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Observing atom motion by electron-atom Compton scattering
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A very elemental method of observing the motion of the nucleus in molecules or solids is described. The
observations for copper, graphite, and formvar films can be understood assuming that the electrons scatter from
a moving targetvibrating atomg The method is the complete electron analog for neutron Compton scattering.
The nuclear motion causes a doppler shift in the energy of elastically scattered electrons. It is rather unusual
among the methods of studying vibratiofesg., molecular vibrations in individual molecules or phonons in
solidg in that the information obtained is directly related to the momentum distribution of the probed atoms,
rather than the energy difference between different vibrational states. The application of the semiclassical
picture described here could fail to describe more detailed measurements. Gas-phase experiments may be more
suitable for fully quantitative measurements. Indeed the experiment could be used to study the breakup of
molecules after a well-defined perturbation.
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[. INTRODUCTION motion. Electrons at low energy have insufficient momen-
tum. This changes however when the electron energy is in-

Collision physics is the method of choice of measuringcreased in the keV range. At the same time the interaction of
velocity distribution of particles. The basic principles are ex-fast electrons with the target becomes weaker and weaker.
tremely simple. One scatters elastically a particle from a tarThe mean free path for elastic and inelastic excitations is
get and, by analyzing the scattered particle one determinageater than or equal to 100 A at energies above 20 keV.
the transferred momentum. If the target(massm) was  Thus it appears possible, at least in principle, to measure
moving before the collision with momentukn, momentum  Compton profiles using energetic electrons that have been
and energy conservation dictates that the recoil enBfgg  deflected over large angles by nuclei.
given by The main obstacle that one has to overcome in order to
) use electrons for the study of lattice vibrations is the large

E ZQ_+ k_q 5 mass difference between the electron and nu@een the
" 2m m proton mass is 1836 times larger than that of a elegtiime
maximum transfer of momenturithe case of 180° deflec-

This very simple mechanism has been used to study the maion) is twice the momentum of the incoming particle. This
mentum of nucleons in nuclei using high-energy electronsneans that even for an electron backscattering from a proton
[1] or protons[2] as the probing particle, electron momen- the maximum energy transfer is 0.2%. For heavier atoms the
tum distribution in atoms, molecules, and solj@s4], using  transferred energy decreases even more, inversely propor-
photons or electrons as the probe, as well ag\h®ationa)  tional to the atomic mass. Thus we need a relatively mono-
motion of the nucleus in molecules and condensed matterthromatic electron beam and a good quality energy analyzer
using neutrons as the probing partifte-7]. Here | intend to  in order to see the effect of energy transfer, and an even
demonstrate that vibrational motion of atoms can also béetter one to resolve effect of atomic vibrations on the elastic
studied using electron scattering. peak.

Neutrons with tens of eV’s of energy are traditionally In most electron-scattering experiments the momentum
used for obtaining Compton profiles of atomic vibrations.transfer to the nucleus is very small and the corresponding
The mass of the neutron is of the order of the mass of targetnergy transfer can be safely neglected. Therefore electron-
atoms, and hence energy is efficiently exchanged in collinucleus scattering is generally referred to as elastic scattering
sions with nuclei. It is a weakly interacting probe, and thusand we will adhere to this convention in this paper. Inelastic
multiple scattering effects are small. Protons have similascattering here will refer to energy loss of the fast electrons
mass, but much stronger interaction with the target. In interby electronic excitations. In this paper we describe experi-
actions with the target it will lose energy due to inelastic ments using electrons between 20 and 30 keV, scattered from
excitations of electrons, and it has a large probability of in-nuclei over 45°. These collisions have a momentum transfer
teracting with more than one nucleus. Hence protons are ndietween 29 and 36 a.yWe will use atomic units(a.u)

a suitable probe for measuring Compton profile of nucleathroughout. One atomic unit of momentum corresponds to
1.89 A1 The mass of the electron is 1 a.u. In this system
the energy unit is the Hartree, corresponding to 27.2] eV

