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Chapter 2

Ultrafast Electron Crystallography:

Principles and Dynamics’

"Part of this chapter was adapted from D.-S. Yang, N. Gedik, A. H. Zewail, J. Phys. Chem.
C 111, 4889 (2007).
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Introduction

The geometric nature in the structure analysis of a molecule or a crystal by
electron diffraction shares a high degree of similarity with that by x-ray diffraction. The
geometrical theory originally developed for x-ray crystallography can, therefore, be used
in electron crystallography, and its relevance to our technique is described in this chapter.
The major dissimilarities between these two diffraction methods originate from the
different radiation—matter interactions. Because x-ray is an electromagnetic wave, its
scattering—Thomson scattering if the energy is conserved—is caused by the (polarizable)
electron density in the electron shells of the atoms; atomic nuclei are very poorly affected
by the electromagnetic field and, hence, invisible to such radiation. Consequently,
structure analysis of x-ray diffraction deals with the distribution of electron density that is
often concentrated around the nuclei. For electron interaction with matter, however, it is
the Coulomb force that governs the scattering because electrons are charged particles, and
as a result, the electrostatic potential due to both the positively charged atomic nuclei and
their electron clouds should be considered. On the basis of the different interactions
involved, the average magnitude of the atomic scattering amplitude of electrons is about
10° times that of x-ray, leading to a ratio of 10° for the scattered intensities (/). Therefore,
electrons are strongly scattered by matter, which grants electron diffraction with a higher
sensitivity for the probing of nanometer-scale and interfacial structures and in the
detection of small structural changes in time.

Before the presentation of the geometrical theory, a quick summary for
quantitative description of the intensities of the scattered beams is given here. Derivation
of the kinematic (elastic) scattering theory for electron diffraction starts from the

time-dependent Schrodinger equation and considers a propagating plane wave for the
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incident electrons (/-3),
S”O(?',t):Aexpli(/gi -F’—a)t)J (D

where A4 denotes the amplitude, l;i the incidence wavevector, and @ the angular

frequency. The relativistic effect needs to be taken into account for highly accelerated

electrons,

ey =lmycy + p’e;) - mye; (2)

where V) is the acceleration voltage (in volt), my the electron’s rest mass, p the electron’s
momentum, and ¢ is the speed of light. According to the de Broglie relation, the

electron’s wavelength (1) is equal to 4/p and, therefore, can be expressed (in A) by (4)

A=h [2mev,(1+eV, 2myel) =12.26 [V, (1+0.9785 %107, ). 3)

With the use of the mathematical tool of Green’s function, the scattered wave derived in
the asymptotic limit for large-L, far-field detection (i.e., Fraunhofer diffraction that is
typically the case for crystallographic measurements) and under the first Born

approximation is given by (/-3)

- AeikL N -
YAL)=— U(7)exp|ilk, -k )-7|d°F, 4
(£)=—55 [U@)exie, ~E)-7] @)
where k is the outgoing wavevector ( | k |=| l;i |) along the direction of L ,

U(r)= (2m e/n’ )V(F ) is the reduced potential associated with the electrostatic potential
of the scattering object, V(i7 ), and the integration runs over the occupied volume.
Therefore, the kinematic theory of electron scattering (Eq. 4) can be deduced with

the use of the theory of Fourier integrals, defining the relative scattering amplitude

f(5)= 4i U(F)exp(-i5-7)d’F (5)
T

with the momentum transfer vector



S=k—k,. (6)

The observed diffraction intensities, / (Z) = ‘st (Zr, are therefore in proportion to | f (§ Y
(1, 2). The detailed structure in the potential of the specimen (thereby the spatial
arrangement of atoms) is given by

U(F)= é [4m £ (s)exp(is -7)d’s . (7)
Thus, these results provide the theoretical basis for the geometrical theory considering the
periodic lattice structure in real space and its Fourier transform, the periodic reciprocal

lattice, in reciprocal (k) space.

If U(F) is substituted by a sum of reduced atomic potentials, U; (17—17.)

J

(displaced according to their central positions in a crystal), where j refers to the jth atom,
UF)=2U;F-7) ®)

Equation 5 can be rewritten as |
f(§>=ﬁ;exp(—ﬁ-%)Jvi(f—a)exp[—ﬁ-(f—fj)]d”=§L(§)exp(—i§-a-) ©)

with the definition of the atomic scattering factor, f, (5), being

£,6) = [U*(F)exp (15 -7) d'F | (10)
4

The assumption here is that U} (? ) in a crystal is approximately the same as that for an

isolated atom (i.e., the valence electrons affect the electron scattering to a very minor
extent). Although the absolute values of diffraction intensities may show small deviation
from the kinematic theory described above, it will become clear that, from the various
studies successfully made, the kinematic approximation is capable of capturing the most
important information from the observed diffraction changes in time and, therefore,

suitable for the structural dynamics studies using electron diffraction.
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Ultrafast Electron Crystallography
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Fig. 1. Schematic of the methodology of UEC in the reflection geometry. The
relationship between real and reciprocal lattices and Ewald construction for the formation
of diffraction patterns are shown (see Text and Figs. 2 to 4 for details). The temporal and
spatial resolutions of UEC are achieved by varying the delay time between the electron
probe and initiating heating pulses (upper left), and the recording of the diffraction

patterns at different times.
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From the discussion below, it is straightforward to see that the geometrical theory
for high-energy electron diffraction is much simpler than that for x-ray diffraction
because of the very short electron wavelength used. Ultrafast electron crystallography
(UEC), a time-resolved electron diffraction technique for condensed-matter studies, can
be performed in two modes, reflection or transmission geometry. The implementation in
the reflection geometry (Fig. 1) enables us to determine time-resolved nonequilibrium
structures of a crystal surface region or adsorbate near the interface, and also their
equilibrium structures at steady state. The transmission geometry allows the detection of
structures and dynamics of nanometer-scale specimens. In what follows, the theoretical
foundation to determine structures, their inhomogeneity, and the corresponding temporal
evolution is examined. A typical diffraction image may show a pattern of Bragg spots,
streaks, Debye—Scherrer rings, Kikuchi lines or bands, or a combination of these with a
scattering background. By monitoring and comparing the changes of different diffraction
features, such as position, intensity, width, and shape, we can obtain a more complete
picture of structural dynamics. Experimental test cases (gold and silicon) are also
provided in this chapter to illustrate the principles invoked.

