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Materials and Methods
Sample preparation.

A 2 nm layer of titanium was deposited using thermal evaporation onto an silicon wafer fol-

lowed by 20 nm of gold. The thin film was then annealed in air at 1000◦C for approximately 10

hours after which time the film had dewetted and formed nanocrystals. The nanocrystals cover

the substrate uniformly with separations of approximately 1-2 µm between adjacent nanocrys-

tals.

Experiment.

The experiment was performed at the XPP instrument at the LCLS. A 1520×1520 pixel CS-

PAD with 110 µm square pixels was used to record the diffraction. The Beryllium lenses were

positioned so that the sample position was out of the nominal focus. Doing this reduced the

incident intensity of the X-ray pulses. This regime was chosen so that the X-ray pulses from

the LCLS did not destroy the sample. Damage from either the optical or X-ray pulses was

monitored using a confocal microscope (Olympus LEXT) mounted directly above the sample.

To record the 3D diffraction pattern, the nanocrystals were rocked in 41 0.02◦ steps. At each

position, 1000 diffraction patterns were recorded. Filtering of the data was done ex post facto to

remove saturated frames and blank shots, with the final summed patterns consisting of the 100

brightest, non-saturated shots (see Data preparation).

Phase Retrieval

Phase retrieval was performed using a guided approach (29). 15 random starts were initiated

with each member being subjected to 10 iterations of error reduction (27) followed by 160

iterations of hybrid-input output (27) and then a further 30 iterations of error reduction. After

this first generation, the best iterate was selected and used to generate a further 15 new iterates
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(29). This process was repeated for a total of 5 generations with the final solution comprising

the average of the 5 best iterates. After the phase retrieval was completed, transformation of the

image to an orthogonal laboratory frame was performed with the details found elsewhere (30).

The final resolution was calculated on the transformed image by taking a line-out and fitting

a Gaussian to its derivative. The resolution is given as the full-width at half maximum of this

Gaussian. This was repeated for each of the orthogonal directions.

Molecular Dynamics Simulations

The simulations were conducted using the LAMMPS package (31). The Sheng EAM potential

for gold was used (32) and was chosen for its accurate recreation of the phonon density of states.

A block of material containing 2 × 106 atoms was allowed to thermalise to 300K, having been

energy minimised to allow the surfaces to relax. The sample was a cylinder with diameter 44

nm and height 22 nm with the (111) direction along the cylinder axis. After thermalisation, heat

was transferred into the system at a decaying exponential rate over 2.5 ps. This approximates

the coupling of energy from the electrons (which are formally absent in classical MD, but which

will have absorbed the laser light in the experiment) to the ions in a standard two-temperature

model. The heat added corresponded to a temperature rise of 270K. The plot in Supplementary

Fig. 1 was produced by looking at the Fourier transform along the (11-1) of the atom positions,

as a function of time. This effectively follows the movement of the (11-1) peak in reciprocal

space. The slices of the cylinder shown in Supplementary Fig. 2 were obtained by calculating

the Bragg peak amplitude and phase in the vicinity of the (11-1) Bragg peak. This was then

Fourier transformed to obtain a real space representation of the cylinder, entirely analogous to

what is recovered in BCDI, where the phase gives the displacement projected onto the scattering

vector.
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Data preparation

Before phase retrieval can be performed the data needs to be processed to remove detector

artefacts and noise. Here we outline the processing used for the preparation of the diffraction

patterns before phasing could commence. For each measurement point during the experiment,

1000 XFEL shots were collected. Due to the inherent nature of the processes involved in the

XFEL, each shot contains a different number of photons. This fact coupled with the fact that not

all shots come in with the same position or incidence angle mean that the number of diffracted

X-rays from a nanocrystal can vary considerably. As such, screening of the 1000 recorded

shots needs to be done. The two screening processes that were employed here were to remove

frames that i) had saturated the detector or were close to the limit and ii) remove blank or

empty shots which only contribute to the background noise. The detector used was a Cornell-

