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Observation of Umklapp processes in noncrystalline materials
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Inelastic X-ray scattering data have been measured in liquid lithium at 475 K as a function of momentum
transferQ(2<Q<55nm 1), and at several constant energies trangfém the range 15—-40 meV. This data
provide a direct experimental evidence that Umklapp-like processes can be identified in the dynamic structure
factor of a disordered system. Generalizing a picture valid for a crystalline material, it is possible to relate the
broadening of the Umklapp peaks to the width of the principal peak in the static structure factor of disordered
materials and therefore to the topological disorder.
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Transport properties in a material determine the flow ofexcitations are particularly well defined, into a maximum
characteristic quasiparticles induced by an external fieldround Gyp/2. The behavior of the excitations dispersion
(temperature gradient, electric field, etdn an ideal infinite  relation in disordered materials, with its similarity to the
perfect crystal, with no lattice imperfections, impurities andcrystalline case, has induced to speculate that also in these
surface effects, the existence of a stationary flow is a consesystems it is possible to define a pseudo-Brillouin zbne,
guence of interactions among quasiparticles and of Umklapphose first replica covers the regiork@< Gy,p/2. Pushing
processesU-processes The interaction is necessary to ex- further this speculation into higher order Brillouin zones, one
change energy and momentum, and, in particular to allownay expect thatU-like processes also exist in disordered
scattering processes such las k,—ks;, where#k is the  systems.
quasiparticle momentum. However, as the total momentum The previous concepts are pictorially illustrated in Fig. 1
is conserved K; +k,=k3), the interaction alone is not suf- for the one-dimensional case. Here, the dashed line sketches
ficient to reach equilibrium. This is possible thanks to thean acoustic phonon dispersion relati&fQ) in a perfect
U-processes$.Their fundamental role is to open further scat- chain with lattice constana. This dispersion relation peri-
tering channels where the momentum of the quasiparticles indically repeats itself with a perio@=2s/a. In the same
the initial state is different from that of the final state. The
difference, necessary for the total momentum conservation i G a
the scattering event, is supplied by the crystal periodicity vie=
the reciprocal lattice vectorG: k; +k,=k;+ G. Therefore, 5 N
it is evident that the concept & process is intimately re- Q, G-Q, |G +Qo
lated to the existence of a periodic lattice, via the vec@rs — [
and to the periodic repetition of the crystal quasiparticles . |
dispersion relation in successive Brillouin zones. E, » .

PhononU processes are, for example, directly responsible . N

for the thermal conductivity in insulators. It is firmly be- . AN i
lieved that also irdisordered systemthe thermal transport N
properties are determined by the excitation spectrum of th 4
density fluctuation$.In particular, in glasses, the effect of - b
the disorder on the collective dynamics is supposed to bQ/
responsible for the observed anomalies in the heat capaci™
and thermal conductivity behavior when compared to theil
crystalline  counterpart. In this respect, recent E,
experimentat®and numericaf~*3works have demonstrated
that, in glasses and disordered systems in general, propag:
ing acousticlike collective excitations exist up to a momen-
tum (2 Q) region approaching th® value of the main peak
of S(Q), Gyp. These excitations, with increasirg show
clear effects due to the disorder as, for example, the increa: In/a Q
ing nonplane wave character of their spatial eigenfunctions.
Nevertheless, one finds for these excitations a dispersion re- g, 1. Sketch of the dispersion relati@(Q) (dashed lines
lation E(Q) vs Q strikingly similar to that of crystals. and of the static structure factd®(Q) (full lines) of a one-
Among others, a linear behavior &{(Q) at smallQ, and a  dimensional system() reports the case of an ordered chaiby
bend down ofE(Q) evolving, in certain cases where these that of a disordered chain.
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plot, we also sketch the static structure fa®o®), which in

such a periodic system corresponds to Bragg peaks\at- l l E=15meV
uesG,=2mn/a (full vertical line). Let us imagine now per- | = z ]
forming the following scattering experiment in such a perfect P,

chain: as shown by the dash-dotted line in Fig)lwe scan p e

the exchanged momentum at the fixed enefgy We will
observe a sharp peak, the Brillouin peak, @=Q,
~hEq/v, wherevis the sound velocity an@ is low enough

