperature. On the other hand, the overall shape of the
crystal with a Bragg angle of 86°. By utilizing dispersion SPectra shows no dependence on temperature.
compensatiohan overall energy resolution of 2.2 eV could  The gradual disappearance of the dip is well reproduced
be achieved. The 0.5-mm-thick polycrystalline Al sampleby corresponding calculations, which make use of an empiri-
with a diameter of 14 mm is clamped in a ceramic ring andcal pseudopotential scheme, and whose details are described
mounted within a 16-cm-long and 4-cm-wide ceramic tube,in Ref. 9. The theoretical curves, plotted in Figb) are the
which is resistance heated and water cooled outside, so thatresult of a weighted average qf 100], [110], [111], [311],
temperature up to 1100 K at the sample position could b@nd[331] calculations and are local-field corrected using the
attained. The temperature was controlled by a thermocouplgtatic local-field correction factadg(q) from Ref. 21, which
mounted very near to the sample position. In the liquid statdias proved to be appropriate for<1.50¢.%° In order to

the thin oxide layer holds the sample in upright position, sosimulate the influence of the reduced strength of the long-
that the measurements could be performed in transmissiat@nge-ordered ion-core potential due to thermal vibration, we
geometry just as in the solid state. The whole scatteringnave multiplied the Fourier coefficient G) of the empiri-
chamber is evacuated to 1®mbar. Data were taken at two cal pseudopotentid by the corresponding Debye-Waller
different scattering angles corresponding de=0.385 at. factor exp—B(T)|G|%/1672], a procedure, which is widely
units (plasmon excitation, temperature steps of 50 K; atused when band-gap variation with temperature has to be
units:A=e=m=1) andg=1.5 at. units(single-particle ex- considered in semiconductor physi¢see, e.g., Ref. 23
citation, temperature steps of 200,Kespectively, and were B(T) for Al has been taken from empirical x-ray data of Ref.
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24. The relevant dip region is magnified in the inset. The 2.0
tangent is defined the same way as for the experimental
curves. These calculations reproduce very nicely the experi-
mental findings. This way they deliver an additional proof
that it is the diminished strength of the long-range-ordered
ion-core potential, which gives rise to the decreasing of the
orientation-independent fine structure. It should be stressed
that neither in Ref. 14 nor in Ref. 9 could a single Bragg
plane be made responsible, in terms of a simple two-band
model! for the more or less orientation-independent dip at
38 eV. It is much more the combined action of different
Bragg planes, which leads to this fine structure. Additional
dips at 16 and 61 eV, which appear in the calculations but
are not detectable in the experimental curves must be traced 0.0
back to the action of th€220-, (440)-, and (333-Bragg Energy loss (eV)
plane, respectively, and are therefore the residues, after ori-
entational averaging, of the very strong structure in the FIG. 2. Solid data points: Experiment&(q,w) for q=1.5 at.
qii[110], and qi[111] calculation. It is mainly the coarse units of liquid Al at 1000 K; open data points: Experimental
orientational average, the theoretical curves are based of(d.») for g=1.5 at. units of polycrystalline Al at 880 K. Solid
and possibly the neglection of lifetime effects, which leads tdine: jellium calculated AlS(q,w) for q=1.5 at. units, on-shell
this difference between calculation and experiment, as far oself-energy- and local-field-correction included; long-dashed line:
the dip fine structure is concerned. as thg s_olid line but without self-energy correctiop; short-dashed
Concerning the general shape of the spectra another di¥fe: jellium calculated Al§(q,») for g=1.5 at. units, off-shell
crepancy between the results of the empirical pseudopoters€-€nergy and local-field corrected.
tial calculation and the experiment becomes transparent, es-
pecially at higher temperatures. Whereas, with risingcides with experiment. Moreover, the dips in the pseudopo-
temperature, the calculations are approaching the jelliuntential calculation at 16 and 61 eV are flattened. We will
(local-field correcteglresult, which is plotted irfb) as a ref-  discuss later, why an on-shell treatment of the self-energy
erence, the general shape of the experimental curves at te@errection might be much more successful than the off-shell
peratures near the melting point are determined both by tteatment, which can claim to be physically more exact. Of
peak position, markedly shifted to lower energy losses comeourse, the two alternative explanations proposed here, rep-
pared with the jellium reference, and by the weakly slopingresent only the two extremes, so that every position in be-
plateau between 25 and 50 eV. These deviations could bsveen might also be possible.