SLAC Pixel Array Detector (23) (CS-PAD) which consists of an active area of approximately

1520×1520 110 µm square pixels divided into 32 panels. The CS-PAD was operated in high

gain mode where saturation of the pixel occurs at approximately 10000 analogue to digital units

(ADU’s) with each photon generating approximately 7 ADU’s. However non-linearities in the

detector response may occur before this limit.Consequently, frames that contain any pixels with

values greater than some threshold (3000 ADU’s in this case) need to be discarded and do not

contribute to the final summed image. After this step was performed the next 100 brightest

frames were summed to give the final diffraction pattern. After the 100 brightest frames were

selected, a darkfield image was subtracted from the data. The darkfield image consisted of the

average of 2000-3000 frames with the XFEL laser off. The darkfield image was subtracted from

each frame with a scaling parameter, α, chosen such that the function

E =
N
∑

n=1



M(n)

(

J
∑

j=1

Ij(n)− α〈IDF (n)〉

)2


 (S1)
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was minimised. M(n) is a mask applied to select a region where no diffraction was recorded,

Ij(n) is the jth frame, 〈IDF (n)〉 is the average darkfield image, n is the pixel number, N is the

total number of pixels and J is the total number of frames. Small departures from unity were

found for the values of α which led to a small reduction in residual background noise compared

to a value of α = 1. Small departures from unity can be attributed to the fluctuations in the

number of diffracted photons per XFEL pulse. All diffraction patterns used in the analysis

were contained within one of the 32 panels that make up the CS-PAD, therefore no inter-panel

calibration was required.

Sensitivity to lattice expansion and contraction in Bragg coherent diffraction imaging

The ability to image projections of the displacement field in Bragg coherent diffraction imaging

(BCDI) (33, 34) is closely related to geometrical phase analysis (35, 36) which is often used

in the analysis of transmission electron micrographs. In the case of time resolved BCDI we

observe a shift in the Bragg peak which we attribute to uniform expansion/contraction of the

lattice (relative to the equilibrium lattice) as well as a non-uniform component. Here we show

how the technique is sensitive to both components and that the uniform component can be

removed to give the non-uniform component.

We can represent our idealised nanocrystal, ρ(r), as the product of an infinite lattice, l(r) with

a shape function s(r) which defines the shape and extent of the nanocrystal via

ρ(r) = s(r)l(r), (S2)

where r is a real-space position vector. Rather than writing the lattice function as a sum of

translated delta functions, we can write it as a Fourier series (35, 36) via

l(r) =
∑

Q

CQ exp [iQ · r] (S3)
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where Q is a reciprocal lattice vector and CQ the complex coefficients. In the case of a lattice

that has some local displacements about each position described by the displacement field,

u(r), we have r → r + u(r) and the lattice function becomes

l(r + u(r)) =
∑

Q

C
′

Q exp [iQ · (r + u(r))] (S4)

=
∑

Q

C
′

Q exp [iQ · u(r)] exp [iQ · r] (S5)

=
∑

Q

GQ(r) exp [iQ · r] (S6)

where the definition of GQ(r) is implied by Eq. S5 and Eq. S6. Now taking the Fourier

transform of the distorted lattice in Eq. S6 to get

L̂(q) =

∫

l(r + u(r)) exp [−iq · r] dr (S7)

=

∫

∑

Q

GQ(r) exp [iQ · r] exp [−iq · r] dr (S8)

=
∑

Q

∫

GQ(r) exp [iQ · r] exp [−iq · r] dr (S9)

=
∑

Q

ĜQ(q)⊗ δ(q −Q), (S10)

which shows how the original lattice is now altered due to a displacement field. In the case of

u(r) = 0, GQ(r) = constant and Eq. S10 simply becomes a reciprocal lattice of l(r) given

by a series of translated delta functions.