to be in the linear dispersion region. This peak will also beA
observed aQ=G=*Q,, whereG is any of the reciprocal ,
lattice vectors. The presence of these other peaks, the Urr'é
klapp peaks, is due to the fact that the phonon momentum i =
defined to within a reciprocal lattice vector. Naively, one can &
say that the phonon of momentu@y, is “reflected” by the =
lattice (or by the Bragg peak @ =G) and its signature in ~
the spectrum is the appearance of peaks not on{yabut

also on the two sides of the Bragg peak, i.e.Gat Qq. In —_
Fig. 1(b), we report an attempt to translate the discussec 3,
scattering experiment from a periodic array into a disorderecCY
system. Supposing for the time being that the excitations =
such “glassy” system were phononlike plane waves, one
still observes a sharp Brillouin peak@t= Q,. However, the
absence of periodicity destroys the sharp Bragg peaks, an
the static structure factor is characterized by a main peal
centered atQ=Gyp=2n/a (a is the average nearest-
neighbor distange This feature has a finite widtAGy,p
determined by the distribution of this nearest-neighbor dis-
tances that typically is an important fraction®f,e . In anal-

ogy to the crystal case, one then expects that this MP is als
capable to “reflect” phonons. However, with respect to the

peak atQg, the peaks aQ=Gyp*Q, will have a width Q (nm-l )
increased at least b{¥Gyp (a broadening contribution from
the topological disorder will always be presgnrh this sce- FIG. 2. IXS spectra of liquid lithium aT =475 K (full circles)

nario, the initial working hypothesis that the excitation attaken at the indicated constant energy as a functio.cfhe ar-
Q=0Q is a plane wave is not really necessary. In fact, takingows mark the position of the main spectral featutBsillouin
into account that in a glass the disorder induces a width opeaks at lowQ and Umklapp peaks around the MFPhe full line in
the Brillouin line, one expects that also the Umklapp peaksach panels is th&(Q) reported on an arbitrary intensity scale,
widths will increase accordingly. Finally, one expects thatcalculated at the melting poinT(,= 450 K) by molecular dynamics
the simple description sketched in Figb}), although more simulations.
complicated, is still valid in a real three-dimensional system,
at least for longitudinal phonons, on a qualitative ground. Awhere the elastic contribution to the spectra has its maximum
quantitative description has been derived by Carpenter anigitensity and where the first Umklapp peaks are expected to
Pellizzar'* under the assumption of pure plane wave excitabe.
tions, and further refined by Ribeiro, Wilson, and Madd&n. The IXS experiment has been carried out at the very high-
On the experimental side the search fdrprocesses in energy resolution IXS beam-lindD28) at the European
disordered systems has been attempted in the past by Ineléynchrotron Radiation Facility. The instrument consists of a
tic Neutron Scatterind® and, in particular, scattering experi- back-scattering monochromator and five independent analy-
ments such as the one sketched in Figp) have been per- ser systems, held one next to each other with a constant
formed in glasse¥ However, these experiments has notangular offset o a 7 mlong analyzer arm. We utilized the
been able to cover the whole interestiQgE region, going  Si(9 9 9 configuration, giving a total instrumental energy
at least fromQ, up to the main peakMP). resolution of 3.0 meV full width at half maximum
Liquid lithium is a disordered system that has been al{FWHM),' and an offset of 2.4 nm' between two neighbor
ready thoroughly investigated using the inelastic x-ray scatanalyzers. The spectra have been measured as a function of
tering (IXS) techniquet’ Compared to prototypical glassy Q transfer and at different constafttransfers by setting a
systems(vitreous silica for exampleit shows a particularly —constant temperature difference between the monochromator
favorable contrast between inelastic and elastic signals. Thisnd analysers crystals and by rotating the analyzer arm. The
property makes liquid lithium a very good candidate tomeasured) range is 1-55 nmt, and theQ resolution is 0.3
search for Umklapp features in ti@ region aroundGyp, nm ! FWHM. The spectra were normalized to the incoming
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photon flux, and, for improved statistical accuracy, the sigthe S(Q) in the highQ region.