A. Equilibrium Structures

A.1. Diffraction in Reflection

Spots or rings in an electron diffraction pattern are the result of the constructive
interference of scattered waves from different lattice points. In UEC, the electrons have
large kinetic energy (elV)=30keV) and therefore a small de Broglie wavelength,
A~0.07 A from Eq. 3, which is a few percent of a typical atomic spacing (the reason
behind the resolution of interatomic distances through diffraction). For elastic scattering,

the criterion of constructive interference is described by the Bragg condition:
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(a) Scattering vector (b) / z

von Laue = =3
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Fig. 2. (a) Vectorial representation for the elastic scattering process. The incidence angle
6, = 02 and the scattering vector s are shown. (b) Upper: The von Laue condition of
constructive interference. The phase difference between two outgoing waves scattered by
two atoms separated by R is indicated by the curly brackets. Lower: Comparison of the
von Laue and Bragg formulations for constructive interference conditions. Note that §
is parallel to the interplanar distance d under investigation (i.e., perpendicular to the
Bragg planes under probing), and any vector of the real lattice has a projection onto the

s direction to be an integer multiple of d.

nA=2d sin(62), (11)
which is simply the result of considering crystal planes of reflections; » is the order of
diffraction, d is the distance between adjacent parallel crystal planes, and € is the total
angle of deflection from the initial beam. Because A is known, in principle, if z is known,
the measurement of @ gives d. In practice, the interplanar distance d can be obtained from
rocking curves by changing the incidence angle and recording spots of two consecutive
orders, n and n + 1, thus removing the need for assigning the absolute precise magnitudes

of n and @ (see below).
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The equivalent picture given by the von Laue formulation considers the

geometrical phase shifts of the scatterers themselves. For elastic scattering, because the

wavevectors of the incident and scattered electrons (lgi and k ) have the same amplitude

{ k | = I% | =2m/A), the scattering vector (Eq.6) yields s=|s5 |=(4n/A)sin(H2); see
Fig. 2a for the vectorial representation and Appendix A for the convention used. The
phase matching of the scattered waves from all scatterers is required for constructive

interference (Eq. 9), which means that for all vectors R connecting atoms of the Bravais

lattice in real space, the Laue condition is satisfied when exp(i 5-R ) =1, or equivalently,

when §-R=2mn where m is an integer (Fig. 2b, upper). It is noted that the same

equation leads to the Bragg condition by substituting the amplitude of s and
recognizing that the projection of R along the § direction equals to m times the
interplanar distance d (Fig. 2b, lower). Therefore, the Bragg planes under probing are

perpendicular to s, and

sd=2nn (12)

where 7 is the order of diffraction. Experimentally, since the appearance of a Bragg spot
indicates the direction of k , with the knowledge of lgi , the crystal planes involved can

be deduced since they are always perpendicular to s (Fig. 2b, lower).

Incidentally, the reciprocal lattice, which is the Fourier transform of the real
lattice spanned by three basis vectors (@, b and ¢), can be constructed by three

reciprocal basis vectors, a*, b* and ¢”, which satisfy the following relationship of

inner product:

(13)
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Fig. 3. Left: Ewald construction in k& space. The Ewald sphere passes through the origin O
of the reciprocal lattice, and any other intersections between the sphere and reciprocal

points (rods) give diffraction spots or streaks. Right: Diffraction pattern formation.

The mathematical formulas for @*, 5° and ¢ are written as

x ¢ —~ cxd ax
Q" =2n———, b"=2n———, and ¢ =2 . 14
RN (39F) Jtb-(axa) e T axh) (9

Any vector (é ) in the reciprocal lattice can be expressed as their linear sum,

X | oy

G,, =ha +kb" +I¢", (15)
with &, k and / being integer numbers called Miller indices. Consequently,
exp(ié-ﬁ):l for all such vectors according to Eq. 13. The Laue condition of

constructive interference is hence satisfied if and only if 5 is a unique one of them, i.e.,

s =G,,, forcertain &, k and / (Fig. 2b).

Therefore, analysis of diffraction patterns is greatly facilitated by using the
reciprocal lattice and Ewald construction (5), which is based on conservation of energy

and momentum of electrons. The Ewald sphere in k space is constructed such that the

vector from the center of the sphere to the origin of the reciprocal space is lgi (Fig. 3,

left); the size of the Ewald sphere is entirely determined by |l€i |. According to the Laue
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Fig. 4. (a) A side view of Ewald construction at a grazing incidence angle. The
intersections between the sphere and ZOLZ (represented as a modulated reciprocal rod
here) tend to form streaks, and more spots may appear at higher positions due to the
sphere’s intersections with HOLZ (FOLZ refers to the first-order Laue zone). (b) A side
view of Ewald construction at a larger incidence angle. Diffraction streaks and/or spots

will be seen at higher positions on the screen.

condition and conservation of energy and momentum for elastic scattering

b

(§=k—-k =G,, and k| = |k, ), diffraction can occur when both the origin O and the
reciprocal lattice point (hkl) are on the Ewald sphere (Fig. 3, left); in real space, the
diffraction can be observed at that geometrical configuration (Fig. 3, right). Thus, Ewald
construction provides a geometrical tool for the visualization of satisfaction of the
Bragg/Laue condition.

As a note for the reciprocal lattice, reduction of the effective crystal size in real
space along the surface normal direction (72) causes the elongation of the reciprocal

lattice points into “rods” along the same direction in reciprocal space, as dictated by

Fourier transformation. In other words, as the third dimension of the crystal increases, the
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rods change to “spots” because they become modulated by the inverse of that spacing
(see Fig. 1, middle and lower right). The horizontal width of spots or rods is a measure of
the degree of coherence (constructive interference) in the two dimensions of real space.
The coherent diffraction is pronounced only when the reciprocal lattice intersects with the
sphere (Fig. 1, middle, and Fig. 3, left).

Figure 4 provides a side view of this construction at two different incidence
angles. At a grazing incidence, the diffraction pattern may consist of streaks originating
from the zeroth-order Laue zone (ZOLZ, a plane in k space both passing through the

origin and being perpendicular to &, ); at higher incidence, many other spots will appear

due to higher-order Laue zones (HOLZ, any other k-space planes parallel to ZOLZ but
not passing through the origin) (6). The appearance of streaks or spots relies on the
modulation of the reciprocal rods along the surface normal 7 (a manifestation of the
finite depth probed by electrons) and may also be influenced by the surface potential.
However, if a zone axis of the surface is aligned perpendicular to lgi, the horizontal
spacings between streaks or spots in a diffraction pattern will correctly provide surface
structural information, as shown below.

At this point, it is worth noting that the grazing incidence of electrons (8 = 62 in
Fig. 2a) at an angle that is only few degrees is the required condition of reflection
high-energy electron diffraction (RHEED). The reason can be easily seen from the
order-of-magnitude difference between A and typical d (on the order of an angstrom) and
through Eq. 11. Similarly, by inversion, the radius of the Ewald sphere (2n/4) is found
orders of magnitude larger than typical reciprocal vectors (on the order of an inverse
angstrom). Its major consequence is that the Ewald sphere may be approximated by a

plane in the geometrical theory at the small-angle scattering condition.
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So far, we only considered a perfect crystal lattice with atoms at rest (classical,
T=0) and a perfect electron source for generating electrons with the same l%. The

temperature effect on diffraction (loss of interference by the incoherent movements of

atoms) results in loss of intensity, which is described by the Debye—Waller (DW) factors
W) (7, 8),

I RS
In—=-2W(T) = -——, (16)

0

where I (/) denotes the diffraction intensity from a lattice with (without) thermal
vibrations and <u2> is the mean-square harmonic displacement of the constituent atoms in
a unit cell. A fundamental assumption here is the thermal equilibrium among all modes of
the lattice at a given well-defined temperature. However, this assumption, as shown later,
is not valid when the time scale is ultrashort and/or coherent motions of atoms are

involved. In regard to the electron source in reality, the small distribution of momentum

of probing electrons (hl%) results in broadening of Bragg spots because such an

uncertainty introduces both angular wobbling of the alignment around the average k£,

and an additional thickness to the Ewald sphere.