*Email address: maarten.vos@rsphysse.anu.edu.au; URL: httpfEnergy transfer for scattering from stationary particle is
wwwrsphysse.anu.edu.au/ampl/ems/ems.htmi theng?/2m, i.e., between 5.8 and 8.8 eV for scattering from
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FIG. 1. Outline of the spectrometélieft). Electrons scattered

over Qg are retarded by a lens system and analyzed for energy in a » . "
hemi_s_pherical sector analyz@iSA) and detected using a position 0 0.5 0 0.5 1 15 >
sensitive detecto(PSD. In the right panel we show the relation Energy loss (&V)
between the incomingkg), outgoing k), and transferred momen-
tum (). FIG. 2. Elastic peaks of a copper film evaporated on a thin

carbon film(open squargsand of a carbon film itselffilled circles.

a proton. The energy resolution in the experiments describe-éhe thick line represents a fit of the data with a single Gaussian
o . arbon film and the sum of two Gaussiatsopper/carbon fil
here is 0.4 eV for 25 keV electrons, i.e., 0.0016% of the n PP m

electron energy. It appears thus that the effect of atomic vi-

brations should be observable. Besides the experimental broadening the width will be

determined by the vibrational motion, i.e., the second term in

Eqg. (1). The motion of nuclei is an ever present phenomenon.

Even at the lowest temperatures we have the zero-point mo-
Il. EXPERIMENT DETAILS tion to deal with. For atoms in a crystal, x-ray diffraction

These experiments were done using the AN{2¢) spec- reveals that the root-mean-square displacement is between
trometer, but operated in a mode so that we measure elasf-1 and 0.2 a.u. This means that the corresponding momen-
cally scattered particles. This spectrometer is described if#m K is quite large between, 5 and 10 a.u., only between
detail e|sewheré8]_ Indeed the current experiment was trig_ three and seven times smaller than the transferred momen-
gered by the observation of an anomalous width of the elagtm g. Besides the zero-point motion there is a contribution
tic peak used in the calibration procedure of tb@e) ana- due to thermal vibrations. At elevated temperatures the ther-

lyzers. Here we briefly describe the essential parts as far d8al energy approaches the classical limit ofk@:3or every
this paper is concerned. An outline is given in Fig. 1. degree of freedom. This sets another lower limit for the mo-
An electron gun(BaO cathode, energy spread 0.3)eV mentum of the nuclei. In terms of atomic units a “room-
produces an electron beam of 600 eV. The sample is in afemperature” proton with an energy of 1/40 eV has in each
enclosure that floats at voltages between 19.4 and 29.4 kedirection a component of momentum with average magni-
Thus the electrons are accelerated up to 20—30 keV and iniude 1.8 a.u. For heavier elements, e.g., copper this value
pinge on a thin film(spot size 0.1 mm diameter, beam cur- becomes 14.7 a.u.
rent typically 5 nA. Only electrons transmitted through this ~ Thus the motion-induced broadening is only somewhat
film and scattered over 44.3° are detected by the electrostatf@naller than the average energy shift. Both shift and broad-
analyzer. This angular selection is done by a 0.2-mm- or agning become progressively smaller with increasing mass.
0.5-mm-wide slit, 130 mm away from the sample. Slit width Doubling the transferred momentum will increase the energy
can be chosen without breaking the vacuum, and allows foshift fourfold, but only double the width of the peak.
different trade-offs between count rate and energy resolution.
These slits are slightly curved in such a way that we detect . RESULTS
over a 10° sector of a 44.3° cof@]. After passing through '
these slits the electrons are retarded and focused by a lens As an example we show in Fig. 2 Electrons with an en-
system. They enter the hemispherical analyzer with a pasargy of 25 keV scattered from a thir=35 A-thick) carbon
energy near 400 eV. Transmitted electrons are detected byfém, and from a thin carbon film covered with a similar
pair of channel plates followed by a position sensitive detecthickness of copper. The true zero-energy loss position of the
tor (PSD, a resistive anogleThe precise energy and azi- spectrometer is hard to determine on a 0.1-eV level. It de-
muthal angle can be derived from the coordinates of thgends slightly on the exact sample position, and on the long-
PSD. The original aim was just to calibrate the spectrometeterm stability of the power supply. Therefore we shifted the
for energy resolution. Using heavy target material we get apeaks in Fig. 2 in such a way that the maximum corresponds
energy resolution near 0.4 eV. to an energy-loss position as given by tifé2m term (a shift
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FIG. 3. Electron scattering data for a formvar film. Data were
taken for 30 keV, 25 keV, and 20 keV electron energies. The hydro- 100

