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The question of whether there 1s any momentum transfer to a specimen during electron diffraction, as dictated by
Newton’s third law, 1s discussed It i1s pointed out that there must be momentum and energy transfer during “elastic”
scattering Even though what 1s normally considered as “elastic” scattering 1s 1n fact nelastic, electron density systems are
msensitive to the changes in energy Therefore the energy changes during diffraction do not prevent coherent interference
phenomena such as electron holography and high-resolution electron microscopy The momentum transfer, in effect,
introduces an electron wind which can, mechanically, alter the specimen, the wind 1s equivalent to a storm with gusts of up

to 300 km/h Experimental evidence 1n support of this 1s presented

1. Introduction

A not uncommon question In electron mi-
croscopy 1s what happens to the momentum
transferred by the electron beam to a crystal If
the beam passes through a crystal and 1s prefer-
entially diffracted in one direction, 1s the momen-
tum “lost” by the beam transferred to the crys-
tal? Newton’s third law dictates that this must be
the case Some experimental observations provide
circumstantial evidence for this, for instance, with
small particles, if the particles are supported on
the top surface of a film they often do not line up
on the zone axis, but if they are on the bottom
they do As illustrated mn fig 1, this can be
understood in terms of a momentum transfer [1]
As a second example, during quasi-melting of
small particles [2—-4] many good zone-axis 1mages
are observed (which statistically 1s surprising),
and momentum transfer could be assisting either
the orientation or the particle restructuring [5]
However, if momentum 1s transferred to the crys-
tal, then we are dealing with inelastic scattering,
not elastic scattering In addition, mnelastic scat-
tering 1s normally considered as incoherent, and
the melastic wave does not coherently interfere
with the elastic component However, electron

holography and high-resolution electron mi-
croscopy work, so the wave passing through a
specimen must be coherent with the wave that
does not pass through the specimen
Mathematically, this i1ssue 1s often avoided by
considering an infinitely large crystal The mo-
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Fig 1 Diagram showing how the electron beam could affect
the orientation of a small particle The lines within the
particles (circles) represent the atomic planes, and the filled
black circles the pivot points When the particle 1s on the top
surface as in (a), momentum transfer will tend to rotate the
particle off the zone axis, when the particle 1s on the bottom
surface as 1n (b) the momentum transfer will tend to rotate
the particle onto the zone axis Which will happen depends
upon the position of the pivot point at which the particle 1s
attached to the substrate
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mentum 1s transferred to the crystal as a whole,
and energy difference 1s (in the himit) zero How-
ever, infinite limits always introduce problems,
and even iIf the energy transfer in the hmit van-
ishes, 1t does not follow that the momentum
transfer, which will lead to a pressure, also van-
ishes Furthermore, electron microscope speci-
mens are never infinite

In this note we consider a little more carefully
this question It 1s pointed out that the momen-
tum transfer leads to an energy change with a
definite phase relationship to the true elastic
component Although, in principle, this make the
transmitted and diffracted beams incoherent,
electron detectors operate within a sufficiently
short time scale that the energy change 1s unde-
tectable Experimental evidence for a significant
role for the momentum transfer in the orienta-
tion of BaO produced by electron-beam-induced
decomposition of 123 superconductors (YBa,
Cu,0,_;) 1s presented

2. Analysis

We will start by establishing that the energy
loss during diffraction 1s not detectable with stan-
dard electron detectors, and can therefore be
neglected Let us consider the very simple prob-
lem of an electron being scattered from a single
atom, 1gnoring relatvistic effects In the lab frame,
we take the electron wavevector as k with the
atom mitially at rest with a wavevector of K We
can move to the center of mass frame by subtract-
ing kM/(m.+ M) from each, which gives the
reduced electron wavevector

k'=km/(m+M), (1)
and the reduced atom wavevector
K'=-kM/(m+M) (2)

Introducing a scattering event which transfers a
wavevector s,

k'—>k'+s, (3)
K'-K' ~-s 4

Gong back to the lab frame, for the electron we
have

k"=k+s, (5
and for the atom
K'=—s, (6)

which corresponds to a change in momentum of
hs The energy of the atom 1s therefore h%s2/2 M,
and that of the electron E,— h%s?/2M

The outgoing electron wave, including a range
of scattering vectors s, can be written as

U(r,t) =fP(s) exp(2mi[k +s] r
+1hts?/2M) ds, (7

where we have incorporated the energy transfer
The critical pomnt 1s that the electron wave 1s
detected by a process which 1s inherently an
energy loss process, for instance by exciting a
phosphor to produce electron/hole pairs which
later recombine to produce photons This process
takes a short time, typically of the order of 107 1°
s or less The intensity integrated over this time
scale (ignoring terms from the microscope lenses
for simplicity) will be

I(r) =10 [[[P(s)P*(s")
Xexp(2mi[s—s'] r
+iht[s>—s?]/2M) ds ds’ dt, (8)

where we have multiplied by 10" to take account
of the time range ¢ As an estimate, taking s =0
and s’ =10 nm™!, we can separate out the time
mtegral and write