A.2. Experimental Test Cases: Gold and Silicon

In the following discussion, we present experimental test cases [Au(111) and
Si(111) surfaces] to demonstrate the extraction of structural information in our UEC
studies. The existence of the specimen surface and the geometry of RHEED differentiate
the 3 dimensions in space into a two-dimensional (2D) plane parallel to the surface and
an axis perpendicular to it (i.c., parallel to the 7). Structural information in the former
dimensions can be analyzed through azimuthal (¢) rotation of the specimen; the

information related to the latter direction can be obtained by changing the incidence angle
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Fig. 5. Diffraction patterns (in false color) of Au(111) recorded at different azimuthal
angles (¢@). Two symmetric patterns with different horizontal spacings are obtained by 30°
rotation (upper left and lower right). The same symmetric pattern is seen after a rotation

of 60° in total (upper left and lower left).

(8) of electrons, or equivalently, tilting the specimen with respect to the electron beam.
We shall illustrate the principles involved with the use of the test cases.

Through azimuthal (@) rotation of the Au(111) specimen, a symmetric diffraction
pattern can be observed (Fig. 5, upper left) and its evolution with ¢ is shown in Fig. 5. It
can be found that the same pattern appears every 60° azimuthal rotation, which signifies a

6-fold symmetry for the arrangement of the reciprocal lattice (rods) in the 2D plane
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Fig. 6. Experimental and theoretical test case: Au(111) surface. Upper right: A hexagonal
2D lattice. Lower left: The top view of the corresponding reciprocal-lattice rods. The
angular relationships between 4, 4" and B, B" are shown. Symmetric diffraction patterns
are formed if the electrons probe the 2D lattice along the zone axes, and two examples
are given here. The Ewald sphere intersects with the rods and streaks are formed on the
CCD camera; the upper left and lower right panels are the experimental patterns from
Au(111) at two azimuthal angles separated by 30°. The minimum spacing between

diffraction streaks (¢,) can be used to derive the 2D structural information.
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parallel to the specimen surface. In fact, there are 5 different Bravais lattices in 2D (real
space and reciprocal space) and for each, the characteristic ¢ is different; diffraction
patterns repeat their appearance every 60° for hexagonal, 90° for square, 180° for
rectangular and centered rectangular, and 360° for oblique lattices. Further verification
for a certain 2D lattice can be obtained by examining the azimuthal separation between
different symmetric patterns (see below). In the case of Au(111), another symmetric
pattern can be observed by 30° rotation (Fig. 5, lower right).

Geometrically, two vectors, 4 and B perpendicular to the 7, form the basis of the
2D lattice in real space [see Fig. 6, upper right panel for Au(111)]. The corresponding
reciprocal lattice, given by Fourier transformation, is an array of rods extended along 7
with two basis vectors defined by

A =21 (Bxn)/|AxB| and B =2n (i xA)/|AxB|. (17)
Thus, |A"| = 2m/|A|sing and |B'| = 27/|B|sing, (18)
where ¢ is the angle between 4 and B (see also Fig. 1, middle). Because of these direct
relationships between A4 and 4™ (B and B"), the azimuthal rotation in real space allow us
to probe different zone axes of the reciprocal lattice for the observation of symmetric
diffraction patterns (Fig. 6, lower left).

For the case of the electron beam propagating along a direction for which the
ZOLZ is parallel to A, the minimum horizontal s will be equal to |4'| (Laue condition)
according to Ewald construction. Therefore, the total angle of deflection

6=tan'(8,/L) = 2sin '(sA/4m) = 2sin (1 / 2|A[sing),
L = 8 /tan[2 sin (1 / 2|A[sing)], (19)
where &, 1s the horizontal spacing between spots (rods) and L is the camera length from

the scattering position to the camera. By the azimuthal rotation, which yields other



30

symmetric diffraction patterns, the value of ¢ that depends on the surface crystal structure
can be determined. If L is determined independently, the lattice constants |A4| and |B| can
be obtained with the use of Eq. 19, and the 2D structure is thus determined.

For Au(111), the diffraction patterns taken at two zone axes (Fig. 6, upper left and
lower right) correspond well with a hexagonal reciprocal lattice in 2D (Fig. 6, lower left).
Therefore, the 2D structure in real space is also a hexagonal lattice with |4| = |B|. The

smallest horizontal spacing between rods [(4,),,] recorded with L =17.0 cm (Fig. 6,

lower right) was 106 pixels (1 pixel =44.94 um in our system), which gave the
experimental value of |4| to be 2.88(5) A, totally consistent with the literature x-ray value.
Through 30° rotation, another zone axis was probed, and the measured spacing between

adjacent rods increased and became 1.73 times (4,),,., (Fig. 6, upper left), which was

min
expected (V3 fold) according to the 2D structure.

Conversely, the camera length L can be accurately determined using a crystal
lattice whose structure is known, and such an in sifu measurement is free of any errors
due to, e.g., rotation of the crystal. A typical error in L is ~0.2%, which mostly originates
from the spatial width and jitter of the electron pulses. However, for a given experimental
setting during the time-dependent measurements, it is not the absolute values but the
relative changes that are most crucial for deciphering the structural dynamics involved,
and the accuracy in the determination of transient changes can be much higher (see, e.g.,
Chs. 4 and 5).

The third dimension, besides the surface two, of the lattice can be accessed by
measurements of the rocking curve that is the change of diffraction spots with the angle

of incidence, 6. (= @2). This can be easily understood from the Bragg’s formulation for

the diffraction condition. For example, the diffraction patterns of Au(111) and Si(111)
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(a) Au(111)

(b) Si(111)

Fig. 7. Diffraction patterns (in false color) of (a) Au(111) and (b) Si(111) recorded at
different incidence angles (&4). Gold shows rod-like diffraction patterns because it has a
large atomic number and electrons can only penetrate top few layers. For silicon, other

features such as Kikuchi lines and bands may interfere with rocking-curve construction.

recorded at selected incidence angles are shown in Fig. 7. By determining the angle at
which successive orders appear (especially for large n, where there is less interference
from 2D, other features and the refraction effect), we can obtain the vertical interplanar
distance, the spacing normal to the surface. From Bragg’s equation (Eq.11), the

measured change in & for two consecutive orders is given, for small &, by

A6 =A(02)~sin(6 + AG) —sinf = 1/ 2d. (20)
For consistency, d can also be obtained from the vertical separation between two

consecutive spots ¢, (= As) and with the use of the value of L, since

0,~ L [tan(2 + Af) —tan(G2)] ~ L AO=2L A(02) ~ LA/ d. (21)
Low-order Bragg spots are not used because they are affected by the refraction effect (see
below), by the surface potential, morphology and quality, and of course by the presence

of adsorbates. Construction of the rocking curves for the (111) surface of gold and also
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Fig. 9. Indexed diffraction patterns of (a) Au(l11) and (b) Si(111). Indices for
higher-order Bragg diffractions on the central streak are determined by using the Bragg
condition (Eq. 21). Indices for streaks are assigned according to the 2D lattice of the
surface plane. Diffractions from the first-order Laue zone (FOLZ) may be out of the

camera region if the electron incidence angle is large.

that of silicon is illustrated in Fig. 8. Clearly, high-order Bragg spots appear with
regularity, and we obtained d,,,;,,=2.36 A and dg,,,= 3.15 A by using Eq. 21. These
values are consistent with the x-ray literature values of the crystals.

