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Report:

Summary

The prupose of this experiment was to develop a new microscopy, based on Coherent Diffraction Imaging
(CDI) and on the measurement  of forbidden crystallographic reflections at  a resonance edge.  Under such
conditions and in the wurtzite crystal  structure, the retrieved direct-space image encodes the amplitude of
thermal motion instead of the electronic density in the case of conventional Bragg CDI. However the thermal
motion  induced  is  not  alone  and  dominates  another  temperature-independent amplitude  only  at  high
temperature [1]. As an interesting application case, we studied GaN nanopillars, which grow with inversion
domains [2,3]. Comparing the intensity of thermal motion close to and far from inversion-domain boundaries
would be interesting. The effect of the free surfaces of the nanopillars is also interesting.
The  experiment  was  very  successful:  we  managed  to  record  a  diffraction  pattern  at  the  115  forbidden
reflection of one of the nanopillars, and to retrieve a direct-space image from it. However, the measurement
was  done  at  room  temperature  only,  and  we  did  not  have  time  to  perform  the  measurement  at  high
temperature, because we encountered several experimental difficulties.

Experimental details

The beamline was aligned at the Ga K edge (~10.637 keV) and focused with compound-refractive lenses.
With coherence slits closed to 0.5 mm x 0.14 mm (V x H), the beam size at the sample was 0.4 µm x 1.1 µm
(V x H). The detector was a Maxipix and was mounted at 1.666 m from the sample.



The sample was the same as the one which we previously inversion-domain boundaries [2,3]. It contains a
large number of GaN nanopillars grown on a sapphire substrate. Owing to the growth conditions, only few of
them have a perfect crystal structure and most of them host inversion domains.

Figure 1: SEM view of a typical area of the sample, close to an edge.

One of the difficulties of the experiment was to find several allowed reflections from the same nanopillar, in
order to build an orientation matrix and then look for a forbidden reflection.
We started with the (0,0,4) reflection, which is specular, and then looked for several off-specular reflections
among the (1,0,4), (-1,0,4), (1,1,4) and (1,-2,4). Thanks to the diffraction maps, we could make sure that we
always measured the same nanopillar. Once we had a satisfying orientation matrix (allowing to find allowed
reflections with little effort), we looked for the (1,1,5) forbidden reflection. It could be found in 2 nanopillars.
However, automated alignment procedures were unsuccessful, owing to the weakness of the peak, and it could
be found only by a careful inspection by eye of the detector images.
Once  the  (1,1,5)  forbidden  reflection  was  found,  it  was  optimised  in  energy  and  azimuth,  2  important
parameters  when measuring forbidden resonant  reflections.  The energy dependence  (Figure 2) was found
similar to that in the bulk [1], but with weaker absorption effects. As expected, it vanishes away from the
resonance.



Figure 2: Energy dependence of the (1,1,5) forbidden reflection around the Ga K edge.
The fluorescence is also shown for comparison.

The azimuthal dependence (Figure 3) was performed at 10.38 keV, i.e. just below the absorption edge, in
order to find multiple scattering events and chose an azimuth sufficiently away from them and therefore being
in a situation when dynamical effects can be ignored (a necessary assumption for phase retrieval). Note that
we had to develop a routine to perform such scans, by simultaneously scanning phi, eta, delta and nu, since the
specifities  of  ID01  are  not  covered  by  the  calculations  of  You.  The  azimuthal  position  of  the  multiple
scattering  peaks  was  roughly  in  agreement  with  our  calculations,  although  their  relative  intensities  were
significantly different. This is due to the fact that the calculations are done for a bulk material. As predicted,
the small azimuthal region around 25° was free from multiple scattering contamination and was selected for
the subsequent measurements. Moreover, the resonant amplitude also has an azimuthal dependence, which is
well known and varies slowly compared to multiple scattering [1], and is nearly at its maximum at 25° (the
maximum is at 0° but multiple scattering is extremely dense around this value).



Figure 3: Azimuthal scans on the (1,1,5) forbidden reflection at 10.38 keV. 
Comparison between experimental data (red) and calculations (blue). The sharp peaks
are due to multiple scattering and should be avoided for quantitative measurement of 
the resonant amplitude.

Radiation damage

After aligning the (1,1,5) forbidden reflection on a first nanopillar, we attempted to record a speckle pattern
with high statistics during a night scan. However we found out that the beam severely damaged the nanopillar
(Figure 4) and we did a careful investigation of radiation damage before continuing with another pillar.

Figure 4: Radiation damage. Left: diffraction map before long exposures. The beam comes from the top left 
corner. Middle: same diffraction map after long exposures. The bottom right part (i.e. top) of the pillar has 
disappeared. Right: SEM image of the damaged nanopillar (the one with a “flower” head).

We concluded that exposures of 1 second were acceptable, with a  recovery  time of ~1s between exposures
provided by the deadtime of the control software.



Results

After  destruction  of  the  first  nanopillar,  we  had  only  24  hours left  to  complete  the  experiment.  After
characterisation  of  the  radiation  damage,  we  aligned  another  nanopillar.  A  reasonably  good  dataset  was
recorded in one hour (i.e. ½ effective acquisition time) on the (1,1,5) forbidden reflection of a pillar (Figure 5).
Unfortunately, we realised only afterward that the (1,1,5) reflection had not been recorded on the same pillar
as the (0,0,4) and other allowed reflections. Nevertheles, obtaining a diffraction pattern of sufficient quality for
phase retrieval on a forbidden reflection is already a notable experimental achievement.

Figure 5: SEM images and direct-space images from phase retrieval of 2 nanopillars: from the (0,0,4) 
allowed reflection on the left and from the (1,1,5) forbidden reflection on the right. The colours encode the 
phase and highlight the inversion domains.

After the measurement at room temperature, we started heating the sample and followed manually the (1,1,5)
reflection during heating but we lost it. At 500°C, we could find the nanopillar again and measured the (0,0,4)
and  (1,1,4)  allowed  reflections.  The  diffraction  patterns  at  room  temperature  and  500°C  of  the  (0,0,4)
reflection show that the crystal structure was intact (Figure 6). Unfortunately we didn’t manage to find the
(1,1,5) forbidden reflection again within the little time left.

Figure 6: Direct-space image from phase retrieval at the (0,0,4) reflection at room temperature (left) and 
500°C (right).

These results are very positive and we are confident that this experiment could be carried out successfully,
now that we have optimised our alignment procedures and characterised the radiation damage.
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