Under the first Born approximation using quasi-monochromatic, spatially coherent X-rays with

the diffraction collected in the far-field, the diffracted wavefield, ψ̂(q) is adequately described

by the Fourier transform of the real space nanocrystal density. For a nanocrystal with some
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associated displacement field, u(r), this becomes (omitting constant pre-factors),

ψ̂(q) =

∫

ρ(r) exp [iq · r] dr (S11)

=

∫

s(r)l(r + u(r)) exp [iq · r] dr (S12)

= Ŝ(q)⊗ L̂(q), (S13)

and using the result from Eq. S10 we get,

ψ̂(q) = Ŝ(q)⊗
∑

Q

ĜQ(q)⊗ δ(q −Q) (S14)

=
∑

Q

Ŝ(q)⊗ ĜQ(q)⊗ δ(q −Q). (S15)

The recorded intensity is now given by

I(q) = |ψ̂(q)|2 (S16)

=

∣

∣

∣

∣

∣

∑

Q

ψ̂Q(q)

∣

∣

∣

∣

∣

2

(S17)

=

∣

∣

∣

∣

∣

∑

Q

Ŝ(q)⊗ ĜQ(q)⊗ δ(q −Q)

∣

∣

∣

∣

∣

2

, (S18)

which gives the diffracted intensity as being composed of diffraction peaks localised around

reciprocal lattice pointsQ, with the shape being influenced by the Fourier transform of the shape

function, Ŝ(q), of the nanocrystal and the additional function ĜQ(q) due to the displacement

field. Since the diffraction pattern is localised around the points Q the cross terms in Eq. S18

are negligible and can be omitted giving

I(q) =
∑

Q

∣

∣

∣
Ŝ(q)⊗ ĜQ(q)⊗ δ(q −Q)

∣

∣

∣

2

. (S19)
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During an experiment we are concerned with the diffraction centered around a particular Q so

the diffracted intensity in the vicinity of this reciprocal point is given by

IQ(q) =
∣

∣

∣
ψ̂Q(q)

∣

∣

∣

2

(S20)

=
∣

∣

∣
Ŝ(q)⊗ ĜQ(q)⊗ δ(q −Q)

∣

∣

∣

2

. (S21)

In the case of the Bragg coherent diffraction imaging experiment we are interested in the real

space representation of ψ̂Q(q), which is obtained using phase retrieval (27) and is given by

ρQ(r) =

∫

ψ̂Q(q) exp [iq · r] dq (S22)

=

∫

Ŝ(q)⊗ ĜQ(q)⊗ δ(q −Q) exp [iq · r] dq (S23)

= s(r)C
′

Q exp [iQ · u(r)] exp [iQ · r] (S24)

= |ρ(r)| exp [iφ(r)] (S25)

where φ(r) is the phase of the real space function ρQ(r), and is given by

φ(r) = φC
′ +Q · u(r)+Q · r (S26)

where φC
′ is a constant,Q · r is a phase ramp introduced from selecting a particularQ, andQ ·

u(r) is a projection of the displacement field. Since we are interested in relative displacements

the constant in the phase term can be removed by setting the average phase to zero (or any

other value), additionally the phase retrieval process employed to invert the diffraction patterns

in insensitive to phase offsets (27). The ramp can also be removed by either direct subtraction

or judicious recentering of ψ̂Q(q), leaving only the projected displacement. For a homogenous

expansion or contraction of the lattice, as is observed in the propagation of acoustic phonons in

a nanocrystal, the projection of the N dimensional displacement field takes the form

Q · u(r) = φh(r) (S27)

=
N
∑

i=1

αiri, (S28)
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where φh(r) represents the homogenous component of the projected displacement field and αi

is a real constant with its sign signifying either expansion (positive) or contraction (negative)

relative to the lattice (in the direction ofQ) for a real space direction ri. It can be seen that the

terms in Eq. S28 result in real space phase ramps which manifests as a peak shift in reciprocal

space. If there is some homogenous expansion/contraction with some additional inhomogenous

expansion/contraction the projected displacement can be written

Q · u(r) = φh(r) + φi(r). (S29)

To obtain the inhomogenous component, φi(r), the phase ramp due to the homogenous compo-

nent needs to be removed. In practice any ramps can be removed by centering the data. From

the Fourier shift theorem which states,

F̂ (q − a) =

∫

f(r) exp [ia · r] exp [iq · r] dr (S30)

it can be seen that the recentering of F̂ (q − a) (ψ̂Q(q) in the experiment) removes the ramp in

real space.