Therefore, given the geometry of probing in RHEED, the central streak in the
diffraction pattern contains the information about the interplanar distance along the
surface normal; the evolution of the horizontal spacing between streaks with the
azimuthal angle defines the symmetry of the 2D lattice in the surface plane, and gives the
corresponding lattice constants. Although the RHEED technique is not intended for
solving unknown crystal structures, it is designed to be used for the structural analysis of

exposed crystal surfaces. In Fig. 9, two indexed patterns are shown as examples.
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For a polycrystalline sample, namely, a sample consisting of many small
crystallites randomly oriented in space, a diffraction pattern will show the
Debye—Scherrer rings instead of spots. It is because the effective reciprocal lattice
becomes a series of concentric spheres centered at the reciprocal space origin (a
consequence of the random orientation in real space) and their intersections with the
Ewald sphere give rise to rings. From the radial average, a 1D diffraction curve can be
obtained; care must be taken and a fitting procedure is often necessary for the
determination of the center, because a large part of the rings below the shadow edge is

blocked. The peak positions correspond to the values of the reciprocal lattice vectors

(thl) for different planes indexed by the Miller indices, (hkl). The structure of the

crystallites can be obtained by comparing the experimental data with the simulated
diffraction curves for different crystal structures, as has been demonstrated in the UEC
study of interfacial water (9).

A.3. Diffraction in Transmission

In contrast to the reflection mode, the diffraction patterns of crystalline thin films
in transmission show many spots of different planes and orders. This is because of several
reasons. First, due to the 2D-like thickness of the film in the 7 direction, reciprocal
lattice points are elongated into rods along 7, as mentioned previously. Figure 10
illustrates an example in which the electrons are propagating parallel to 7. According to
Ewald construction, the origin of the reciprocal space (000) is on the Ewald sphere, and
the ZOLZ plane is tangent to the sphere. If the reciprocal lattice consists of points only,
no other spots [except the (000)] on the ZOLZ will be in contact with the sphere due to
the sphere’s curvature. However, because the reciprocal points are elongated (finite 2D

thickness), the tips of the rods may intersect with the Ewald sphere so that more Bragg
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spots appear in the diffraction pattern.

Second, when a macroscopic area is probed, the slight uncertainty of the crystal
orientation across the thin film due to its unevenness will introduce a small angular span
in the reciprocal lattice so that it has more chance to intersect with the Ewald sphere.

Third, the finite spatial convergence/divergence of the electron beam provides an
uncertainty of the direction of lgi, which results in a solid cone around the average axis.

Therefore, Ewald construction indicates that the sphere wobbles around that principal

axis and sweeps a larger region in & space, allowing for more intersections (Fig. 10, lower
left). Finally, the kinetic energy span of electrons, which causes the uncertainty of |l€i l,

gives the Ewald sphere an additional thickness to occupy a larger volume in & space.
Hence, its intersection with reciprocal rods becomes more likely (Fig. 10, lower right).
Due to the aforementioned reasons, one can see that, in order to record more
intense non-center Bragg spots, the crystalline film needs to be slightly rotated away from
the original zone axis in order to optimize the overlap between the reciprocal rods and
Ewald sphere. However, too much rotation can move the rods entirely away and result in
no intersection. The span of rods in reciprocal space can be estimated from the rocking
curves acquired through rotation of the crystalline film (along the vertical direction in
Fig. 10) to change the incidence angle of the probing electrons, similar to the
measurement of rocking curves in reflection experiments. The vertical width of rods (w,)

can be obtained from knowledge of the intensity angular profile of spots (Ad,,,) because
w, =G, A, (22)
where G| is the perpendicular component of G,,, with respect to the rotational axis. We

can also estimate the specimen thickness / over which diffraction is effective from the
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Fig. 11. Ewald construction in & space for electron and x-ray diffraction. The typical
wavelength of high-energy electrons is much shorter than that of x-ray used for structure
analysis, which leads to a much larger Ewald sphere for electrons (dashed arc) than that
for x-ray (solid circle). The small-angle approximation can be used in the geometrical

theory for electron crystallography and facilitate the visualization of the Laue condition.

Scherrer formula (7)

[ = KA[AG,,cos(02)] = K-2n/w, (23)
where K (close to 1) is the shape factor of the average crystallite.

The structure of the 2D crystal is revealed in a single transmission diffraction
pattern without rotation. From knowledge of the camera length and by Eq. 19, it is
straightforward to obtain the lattice parameters. Of course, if the structure of the crystal
under investigation is more complicated than that of a very thin, simple specimen

consisting of light elements, one has to consider the issue of intensity, which may
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additionally involve dynamical scatterings, but generally the determination of the orders
of Bragg spots (lattice symmetry) can be obtained. As for a polycrystalline sample,
similar procedures, as those discussed in the previous subsection, are used for structural
determination.

A.4. Advantages and Selected Topics of Electron Diffraction

Throughout the previous description of the geometrical theory for electron
diffraction, the small-angle approximation, sin@~tanf~ 6, was often made. As
mentioned earlier, its validity comes from the order-of-magnitude difference between A
and d in Eq. 11. Furthermore, the corresponding Ewald sphere relative to the reciprocal
lattice in k space has a large radius and, consequently, may be approximated as a plane.
Therefore, visualization of the Laue condition through Ewald construction becomes a
simpler task for high-energy electron diffraction, and fast calculations can be carried out
to extract the lattice constants from recorded diffraction patterns. This also becomes an
advantage for dynamics studies when correlating the observed diffraction changes as a
function of time with actual transient modifications in the structures (which will be made
clear from the discussion in the next section). In comparison, the typical wavelength of
x-ray used for structure analysis is much longer, and the size of the corresponding Ewald
sphere is, in fact, comparable to the reciprocal lattice vectors. It is easy to see from
Fig. 11 that the Laue condition in Ewald construction for x-ray diffraction is less visual
and involves more calculations than those presented above for electron diffraction.
Reducing the x-ray wavelength is much more difficult compared to the case of electrons,
which is readily attainable by increasing the acceleration voltage.

A.4.1 Surface Morphology and RHEED Pattern

The strong electron—matter interaction offers great opportunities for the studies of
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nanometer-scale structures and interfacial phenomena that are less straightforward for
x-ray because of its large penetration depth and weak interaction with specimens in
general. The same characteristic, however, also makes RHEED sensitive to the surface
morphology of the specimen, whose studies in the fields of thin film growth and surface
structure determination are actually the main application of this technique (6, 10, 11).
From the types of diffraction patterns observed, the samples’ crystallinity and surface
morphology may be deduced, as illustrated in Fig. 12 (/0). In principle, studies of
structural dynamics can be made for all these cases as long as the diffraction spots or
rings are distinct and well-defined; in practice, a sample surface that is close to
atomically flat (at least within a certain 2D range) is more desirable because rough
surface morphology often leads to decrease of diffraction intensity, increase of diffuse
scattering background, and broadening of diffraction width that may hinder a proper
analysis of temporal changes. Sometimes, well-oriented small crystallites that give a
transmission-type pattern may be more beneficial to dynamics studies because of the
cross reference obtained from different spots (see Chs.6 and 7). The stringent
requirement of atomically flat surfaces for studies is hence not always necessary.