gen part of the spectrum is magnified>60 50

of 0.12 eV for copper, 0.65 eV for carbprmhe cross section o LEEEETT L | P
for elastic scattering is roughly proportional Z3. Thus for 2 4 6 8 10 12 14 16
the copper/carbon sample the copper contribution dominates Energy Loss (eV)
but there is a shoulder visible at the right position of the
carbon peak. The width of the carbon peak is clearly larger FIG. 4. Loss spectrum of a formvar film between 2 eV and 16
than the width of the copper peak. The energy resolution oV energy loss. The fits were obtained using a quadratic back-
the spectrometer will be the main origin of the width of the ground and a Gaussian peak shape.
copper peak£0.40 eV full width half maximum using the
narrow, 0.2-mm slits The carbon peak is considerable wider quired electron dose, as electrons are known to change the
(=0.76 eV). Using 0.4 eV as the upper limit for our reso- composition of organic material41]. Hydrogen has only a
lution we obtain the lower limit for the intrinsic width of the Small cross section for electron scattering. Its contribution is
carbon peak of 0.65 eV. small but well separated from the main elastic peak, but is
For an isotropic harmonically bound solid the momentumsuperimposed on a background. This background is due to
distribution is Gaussian, and the observed width is convemultiple scattering: events with electrons scattered from car-
niently expressed in terms of the recoil energy and the mealon or oxygen, but additionginelastig electronic excita-
kinetic energy of the atomB, . The standard deviatiom of ~ ONS along the incoming and outgoing trajectories have re-
the observed Gaussian is given 9} duced their energy. In order to make sure that the pgak is not
a feature of the multiple-scattering background and is to hy-
drogen, we repeated the experiment for different electron
o= _EkEr . 2) energies, i.e., different momentum transfers. The separation
3 of the hydrogen peak from the main elastic peak increases
proportional to the electron energy as expected. A more
Using the mean kinetic energy for graphite of 108 meV agyuantitative description was obtained from fitting these data
derived from neutron Compton scatteri®CS) [10] we ob-  with a polynomial and a quadratic background. These data
tain ¢=0.3 eV, i.e. the full width at half maximum are shown in Fig. 4 and summarized in Table I. Clearly the
(FWHM) I" is 0.70 eV, within the limits of error identical peak position varies with energy as expected. The width ap-
with our experimental estimate of 0.65 eV. pears rather constant, whereas one expects a weak increase in
It is clear from Eq.(1) that atomic vibrations are most peak width with increasing energy. The cross section for
easily resolved for light elements. Therefore, we repeateélastic scattering of hydrogen and carbon/oxygen is simply
these experiments for a formvar film. Formvar is a polymerthe Rutherford cross section, i.e., proportionaZto Calcu-
with nominal composition gO,H, and is conveniently pre- lations of the cross section based on the electronic structure
pared as thin films. These results are shown in Fig. 3. Novehow that screening effects are not important under these
we used the 0.5-mm-wide slits in order to reduce the reeonditions[12]. Also the ratio of the hydrogen elastic peak to

012703-3



MAARTEN VOS PHYSICAL REVIEW A 65 012703

TABLE I. Asummary of the measured and calculated separatiorpure elements, as most inelastic-scattering events cause a
of hydrogen from the main peak, full width at half maximdimof  shift of several eV’s away from the elastic peak. It would
the hydrogen peak, and the intensity ratio of the hydrogen pgak only make it difficult to determine the tail at the high-energy
and main peakn loss-side of the spectrum. However, as is clear in the formvar
e 4 AE AE T T Lol Lol case, electrons scattered from lighter elemdgetspecially
(ke(i/) au) (e\‘};’s (e:/a)'C (e"\k;)s (g\a/'; “O'bg‘“ HCAE” hydrogen contribute to the spectrum at the same energy as

i i i electrons scattered from heavy nuclei in combination with
20 292 59 5.8 26 26 1:41.1 1:29.7 additional energy loss due to inelastic scattering. This causes
25 329 75 7.4 29 2.9 1:448 1:29.7 a background-subtraction problem, which would obscure de-
30 359 90 8.8 29 3.2 1517 1:29.7 tails of the Compton profile of these light elements.