Removal of phase ramp and image registration

To remove any real space phase ramp in ρQ(r), its Fourier transform, ψ̂Q(q), needs to be re-

centered. The problem now becomes what is the best way to determine the center of ψ̂Q(q).

For real objects, the center of mass of |ψ̂Q(q)| is an appropriate choice to determine the cen-

ter as the diffraction pattern is centro-symmetric and will have a well defined central maxima.

For complex objects that have non-negligible phase, the center of mass may not be appropriate

due to the fact |ψ̂Q(r)| may contain multiple peaks and be asymmetrical. In the case here, we

have found an appropriate method consisted of centering ψ̂Q(r) based on the center of mass of

|ψ̂Q(r)|4. Sub pixel shifting was achieved by multiplying ρQ(r) by the appropriate phase ramp

determined from the center of mass. After this procedure was performed the phase of ρQ(r)
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was equal to the inhomogenous component (by our definition) of the projected displacement

field as is shown in Fig. 3 of the main text.

During the phase retrieval process and for post processing it was necessary to align the recon-

structed 3D images with respect to one another. To achieve sub-pixel registration, the two arrays

were up-sampled by a factor of k (100 in this case) and the cross-correlation calculated using a

3D implementation of the algorithm found elsewhere (37). The location of the maximum in the

cross-correlation gives the relative shift of the two images.

Elastic waves in a cylinder

For an isotropic medium the invariant equations of motion are given by (38)

µ∇2u+ (λ+ µ)∇∇ · u = ρ
(

∂2u/∂t2
)

, (S31)

where u is the vector displacement field (with position dependance omitted for clarity), ρ is the

density and λ and µ are Lamé’s constants. Lamé’s constants given in terms of the longitudinal

(vl) and transverse (vt) speeds of sound are λ = ρ (v2l − 2v2t ) and µ = ρv2t . If we consider a

cylinder of radius a and height h the general solutions to Eq. S31 in polar coordinates for the

displacement can be written as (38, 39)

ur(r, θ, y, t) = ur(r) cos(nθ) cos(ωt+ ξy)

uθ(r, θ, y, t) = uθ(r) sin(nθ) cos(ωt+ ξy) (S32)

uy(r, θ, y, t) = uy(r) cos(nθ) sin(ωt+ ξy),

where ur, uθ and uy are the three components, ω is the angular frequency, ξ is the longitudinal

wave number (m2π/h), r is the radial position vector defined in the x − z plane of Fig. 1 in

the main text, θ is the polar angle in the x − z plane, y has the same definition as its cartesian

counterpart and ui(r) are radial dependent functions. n and m are integers used to describe

the angular and longitudinal wave numbers respectively and are referenced in the main text as
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(n,m) when describing a specific mode. We have approximated the radial functions here with

a Bessel function of the first kind with argument (π/R)r, where R is the radius of the cylinder.

The quantity we obtain from the phase retrieval of a single Bragg peak is a projection of the

displacement field ontoQ, as such the quantity we want is given by

un(r, θ, y, t) ·Q = ur,n(r, θ, y, t)Qr + uθ,n(r, θ, y, t)Qθ + uy,n(r, θ, y, t)Qy. (S33)

Q represented in the cartesian frame of Fig. 1 is given by,

Q = (sin(δ) cos(γ), sin(γ), cos(δ) cos(γ)− 1) (S34)

where the angle δ is the angle the detector makes in the x− z plane, γ is the angle the detector

makes in the z−y plane and has been scaled such that the incident wave vector has a magnitude

of 1. Shown in Fig. 3 of the main text is an approximate (n,m) = (1, 1)mode projected ontoQ

using Eq. S32 and Eq. S33 approximating our nanocrystal to a short cylinder of radius 200nm

and height (h) 200nm.