A.4.2 Electron Mean Free Path and Penetration Depth
It is essential to estimate the electron penetration depth (£, ) at a given electron

wavelength in a medium. This can be achieved by knowing the mean free path (/) for

elastic scattering from the total cross section of scattering (o) and the density of scatterers

(N), with the use of the following equations:

l :L and the differential cross section :—g:| f (§X2 (24)

° oN
where (2 denotes the solid angle. With Eq. 5 and the angular integration of do/d(2, a

screened-potential model that effectively describes the atomic potential for neutral
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Table 1: Mean free paths and penetration depths for elastic scattering of electrons.

substance Z N(A?) ¢, (A)at30kv| ¢, (A)at30kV
graphite 6 2/(2.46*6.70 sin60°) 2750 192 at & =4°
silicon 14 8/5.43° 1010 70at G=4°
35at 6 =2°
interfacial water | 8 for O 8/6.358 for O 3050 53at&=1°
(cubic form) 1 for H 16/6.358° for H (transmission-like)
3
gallium arsenide |1 for G2 4/3.65 380 20 at 4 =3°
33 for As for Ga and As
dium dioxid
vanadium '1(')X1 €| 23 forV 4/118 for V 520 45 at @ = 5°
(monoclinic) | § for O 8/118 for O
2 : o
Zinc oxide 30 for Zn|2/(3.257-5.20 sin60°) 370 20 at @ =3°

8 for O for Zn and O

elements in relation to the atomic number (Z) and a screening radius gives a good
approximation for o, especially when the scattering angle is not too small (/7). The final
result is

o=0.12222%. (25)

The estimated mean free paths for elastic scattering and the corresponding penetration

depths (at typical probing conditions) for several substances are given below in Table 1;
their differences should be noted because, without the consideration of refraction,

¢, =V, sinf (for single elastic scattering). (26)

The simple estimation presented above shows that, with the criterion of energy-

and momentum-conserved single scattering, electrons probe mostly the surface region of

a specimen but do penetrate several unit cells (interplanar distances). The latter property

is important in that UEC studies are still capable of resolving bulk-related structural

dynamics, with a surface sensitivity. It should be noted that the values of penetration
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surface

I1

Fig. 13. Tangential continuity at the surface where the wave fronts are refracted.
Medium II attracts electrons more than medium I, and the dashed line indicates the

surface normal.

depth in Table 1 may be underestimated. If the surface morphology is less perfect than an
atomically flat one, or more than one scattering event occurs so to contribute some
diffraction intensities, electrons can reach a deeper region into the bulk. When a material
contains much heavier elements (e.g., gold), the observed electron diffraction is expected
to originate solely from the top layer and form streaks; an example can be seen in Fig. 5.

A.4.3 Inner Potential and Electron Refraction

The phenomenon of electron refraction occurs when the probing particles pass
through the interface between vacuum and the specimen or between different materials.
This phenomenon exists because electrons experience the difference of the electrostatic
potential in different media. Compared to the vacuum environment, the superposition of

the atomic potentials in a real material attracts and hence slightly accelerates an electron,
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which leads to a small change in the wavevector. In an average sense without going into
the structural details of atomic arrangement, the mean value of the crystal potential is
called the inner potential, V; (in volts), typically a positive number for attraction. In
Fig. 13, medium II has a higher 7} than medium I, causing the traveling electrons to bend
toward the surface normal.

Because the discontinuity of V; appears at the interface along the surface normal,
the wavevector change should only occur in that direction. Thus, for a featureless
interface, tangential continuity of the wave fronts is required, yielding an analogue of
Snell’s law in optics (/1):

siny, siny,

= 27
) 7 27)

where , (,) is the incident (refractive) angle with respect to the surface normal and 4,

(A2) is the wavelength in medium I (II) (Fig. 13). With the use of Eq. 3, the relative

refractivity can be written as

sin y,
an = =

sin y,

(v, +V, )[1+0.9785x10° (7, +7,, )] R T,
(v, +7,, )[1+0.9785x10° (¥, +7,, )] 2V,

The approximation is justified because the inner potentials V7, and V), are generally much
smaller than the acceleration voltage used. Furthermore, the small-angle approximation

valid for typical RHEED experiments gives

2 2
V, =V,
92 — - _|®_ e T 29
1 (2 zlj (2 sz AR (29)

As an example, for Si(111) with V7~ 11 eV, the Bragg angles given by Eq. 11 (without
taking into account the structure factor) are n/2 — y, = nA/2ds;111) = 11n mrad for 30-keV

electrons; the corresponding &’s for the first 8 orders are nonexistent, 11.4, 27.4, 40.2,

52.3, 64.0, 75.5, and 87.0 mrad, respectively. It is now clear why the regularity of Bragg
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condition is restored for higher-order spots (n > 5) in the rocking curve shown in Fig. 8,
lower right panel. The reflection of electrons by an atomically flat surface may be the
major scattering events at very small incidence angles, which forms the specular spot that
has little diffraction contribution for these probing conditions. As a result, UEC studies
should be conducted with care with this phenomenon in mind.

A.4.4 Coherence of the Electron Beam

For electromagnetic waves, photons that are generated from a coherent source
such as a monochromatic laser can propagate parallel and keep their phase because of
their noninteracting nature; the plane-wave description by Eq. 1 is therefore appropriate.

Such a model for the wave property of electrons has its limit in reality due to the
following reasons. As mentioned earlier, any factor that causes the deviation of lgi will

lead to small changes in diffraction condition. Unlike photons, the Coulomb force causes
electrons to interact with one another. As a result, collisions and the space-charge effect
exist and destroy the coherence of charged particles, especially for a high-density beam.
This issue may be reduced by lowering the number of electrons in a spatiotemporal bunch
or totally eliminated by using single-electron packets (72).

However, real electron sources inevitably have finite sizes and energy spread that
result in a finite angular spread (A#) and the spread of the wavenumber (Ak). The
effective coherence length (&) is a distance between two points from which the wave
packet is scattered with a 180° phase difference (and hence no coherence) (/7). From Ak

and along the electron propagating direction,

om 224521, (1+0.9785x10°V, )

m_ A in A), 30
M AL ar{ivaxoorssxioy,) G0

Shak =

with the use of Eq. 3 and the assumption of the potential spread AV << V. The value of
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&, ak~41 nm is obtained for AV'=10V and Vo =30kV. From A@ and perpendicular to

the beam direction,

&1 ao= 21/ Nk =27/(kAG) = A/AO (31)
and has a value of about 7-70 nm for a typical A@ of 1-0.1 mrad. The angular spread also

results in a coherence length along the electron beam direction,

2n A
Ak, sin@A@

§||,A9 = (32)

because Akj= A(k cos@) =k sin@ A6. For the aforementioned typical A@ and at & = 3°,
&, a0 1s about 130-1300 nm. The estimation of the coherence length above signifies that
electrons generated by a real electron source can only “see” coherently a spatial range of
the nanometer to sub-micrometer scale.
B. Nonequilibrium Transient Structures

In time-resolved experiments, the main diffraction features for studies of
structural dynamics are the positions, intensities, widths, and the shapes of Bragg spots or
Debye—Scherrer rings. Background intensity and Kikuchi patterns may also evolve as a
function of time, but in general, their intensities and distributions are weak and diffuse. In
the following discussion, we will focus on transient changes of the main diffraction
features observed in UEC and make connections with x-ray studies (/3-15). Summarizing
in Fig. 14, in general, the position shift of Bragg spots or rings is directly related to lattice
expansion or contraction; the change of the width and shape indicates the emergence of
dynamical inhomogeneity; and the intensity change is the result of incoherent thermal
motions, coherent lattice vibrations, or phase transitions.

B.1. Shifts of Diffraction Spots and Rings

Following an ultrafast excitation, diffraction spots or rings change their positions

vertically and/or horizontally to reflect the changes in interplanar distances. Such changes
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Fig. 15. Temporal changes of diffraction spot position. The faded rods and curves
indicate the negative-time equilibrium configuration. As the real lattice expands along 7

at positive times the reciprocal rods move downward, which leads to a downward

movement of Bragg spots.

need to be homogeneous (uniformity of distance change) over essentially the entire
spatially probed region, a requirement for preserving the Bragg condition. Thus, these
shifts provide the unequivocal evidence for the homogeneous lattice expansion or
contraction, depending on the direction of the shift.