traced back to inadequacies of our empirical pseudopotential In Fig. 2 the experimenteb(q,w) spectrum of the liquid
calculation and the way we have handled the temperaturghase of Al at 1000 K is plotted together with the 880 K
effects, above all the neglection of both core orthogonalizaresult. The dip at 38 eV has now nearly disappeared, where
tion and thermal diffuse scattering of the electron state wavéhis vanishing of the fine structure has proved to be revers-
functions, where both are mainly determined by the nearible, when measuring the same sample again at room tem-
neighbor interaction. What is in favor of this explanation is perature after solidification. This behavior must be attributed
the fact that these discrepancies remain, if one destroys the the completely destroyed long-range order. But what re-
long-range order by melting, as shown in what follows. It ismains nearly unchanged, when comparing liquid state with
well known that the short-range order of close-packed matesolid-state spectra, is their general shape, as far as the peak
rials changes not too much upon meltftig. position and the sloping plateau between 25 and 50 eV are
But it is an interesting matter of fact that there exists anconcerned. As already stated for the case of the high-
alternative explanation for the above-mentioned discrepancyemperature solid-state data, a local-field corrected jellium
namely self-energy effects, where the judgement betweeaalculation, as plotted in Fig. 2, does not fit the experimental
both types of explanation can be found only by means of diquid Al data. Just as in that case we shall attribute this
first-principles band-structure calculation of the time-deviation either to the remaining short-range order in the
dependent local-density approximation quality, which is, adiquid or to on-shell self-energy effecter to a combination
already mentioned, beyond the scope of this communicationf both). If the former explanation was valid, the small varia-
and which should include the temperature effect in an approtion of the general shape upon melting would indicate only
priate way: A much better agreement between the empiricadmall changes of the short-range order induced electronic
pseudopotential calculation and experiment, especially atructure at the phase transition. Such a behavior is in agree-
higher temperatures, can namely be achieved, if the pseudment with (i) the (already mentionedsmall variation of the
potential calculations are on-shell self-energy-corrected bghort-range order upon melting of close-packed matefials,
introducing the imaginary part, IB(p,E=p?/2m), of the (i) the result of investigations of nuclear resonance in solid
self-energy into the energy denominator of the Lindhard di-and liquid metals by Knight and Berg#t,(iii) theoretical
electric function(see Ref. @ The self-energy used is calcu- calculations of the density of states in solid and liquid triva-
lated on the RPA level according to HedthThe weakly lent element® and (iv) theoretical calculations of the opti-
sloping plateau between 25 and 50 eV is nicely reproducedal absorption of simple liquid metals by Sturm and
and the calculated energy position of the main peak coinPajanné? If the self-energy explanation was valid, the ex-
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perimental data again would indicate that the on-shell ap- 16.5 7
proximation works well in the case considered here. In order,
to demonstrate how large the difference between on-shell
and off-shell self-energy corrections are, we have performed
the latter in a way as proposed in Ref. 11, where the modi-
fied Lindhard response function includes the full momentum
and energy dependence of the self-energy via the corre-
sponding spectral density functions. As shown in Fig. 2, it is
surprisingly the on-shell self-energy correction, which fits
the experiment very well. The off-shell corrected jellium cal-
culation, however, is far from the experiment. Since it is very
unlikely that the very large difference between the off-shell
and the liquid Al data could be removed by properly taking 1
into account the remaining short-range order, this finding is a 15.0 Jrrreeree e e P e e
strong indication for the well-knowft*! (partial 9 cancella- 100 BOOTen?g%ratﬁ)ge (%0 1100
tion between that part of the self-energy correction, which is

connected with the reduction of the renormalization constant

z (the essence of the off-shell treatmergnd the dynami- ! .
mon resonance as a function of temperature; solid line: calculated

cally interacting part of the irreducible particle-hdleertex o f th " f the bl
corrections(Notice that the latter has not been included intotemperature variation of the energy position of the plasmon reso-
nance according to the change of the electron density. Dashed line:

our calculation, where only the statically screened partICIe'relative variation of the plasmon energy position with temperature