I(r) = ffP(s)P*(s’) exp(2mi[s —s'] r) ds ds’

x 10 [ exp(2m116 x 102/Z) dt,
0
)

where Z 1s the atomic mass (in amu) The time
mtegral 1s effectively unity, and does not enter
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Fig 2 High-resolution images of the 123 superconductor for a

number of different orientations In all cases the BaO at the

surface on the amorphous intermediary 1s aligned with either

a [100] or [110] zone axis parallel to the incident beam In (a),

a threefold zone 1s shown, 1n (b) there 1s no systematic zone
apparent 1n the substrate

into the intensity analysis Waves with different
scattering vectors are incoherent, but the detec-
tion time 1s so short that the incoherence 1s
undetected Therefore, 1t 1s valid to ignore the
energy (momentum) transfer to the crystal when
considering the final image intensity The above
arguments can be extended to a crystal simply by
changing the effective mass, and the larger the
crystal the stronger this argument will be

3. Experimental evidence

Complete experimental demonstration of the
electron wind would require mechanical meas-

Table 1
Statistical analysis of more than 100 BaO crystals for a variety
of different orientations of the substrate

Symmetry Number of crystals 1n each orientation
(110) <100) {uvw)
C, 19 11 3
C, 21 10 6
Cy 3 0 0
None 24 5 5
Total 67 26 14
% 63 24 13

{uvw) indicates higher-index zones and the rotational sym-
metry of the substrate 1s indicated on the left

urements, for instance the change i bend con-
tour spacing as a function of electron flux, but
umqueness would be difficult since beam heating
effects are possible We will present here evi-
dence which we believe can only be explamned by
an electron wind During electron beam irradia-
tion of the 123 superconductors [6] a surface
amorphous phase forms, followed by BaO at the
surface, presumably oxygen 1s being lost in the
beam and the matenal 1s phase separating If the
electron beam has a mechanical effect, one would
expect to find the BaO preferentially oriented
along a low-index zone axis, independent of the
mitial orientation of the superconductor This 1s
the experimental result as shown in fig 2 To
verify that this 1s not an artifact, 1t 1s important to
consider the statistical probability of seeing a

Fig 3 High-resolution image of ReO; showing numerous
small fcc particles on the surface due to reaction with carbon
More details are given in ref [7]
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zone-axis 1mage of a small particle Assuming
that a zone-axis 1mage can be seen if the tilt 1s
within 50 mrad of the zone-axis orientation, the
probability of seeing a [111]-oriented particle 1s
~ 6% and a [001]-oriented particle ~ 5%, these
numbers are sigmficantly smaller than the expern-
mental results (see table 1) A second, more
visual, example shown mn fig 3 1s from the car-
bon-induced reduction of ReO; [7], numerous
small fce particles (probably of ReC) are formed
almost all of which are [110] oriented

4. Discussion

The apparent problem with including an en-
ergy transfer component to elastic diffraction to
take account of the momentum transfer 1s not, 1n
fact, a problem Elastic diffraction 1s 1n reality
melastic, but the energy change 1s so small that at
the detector 1t 1s neghgible In principle one
could design an experiment to detect the energy
change, for instance using a light material for the
scattering and a very slow detector

An 1nteresting question 1s how substantial 1s
the force generated by diffraction In this context
1t 1s mmportant to note that although the energy
transfer may be vamshingly small, due to the
large mass of the crystal, the momentum transfer
does not depend upon the mass As an order-of-
magmitude estimate, consider a 10 nm cube, an
incident beam flux of 10* electrons per angstrom
squared per second (a typical value for high-reso-
lution electron microscopy) and that the electrons
are all diffracted by a scattering (diffraction) vec-
tor of 10 nm~! The mean force, F, on the
particle 1s

F=hs X Flux X Area =6 6 X 107N

Taking this force over one face 1s equivalent to a
pressure of 066 N/m? which 1s fairly modest
(This pressure 1s approximately equivalent to a
wind (in air) of velocity 2 miles/h or 3 km/h)
However, this 1s only the mean pressure, and the
electrons are mn fact well separated in time so

that the peak pressure and force will be substan-
tially larger, and this may easily affect a speci-
men Physically, 1t 1s not unreasonable to consider
the electron beam as equivalent to gusts of wind
with velocities of up to 300 km/h It does, there-
fore, seem to be quite reasonable to think of an
electron “wind” which can have noticeable ef-
fects on microscope specimens

5. Conclusions

Newton’s third law 1s conserved in electron
diffraction, when the electron momentum changes
the crystal also changes momentum Plane wave
components of the electron beam with different
scattering vectors are, strictly speaking, incoher-
ent with respect to each other However, electron
detectors are insensitive to this Simular to hight
pressure, there 1s an electron pressure which 1s
not negligible

Acknowledgements

This work was supported by the Science and
Technology Center for Superconductivity on grant
no NSF/DMR-8809854 The authors would like
to thank Ms R Ai for assistance with the work
on ReO,

References

[1] LD Marks and A Howie, 1977, unpublished Similar
calculations were also performed by MJ Treacy and M
Brown at about the same time, also unpublished

[2] S Iyyma and T Ichihashi, Phys Rev Lett 56 (1986) 616

[3] DJ Smith, A K Petford-Long, LR Wallenburg and J O
Bovin, Science 233 (1986) 872

[4] LR Wallenberg, J O Bovin, AK Petford-Long and D J
Smuth, Ultramicroscopy 20 (1986) 71

[51 A Karlen and AR Tholen, Inst Phys Conf Ser 93, 2
(1988) 373

[6] LD Marks, DJ Li, H Shibahara and JP Zhang, J
Electron Microsc Tech 8 (1988) 297

[71 R A1, H-J Fan and L D Marks, Surf Sci, submitted