Fitted peak shift

The fitted time offsets for three of the oscillations are approximately 20 ps with the other offset

being 75 ps (see Supplementary Table 1.). The 20 ps delay could be explained by a measure-

ment offset in the delay time. The 75 ps delay seen in the second oscillation of nanocrystal B

is possibly explained by coupling between the nanocrystal and the substrate, which is absent

in the first nanocrystal and also absent in a molecular dynamics simulation which is shown in

Supplementary Fig. 1. Small time delays have been observed previously and attributed to hot

electron pressure (13, 40) providing an additional force on the nuclei. The total stress is made

up of a lattice and an electronic contribution with the force provided by the hot electrons com-

parable to the driving force but decays more rapidly.
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Quality factor comparison

The quality factor, the ratio of damping time to oscillation frequency, (1
2
ωτd) for the two fre-

quencies from nanocrystal I are 11.7±10.3 and 35.7±10.8 and nanocrystal II are 21.8±9.1 and

7.28±9.3. These agree well with quality factors from optical pump-probe measurements on

single nanoparticles (15) which are in the range of 15-30 and considerably better than values

from ensembles with X-ray measurements which are typically < 5 (26). However the local

environment is likely to influence this value, such as the strength of coupling to the substrate or

if the particles are suspended in fluid (14).

The damping term appearing in Eq. 1 of the main text has a linear dependance on delay time

in its exponent which contrasts with a quadratic dependance found elsewhere (13, 14). The

primary reason is that here single nanocrystals are probed rather than ensembles. It has been

shown (14) that sample heterogeneity leads to a quadratic damping term in the exponent which

can then be used to determine the distribution of sample sizes.

12



Supplementary Figures

Figure S1: Comparison of peak shifts from experiment and molecular dynamics simula-
tions. a, Off-axis (111) peak shift as a function of delay time for nanocrystal I and b, peak shift
from a cylinder using a molecular dynamics simulation. Shown in red is the modelled peak shift
using two modes. The linear dimensions of the cylinder differ from nanocrystal I by a factor of
9.
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Figure S2: Comparison of projected displacements from experiment and molecular dy-
namics simulations. Orthogonal slices taken either side of the center (top) of nanocrystal
I compare the projected displacement obtained from the experiment (middle) to orthogonal
slices from a cylinder simulated with molecular dynamics (bottom). The delay time for the
experimental data was +110 ps and for the MD simulation was +14 ps. The MD delay time
was selected as it is a comparable delay time to the data after taking into account the relative
dimensions.
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Supplementary Tables

Table S1: Fitted peak shift parameters Numerical values obtained from fitting the function
S (τ) =

∑N
n=1

An exp
[

− τ
τd,n

]

cos
[

2π
Tn

(τ + τ0,n)
]

+ Cn to the Bragg peak position shift as a
function of delay time. The experimental nanocrystals are denoted as I and II with the MD
representing the fitted values for the Molecular Dynamics simulation.

Nanocrystal Mode (n) An(a.u.) τd,n (ps) Tn (ps) τ0,n (ps) Cn(a.u.)
I 1 1.3± .37 376 ± 330 101±5 21±4 -0.4
I 2 0.83 ± .31 2742 ± 825 241±11 23±11 -0.4
II 1 1.5±.20 625±261 90±1 20±2 -0.8
II 2 .52±.29 594±762 256±16 75±14 -0.8
MD 1 2.0 ±.32 92±53 10.6±.1 5.8±.44 -2.15
MD 2 2.4 ±.35 4316±270 30.5±.45 -2±.8 -2.15
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Movie S1 Movie showing orthogonal slices of the projected displacement for various delay

times within the nanocrystal from the reconstructed 3D images.
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