hole_ |nteract_|on has bee_n taken into ac_:count bY means of thgs calculated within the limits of the empirical pseudopotential
static local-field correction A cancellation of this type has gcheme including local-field and on-shell self-energy correction.
been discussed explicitly for the case of optical absorption iRrhe calculated value at 600 K is fitted to the experiment.
Ref. 32 and for the calculation of the dynamical structure
factor by Greeret al,'®3 unfortunately not for the electron in Fig. 3 the relative change of the plasmon energy position
density of Al. Further theoretical investigations of this typewith raising temperature as obtained by using the above
of cancellation in the case of particle-hole excitations argpseudopotential scheme, which multiplies the potential coef-
highly recommended, since they are far beyond the scope dicients by Debye-Waller factors in order to mimic the influ-
this communication. ence of temperature and which takes into account the tem-
It should be stressed that the statements concerning thserature variation of the electron density. The shift of the
small changes of the short-range-order-induced electroniplasmon energy position is reduced compared with the
properties upon melting would not be falsified, if the self- simple density-induced shift but only to an extent, which is
energy interpretation of ou8(q,w) data was correct. On the at the limit to be detectable by experiment. This would mean
other hand, our conclusion concerning the cancellation bethat diminishing of the strength of the ion-core potential
tween off-shell self-energy correction and the dynamicallyupon heatingand the total removal of the long-range order
interacting part of the vertex correction is hardly influencedby melting has no noticeable influence on the plasmon en-
by which of the two interpretations of our measurements willergy position. Since it is commonly accepted that it is band-
turn out to be valid, since all known first-principles band structure-induced interband transition which shift the band-
structure calculate®(q,»)’s (and these include also the ef- structure calculated plasmon energy position by more than 1
fect of short-range ordgexhibit only oscillationsaround the eV compare to the jellium value, this insensitivity of the
jellium results(see, for instance, Fig. 1 in Ref. 13he am-  plasmon energy position against removal of the long-range
plitudes of which are much smaller than the average differorder must be attributed to the persistence of short-range
ence between our on-shell and off-shell calculations. order?® In view of both the rather short wavelength of the
In Fig. 3 we have plotted the energy position of the Al plasmons under consideration and the arguments from the
plasmon peakiw,(T) for q=0.385 at. units against tem- literaturé’~%° given above in favor of the short-range order
perature, below and above the melting point. Its position ainterpretation of the liquid Al data, the presumed dominance
room temperature agrees well with most recent EELSof short-range order is not that surprising. This statement
measurementS. We have confronted these measurementsshould not contradict a self-energy interpretation of the lig-
with a jellium calculation, which takes into account the de-uid Al data in the range of intermediate momentum transfer
pendence ofiw, on temperature and phase, respectively,as long as the deviation of the spectra from jellium due to
only via the electron densityn(T) by using the relation short-range order cannot be quantified by first-principles cal-
hwp(T)=ﬁwp(To)[n(T)/n(T0)]l’2, where the room- culations, especially since it has been left open whether or
temperature valué w,(T,) is taken from our measurement, not it is self-energy correctiortegetherwith the influence of
the volume expansion coefficients from Ref. 34, and the denshort-range order that are contributing to the liquid Al-
sity variation upon melting6.1% from Ref. 35. By compar- S(q,w).
ing calculation and experiment one can conclude that the In summary, our IXSS measurements both on solid Al as
variation of the plasmon energy with temperature and the function of temperature and on Al in the liquid phase have
magnitude of its discontinuity at the melting point is, within clearly shown that a nearlyg-orientation-independent
experimental error, solely determined by the correspondinglouble-peak fine structure of the dynamic structure factor,
change of the electron density. We have additionally plotted5(q, ), which has often been considered to be a universal
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FIG. 3. Data points: Experimental energy position of the plas-
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property of a strongly correlated electron liquid is long- ture and the discontinuity at the phase transition can be un-
range-order induced and must be assigned to electron-ic#terstood as a consequence of the corresponding density
interaction. On the other hand, the overall shape of the Alchanges. The destruction of long-range order has no effect on

S(q,w) and its deviation from local-field-corrected jellium the plasmon energy. Therefore, the crystal lattice can evolve

calculations is hardly influenced by the destruction of theandgrﬂuence on the plasmon energy only via the short-range

crystalline long-range order. This deviation can either be at®
tributed to the persisting short-range order or to self-energy we thank R. Heise, K.-J. Gabriel, K. idpner, and Ch.

effects(or to a combined action of bothwhere arguments

Wittkop for valuable help with the measurements. This work

are given in favor of performing the self-energy correctionwas funded by the German Federal Ministry of Education
on shell. The variation of the plasmon energy with temperaand Research under Contract No. 05 650WEA.
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