We first consider the vertical lattice change along 7. According to the Laue
condition of Eq. 12, a small vertical shift of the Bragg spot on the center (00) rod,

(04" 0B"), is directly related to the change in the vertical lattice spacing by the following
relationship:

Asls = —Ad/d = —A(02)/tan(02) (33)

which becomes —A@/ @ when @ is small. Consequently, a decrease (increase) in s, i.e.,
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when the Bragg spot shifts toward (away from) the direct beam position in the diffraction
pattern, is a measure of the increase (decrease) in d. In reciprocal space, such a lattice
change can be visualized as the rods moving parallel to 7 and intersecting with the
Ewald sphere but maintaining their size or shape (Fig. 15). The same picture can be
applied to the description of movements in the horizontal direction.

On the ultrashort time scale, it is critical to understand the dynamics responsible
for a downward shift, which is the observation made in many UEC studies. The first
mechanism that comes to mind involves conventional heating, due to the anharmonicity
of the lattice. The 1D thermal expansion is usually expressed as Ax=(3g/4b2)kBAT ,
which is deduced from the anharmonic potential energy U(x)=bx"—gx’ —fx* with
positive b, g, and f (16). However, at room temperature, the (linear) thermal expansion
coefficient () for most of the crystalline solids is on the order of 10° to 10°K™"; for
example, 0(1><106 =2.6, 5.73 and 14.2 for silicon, gallium arsenide and gold, respectively.
Thus, a maximum thermally driven change of 1% in lattice spacing requires a lattice
temperature jump of about 3850, 1750 and 700 K, which are not reachable at our
excitation fluences and in a very short time. To achieve a temperature jump (A7) at the
surface, the fluence for heating required is given by

Frcating 0= (Flased O = R)E oy cos/ Eppogon) ~ CAT} (34)
where 0 is the penetration depth (inverse of the absorption coefficient, 1/) of the light

(photon energy E, .,) with fluence F,.; R is the reflectivity, £

aser?

is the above-gap

hoton excess

excess energy, and C, is the heat capacity of the lattice. For gallium arsenide, for example,
C, =174 J/em’K, the band gap E,=1423 ¢V, R~0.3(0.45) and 6~ 710 (6.4) nm for

800 (266) nm normal-incident light (/7). A fluence of F, . =10(1) mJ/cm®  at

aser

800 (266) nm gives the value of AT, to be 4.6 K at 800 nm or 340 K at 266 nm.
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Experimentally, this is in contradiction with the large observed shift. More importantly, as
will be shown in Ch. 4, the spot-shifting behavior for the 800- and 266-nm excitations are
contrary to the trend obtained above.

It follows that on the ultrashort time scale, the nonequilibrium state of the lattice
must be considered. In this state, only certain types of the atomic motions may be initially
launched, and the assumption of thermal equilibrium for all modes is not wvalid.
Furthermore, carrier excitation can affect the lattice potential, resulting in a new state of
weaker chemical bonding and hence a different structure. This expansion by a
“potential-driven,” carrier-assisted mechanism does not depend on lattice temperature but
on the carrier density. When the number of carriers decreases (through diffusion, for
example), the expansion would decrease and the system recovers accordingly. Finally, the
expansion in the vertical and horizontal directions may show anisotropy in the temporal
behavior with different amplitudes for the change. Manifestation of these features of
nonequilibrium behaviors can be seen in the studies made on GaAs (Ch. 4).

B.2. Changes of Widths and Shapes

The widths and shapes of Bragg spots or rings in a diffraction pattern are affected
by the crystal size (Eq.23), inhomogeneity and embedded strain in the sample, by
electron refraction due to the shape of the crystallites (Sec. A.4.1), and by the uncertainty

of the direction and magnitude of the probing electrons’ momentum )"z/’gi (size of the

electron beam). However, their transient differences from a static reference can only stem
from the structural changes induced by the optical excitation. In the case of
polycrystalline samples, the average size of the crystallites may change (e.g., during
ultrafast melting or annealing), resulting in the broadening or narrowing of diffraction

rings according to the Scherrer formula (Eq. 23). The shape may also develop to a
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Fig. 16. Temporal changes of diffraction width. The faded rods and curves indicate the
negative-time equilibrium configuration. Lattice inhomogeneity (along 7 ) generated in
the crystal makes the reciprocal rods elongated, and their intersections with the Ewald

sphere give a diffraction pattern with larger vertical width.

Gaussian-like function, which reflects an increased inhomogeneity. In the case of
crystalline samples, however, this spatial size change is not of concern since the crystal
essentially preserves its order. Thus, in this case, lattice inhomogeneity is due to a small
modification of the average lattice spacing or a strain of propagating acoustic waves
following the excitation.

Following the above discussion of the reciprocal-space picture, it is clear that, if
the lattice planes evolve to two distributions of distances around d, one larger and one
smaller, then this strain propagation will result in two side bands (or broadening) in k
space around the central value (see Fig. 16). Such behavior is commonly caused by an

acoustic sound wave of relatively small wavelength. Coherent acoustic motions are
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typically generated through carrier excitation or from the decay of another type of
initially generated lattice vibration, e.g., optical phonons. In an elementary metal,
acoustic phonons are directly generated following carrier generation because only one
atom exists in the primitive unit cell and there is no optical branch. However, in a
semiconductor with more than one atom in the primitive unit cell, optical phonons are
present and become the doorway for efficient coupling with the carriers. These optical
phonons have a lifetime during which they convert to acoustic ones, and the latter into
thermal motions on a time scale determined by the anharmonicity of the lattice.

The inhomogeneity of the lattice generated parallel to the sample surface, i.e., the
horizontal broadening of reciprocal-lattice rods, has a more complicated effect: when
intersecting with the Ewald sphere, the rod projects not only a larger horizontal width but
also an enlarged vertical width in a diffraction pattern. However, the geometry of RHEED
allows the contributions to horizontal and vertical widths due to the dynamical
inhomogeneity of the lattice along different directions to be distinguished (see
Appendix B for the derivation). By monitoring the temporal evolution of spot widths in
the directions orthogonal to 7, lattice dynamics along the surface can be followed as a
function of time. The difference between the temporal evolution along the vertical and
horizontal directions in the diffraction patterns can provide information of such
anisotropy. As will be shown in Ch. 4, a key cause of the anisotropy is free movement
along the n direction (surface vertical vs bulk lateral) and the change in lattice
potential.

B.3. Changes of Diffraction Intensities

On the basis of Eq. 9, the diffraction intensity of a Bragg spot (4kl) is proportional

to the square of the geometrical structure factor F(hk/), which is given by (5)
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Fhkd) =" f,expl-iGyy -7, )= 3 f, expl-2milhx, +ky, +1z,)]  (35)
J J
where f; is the atomic scattering factor of the jth atom in a primitive unit cell. Since the

determination of F(Akl) involves the positions of atoms, 17J =, zj), in a unit cell, any

lattice motions that appreciably change their relative positions can cause the diffraction
intensity to change. These motions are those of optical phonons (see, e.g., Refs. 1315
and 18), small-wavelength acoustic phonons, and the thermal motions. In contrast,
homogeneous lattice expansion or contraction has no influence on the intensity of the
Bragg spots. The contribution of the thermal, incoherent motion (in all directions) in
diffraction intensities can be calculated using the DW expression, Eq. 16.