nals from different analysers in overlappif@regions were The spectra in Fig. 2 show in the sm&llregion a Bril-
averaged together. Each scan took about 150 min, and eat@¥in peak that increases i@ position and width with in-
spectrum was obtained by the typical average of five scan§réasing energy. More importantly, the spectra show also
The liquid lithium sample was in an uncapped container@ther inelastic peaks at high@ values(marked by the ar-

made of austenitic stainless steel. A resistance heater ngws). This ensemble of inelastic features can be interpreted

used to keep the liquid at 475 K, i.e., slightly above thiwthm the same framework as the one sketched in Fig). 1

. . n fact, one observes, at low energy trandfemot only the
melting point at 453 K. The 20 mm long sample was loade rillouin peak atQ,(E), but also a second peak at approxi-

in an argon glove box and kept in a 10mbar vacuum. mately Gyp— Qo(E). Moreover, one clearly observes that,
Empty vacuum chamber measurements were also performegith increasingg, the peaks aQo(E) andGyp— Qo(E) get
They gave either the flat electronic detector background ofloser and, at the enerdy~40 meV, they merge together at
0.6 counts/min aQR>8 nm %, or, for Q<8 nm !, a small aQ value close toGyp/2 (this is the ideal value that one
elastic signal due to the vacuum chamber Kapton windowvould expect in the crystalline caserhis behavior, as pre-

(50 um thick), whose intensity gives a negligible contribu- Viously emphasised in Fig.(8), is precisely the one ex-
tion to the inelastic spectra reported here. pected in presence of Umklapp peaks. These data, therefore,

The IXS spectra measured at the constanalues of 15, plroviQe dc;omgellir&g evidence tgat;lhbprhoceshsesffare acf:tg/_e

20, 25, 30, 35, and 40 meV are reported in Fig(fall aiso In disordered systems and show that the effect of disor-
) ) . : der can be framed within the qualitative model presented in

circles. In the same figure the static structure facQ) is Fig. 1(b). In this respect, in fact, the Umklapp peakGip
also shown as a full line, and the MP is found @y  —Q, is considerably broader than the Brillouin peak.
~25nm * with a width of AGyp~4 nm™. The value of This broadening is also responsible for the even more re-
Gup=2m/a is consistent with the average nearest-neighboguced visibility of the Umklapp process in the third pseudo-
distancea~0.24 nm. Brillouin zone that is expected &+ Q,. We notice how-

The inelastic spectrd(Q,E), reported in Fig. 2, normal- ever that this second family of Umklapp peaksGajpr+ Qo
ized only to the incident photon flux, could be reduced to thgs nevertheless observable in the limit of laf§es empha-
dynamic structure factorS(Q,E) by correcting for the sised by the dashed arrows.
lithium atomic scattering form factdr(Q) and for a coeffi- In conclusion we have shown that in a system without any
cientg(Q) that takes into account tf@-dependent response periodic order such as a monatomic liquid, one observes in-
function of the IXS spectrometer:S(Q,E)=1(Q,E)/ elastic excitations that can be interpreted as the noncrystal-
[f(Q)g(Q)]. Both f(Q) and g(Q) are smooth functions line counterpart of Umklapp peaks. These peaks are no
which decrease monotonically with increasiQg However, longer sustained by the periodicity of the lattice—as in
independently of the specific knowledge of the functionscrystals—but are due to the “reflection” of the wavelike
f(Q) andg(Q), the spectrd(Q,E) can be put on an abso- (Brillouin) excitations from the short range order that still
lute scale—thus deriving th&(Q, E)—using the well known exists in the disordered material. Contrary to the crystalline
sum rules of the dynamic structure factdrThis procedure case, however, the presence of disorder is responsible for an
has been exploited elsewhéfen the present work, as pre- increasingly large broadening of these Umklapp peaks with
liminary results, we report the raw data to emphasise théncreasing momentum. As in crystals, on the other hand, the
direct observation of the peak shifts without any manipulapresent observation allows one to speculate that the Umklapp
tion. In Fig. 2 the spectra have been normalized to an arbiprocesses play an important role in the transport properties of
trary value such that their intensity is comparable to that ofdisordered materials.
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