Neutrons are weakly interacting probes, hence macro-
scopic samples can be used. Electrons interact much more
the main(oxygen- and carbon-derivgdlastic peak is under-  strongly with the target, hence thin samples are required. As
estimated. Similar discrepancies were found for NCS experithe requirements in the momentum spread of the incoming
ments of polystyrene and attributed to “entangled protonicheam are much lower in this case, compared to that realized
states”[13,14. However, considering the limited experience in the present spectrometer, fag,2e) a smaller beam spot,
with these experiments | would not exclude more convenpy additional focusing, is easily obtained. This would go a
tional systematic errors due to background choice, line-shapeng way in alleviating most of the sample-preparation prob-
choice, sample purity, etc. as the cause of the discrepancylems, provided that the sample can withstand an intense elec-

In order to see if the measured width of the hydrogentron beam.
peak is compatible with doppler broadening we have to make |t has not been established yet if, for electrons, these ex-
an estimate of the average kinetic energy of hydrogerperiments can be done in a backscattering geometry using
bonded to carbon. As a first approximation all C-H bondsthick samples. At first sight this seems impossible, as elastic
will be rather similar. If we take ethane as an example, it hasnultiple scattering becomes large for thick samples. How-
a calculated zero-point energy of 2 eV per moleclll].  ever, the competing inelastic scattering events will mean that
Half of this will be kinetic energy. Most of the kinetic energy the zero-loss peak originates within a few inelastic mean free
will be in the lighter atoms, so we expect around 0.15 eVpaths of the surface. The probability that for these events two
kinetic energy per proton. For hydrogen in hydrogenatedarge-angle elastic deflections have occurred could be man-
amorphous carbon, Mayeet al. measured 146 meV using ageably small. Gas-phase studies should be possible as well
NCS[10], and they estimate on theoretical grounds energiegrequiring electron beams of several microampgregich
between 156 and 183 meV for hydrogen in C-H bonds. Sayould allow for measurements without multiple-scattering
using 150 meV for the kinetic energy and a recoil energy ofbackground, as the target density can be made arbitrarily
8.0 eV we obtainr=1.3 eV and a full width at half maxi- |ow. For example, the ratio of the hydrogen and carbon con-
mum of 2.9 eV. This is in excellent agreement with the ex-tribution could then be established most rigorously using, for
perimental results. example, CH, as a target. Shake effects may show up at

higher energy loss, as the electronic and vibrational structure
IV. DISCUSSION are only rigourously separated within the Born-Oppenheimer
approximation. As shake effects would be most likely for the

It seems that both for the case of hydrogen and carbon thgase of large energy transfer, a part of the hydrogen intensity
detected excess width is rooted in the atomic VibratiOﬂSCoukj be transferred to higher energy-loss values.

Within experimental accuracy the electron-scattering data The cross section for elastic scattering of electrons in-
agree quantitatively with those observed in NCS. These excreases withz and is proportional ta&z? for the light ele-
periments have a somewhat poorer resolution than the Cufents. These are the elements for which the vibrational
rent standards in neutron Compton work=2Z50 meV  wjdth is most easily resolved. Unfortunately the relative hy-
FWHM), but the current experiment was not designed withdrogen signal will be extremely small for compounds of hy-
electron-atom Compton Scattering in mind. A dedicated SpeCdrogen and h|g|'z. materials, even if hydrogen is present in
trometer, using larger scattering angles and a monochrom@arge quantities.

tized electron beam would improve the resolution easily by |n conclusion, | demonstrated that high-precision analysis
an order of magnitude, and would allow the study of a mo-of the elastic peak taken at high momentum transfer reveals,
mentum transfer of up to 80 a.u. at 30 keV incoming energyto a large extent, the same information as neutron Compton
Under these conditions it would, for example, probably bescattering.

possible to separate the oxygen and carbon contribution.

Overall, the performance could be at least comparable to that

of NCS at a fraction of the cost, as it does not c_iepend on the ACKNOWLEDGMENTS
large infrastructure required for neutron-spallation sources. |
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