The ability in UEC to resolve the diffraction in time and for different Bragg spots
makes possible the separation of contribution by these different processes, especially that
horizontal and vertical lattice motions manifest themselves differently. The change of
spot intensity on the (00) rod will display vertical motions, whereas those on the side will
have contributions from both vertical and horizontal motions. However, incoherent
thermal motion affects all of the Bragg spots. For the case of gallium arsenide as an
example, this separation is clear. The crystal has a face-centered-cubic lattice with a
two-atom basis that has gallium at 7, = (0, 0, 0) and arsenide at 7,, =(1/4, 1/4, 1/4) in
the unit cell in the equilibrium state. If, say, 7 is [001], the intensity of the Bragg spot
(0 0 4n) on the (00) rod is proportional to

IF(0 0 4n)|* = |f;, exp(-8nmizg,) + fiexp(-8nmiz, ). (36)
Thus, those optical phonons that have the Ga and As atoms vibrate against each other
along the vertical direction (e.g., longitudinal optical phonons) will affect the structure

factor and consequently the diffraction intensity. Horizontal vibrational motions, however,
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have no influence because their projection on the vertical scattering vector is zero. On the
other hand, if thermal motion is responsible for the intensity reduction, Equation 16
provides the theoretical description. By monitoring the extent and time scale of the
intensity reduction for different Bragg spots, the lattice motions responsible for the
observed changes can be distinguished.

B.4. Transient Changes in Transmission Diffraction

Because of the probing geometry in the transmission mode, transient diffraction
patterns of crystalline thin films can directly provide the dynamic information in the 2D
structure. Due to the intersection between rods and the Ewald sphere, as shown in Fig. 10,
2D lattice expansion/contraction deduced from decrease/increase of the distances
between diffraction spots, or changes of structural homogeneity indicated by the width
changes, can be observed experimentally. Transient structural information along the 7
direction could be masked, given the experimental geometry where the electron beam
propagation is essentially in the same direction of rods (see Sec.A.3 for discussion).
Naturally, if there is substantial lattice expansion along 7 on the picosecond time scale,
such change can be observed in the reflection geometry. In transmission, however, this
n -direction lattice motion can lead to intensity changes, as will be shown in Ch. 4.

Transmission electron diffraction has also been applied to studies of
polycrystalline metallic thin films by several groups, e.g., those of Miller (/9), Cao (20),
and, earlier, Mourou (27). The issues of nonthermal solid-to-liquid phase transition and
electronically driven lattice changes have been discussed. However, due to the
polycrystalline nature of the sample, transient lattice motions in a single crystallite and
those between randomly oriented crystallites may be strongly correlated, and this could

complicate the interpretation of structural dynamics. The transmission study reported in
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Fig. 17. Extraction of the horizontal and vertical profiles of a Bragg spot. The narrow
strips (yellow for the vertical direction and red for the horizontal) are the regions over
which intensity averaging is performed. Profiles obtained from the green strips (vicinity

of the Bragg spot) may be used for background subtraction when necessary.

Ch. 4 was, to our knowledge, the first study of structural dynamics of a single-crystal
semiconductor by electron diffraction, which displays the motion of the entire lattice.

B.5. Extraction of Transient Diffraction Changes

To quantify the aforementioned diffraction changes at transient times, a fitting
procedure is invoked to obtain the intensity, position, width and line shape of a Bragg
spot or diffraction ring as a function of time. For typical UEC studies, the analysis can be
made in 1D by considering the vertical and horizontal directions separately. The first step
is to collect the 1D profiles of a certain diffraction feature at different times, by averaging
over a narrow strip across the diffraction vertically or horizontally (Fig. 17). The
important issue here is to achieve a higher ratio of the signal to the background and noise.

The profile obtained from a wider strip may be less noisy but with a lower peak due to
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(a) flat or low background (b) large background
I A overall fit I A Gaussian overall fit
n=20.7 peak n=0.5
==== background n=0 — signal
==== background

- : — . : - , —
Fig. 18. Results of the fit. (a) A constant offset or linear function is included in the fit of
an intensity profile with a flat or low background. (b) A quadratic (or higher-order)

function is used for the background. The inset shows the result of the fit that considers a

pure Gaussian form for the signal; the small discrepancy is visible.

the background in the less intense part; the profile from a narrower strip contains more
contribution from the signal, but can be less smooth. Thus, a balanced choice may be a
strip that covers (approximately) the horizontal or vertical full width at half maximum.

For fitting, a pseudo-Voigt shape function, f(s), is used,

fpv(s):1'[77'fL(S)+(1_77)'fG(S)]5 (37)
1 w/2
)= e iy

2
fc;(S):z 2In2 eXp((S_SOJ -4ln2J.
w\ = w

The integral of f, (s) or f;(s) over s is unity (normalized), and Eq. 37 is a simple sum of
the two functions instead of a convolution (Voigt shape). Here, I represents the (1D)
integrated intensity, s the scattering vector coordinate, s, the peak position, w the
(common) full width at half maximum, and 7 the Lorentzian contribution. Depending on

the surface quality and the electron incidence angle, the diffuse background may be low
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and flat enough such that no subtraction prior to fitting is needed (Figs. 17 and 18a);
when the background is not negligible, either a subtraction by the profile obtained from
the vicinity of the diffraction feature is made first, or a polynomial (typically quadratic)
function is include in the fit (Fig. 18b).

Comparisons between the extracted diffraction features—I(z), s(¢), w(¢), and 7(¢),
where ¢ is the delay time between the electron and optical pulses—are subsequently made
to elucidate the structural dynamics and relaxation pathway in the specimen. Based on the
previous discussion in Secs. B.1 to B.3, the similarity or difference between these
time-dependent features can provide crucial information about the involvement of the
candidate (structure-related) physical processes, their synchrony or sequence in time, and
the characteristic time constants that govern the structural dynamics.

B.6. Issues of Electron Refraction and Scalability of Diffraction Change

Two issues about the dynamical changes in UEC are addressed. The first one is in
regard to the diffraction changes caused by the electron refraction effect. According to the
discussion in Sec. A.4.3, the two reasons are the possible slight tilting of the surface
normal and the change of the inner potential, both of which result from the optical
excitation and may lead to small change in the diffracted beam direction. However, it can
be shown from the order-of-magnitude analysis that electron refraction plays a minor role
in the diffraction changes discussed above, for typical UEC studies with moderate optical
excitation.

The tilting of 7 comes from the different extent of lattice expansion as a result
of the gradient of the excitation pulse profile on the specimen. This effect may be much
reduced by using a sample size or making the probed area within the region of relatively

homogeneous excitation. Furthermore, with the total vertical expansion of the lattice on
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the order of 1 to 10 A over the length of the probed region along & (on the order of
1 mm), electron refraction may cause an angular change of 10™* to 10~ mrad, much less
than the uncertainty of k, itself and consequently unimportant. The inner potential of
matters is on the order of 10 V, and its change induced by moderate excitation is expected
to be on the order of 1 V or less. Thus, from Eq. 29, the induced angular shift would be
on the order of 107 mrad and hence negligible. For intense excitation, the electron
refraction effect due to larger surface or bulk potential change may be observed (22);
however, care has to be taken in interpreting the relative shifts of diffraction features,
which is the next issue discussed below.

On the basis of Eq. 33, diffractions from the same set of crystal planes with
different orders (n) are expected to exhibit shifts in proportion to #n during the structural
dynamics, with the same (normalized) temporal evolution for the movements. In addition,
the accompanying changes in their intensities, if exist, should be scalable according to
Eq. 16 or Eq. 35, and follow one temporal profile only. The presumption behind is that all
of these diffractions originate from spatially the same part of the probed specimen.
However, if, for some reason, this is not the case, the scalability of diffraction shifts may
not hold; an additional observation that often accompanies with this somewhat
counterintuitive phenomenon will be the different time constants for diffractions of
different orders.

It should be noted that a pattern of many spots similar to the cases shown in
Fig. 12, bottom of panel a and upper three of panel b, comes with a transmission nature.
Due to the different electron traveling directions for different diffractions, lower-order
spots may originate spatially from the higher part of a crystallite (to avoid the blocking of

diffracted electrons by adjacent crystallites or surface structures) and the highest-order
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one is formed by diffracted electrons that penetrate deeper. The key governing factor here
is the mean free path discussed in Sec. A.4.2. Such a phenomenon will be further
discussed in Ch. 5 with a real case. Proportionality of diffraction shifts becomes true for
solely transmission-type experiments such as studies of polycrystalline samples
(electrons penetrating small crystallites and forming the diffractions), and an example can
be seen in Ch. 10. For scalability of intensity changes, see Ch. 4 for the transmission case

and Ch. 8 for the reflection case.

Appendix A. Conventions

In the diffraction theory, the incoming beam is described by Eq. 1. In this
convention, the wavenumber k = |l€i| =2n/A, and for electrons, k = @/v where v = Av is

the velocity and v= @/2r is the frequency; the momentum of the particle p = ik = mv,
and the de Broglie relation A = h/p which consistently equals to 2n/k. Accordingly, when
k is used in this form, a constant factor of 27t appears in diffraction expressions of &, s and
others such as the reciprocal basis vectors in 3D (Egs. 13 and 14), those for a 2D
reciprocal lattice (Eq. 16), and the last part of Eq. 23.

Crystallographers use a different convention to define the wavevector, k= 4", As
such the factor 27 disappears, and, for example, the important relations 5-R=2mn

and s = (4n/A)sin(6'2) become simply s - R=m and s=(2/2)sin(42). In such a way, it
is straightforward to invert s directly into real-space distances. The crystallography

convention is equivalent to rewriting Eq. 1 for 5”0(17 ',t) with the phase factor being

27tl;i -7'—wt, where the new k, is 1/4. The important point is to keep track of the

self-consistency regarding the momentum as the conventional p = ik, or p = hk with k



59

being clearly defined. Unfortunately, these definitions, with or without 2n, are used in
different areas of diffraction. For example, in gas-phase diffraction, s is defined with 27t
included; for most of the following chapters, this convention is used.

Similarly, the definition of the angle of incidence being & or @2 requires a
convention. Considering & to be the total diffraction angle (see Fig. 2a), the incidence
angle would be 2; if the incidence angle is 6, then the total scattering angle would be 26.

The definition of s follows.

Appendix B. Reciprocal-space Broadening of Rods

The following simple estimation is made for the effect of horizontal broadening of
the rods in reciprocal space on the observed width of diffraction spots. For an ordered
structure in 2D, the reciprocal lattice is made of rods, and when modulated by the
spacings in the 7 direction, each zone should be considered as a symmetric-top-like
shape with w, = w,, w, being different from w, = w,. Therefore,

2x/w, )+ Qyiw, ) + ziw,)* =1

where x and y are the directions (in reciprocal space) orthogonal to 7, z the direction
parallel to 7, and w, (w,) is the full horizontal (vertical) width. Locally, the Ewald
sphere with large radius (large /ik;) will cut through the rods nearly as a tilted plane
(Fig. 16) defined by (0, 1, 0) and (siny, 0, cosy), where y is the angle between 7n [i.e.,
(0, 0, 1)] and plane direction. As a result, the elliptical trace where the rod and the plane
intersect has a horizontal width w, but the vertical width becomes (tan® 7//wh2 + 1/wV2)*” 2,

If, due to horizontal inhomogeneity, w, becomes w, + Aw,, the change of the
vertical width will be

Aw, tan’ y/ [tan® y+(w/ WV)2]3/2’
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which is much less than or on the same order of Aw,. This is because in the reflection

geometry of UEC, yis small and w, and w, are not significantly different within an order

of magnitude. It is noted that w, and w, are determined by the inverse of the coherence

length (on the order of 10 nm or more) and also affected by the specimen morphology.

References:

1.

10.

11.

B. K. Vainshtein, Structure analysis by electron diffraction (Pergamon Press,
Oxford, 1964).

H. M. Seip, in Selected topics in structure chemistry, P. Andersen, O. Bastiansen, S.
Furberg, Eds. (Universitetsforlaget, Oslo, 1967), pp. 25-68.

J. C. Williamson, Ph.D. thesis, California Institute of Technology (1998).

Z. L. Wang, Elastic and inelastic scattering in electron diffraction and imaging
(Plenum Press, New York, 1995).

N. W. Ashcroft, N. D. Mermin, Solid state physics (Saunders College Publishing,
Fort Worth, TX, 1976), pp. 101-108.

Z. L. Wang, Reflection electron microscopy and spectroscopy for surface science
(Cambridge Univ. Press, Cambridge, 1996).

B. E. Warren, X-ray diffraction (Dover, New York, 1990), pp. 38, 253.

J. F. Vetelino, S. P. Gaur, S. S. Mitra, Phys. Rev. B 5, 2360 (1972).

C.-Y. Ruan, V. A. Lobastov, F. Vigliotti, S. Y. Chen, A. H. Zewail, Science 304, 80
(2004).

P. K. Larsen, P. J. Dobson, Eds., Reflection high-energy electron diffraction and

reflection electron imaging of surfaces (Plenum Press, New York, 1988).

A. Ichimiya, P. I. Cohen, Reflection high-energy electron diffraction (Cambridge



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

61

Univ. Press, Cambridge, 2004).

A. Gahlmann, S. T. Park, A. H. Zewail, Phys. Chem. Chem. Phys. 10, 2894 (2008).
A. Rousse, C. Rischel, J.-C. Gauthier, Rev. Mod. Phys. 73, 17 (2001).

C. Bressler, M. Chergui, Chem. Rev. 104, 1781 (2004).

M. Bargheer, N. Zhavoronkov, M. Woerner, T. Elsaesser, Chemphyschem 7, 783
(2000).

C. Kittel, Introduction to solid state physics (John Wiley & Sons, Inc., New York,
7th ed., 1996), pp. 129-131.

S. Adachi, Optical constants of crystalline and amorphous semiconductors:
Numerical data and graphical information (Kluwer Academic Publishers, Boston,
1999), pp. 221, 225.

K. Sokolowski-Tinten et al., Nature 422, 287 (2003).

B. J. Siwick, J. R. Dwyer, R. E. Jordan, R. J. D. Miller, Chem. Phys. 299, 285
(2004).

S. H. Nie, X. Wang, H. Park, R. Clinite, J. M. Cao, Phys. Rev. Lett. 96, 025901
(2000).

S. Williamson, G. Mourou, J. C. M. Li, Phys. Rev. Lett. 52, 2364 (1984).

R. K. Raman et al., Phys. Rev. Lett. 101, 077401 (2008).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


