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THE PROBLEM

During our first year in high school, we visited the synchrotron SOLEIL near Paris. It is a storage ring of
electrons which allows the study of the local environment around the atoms. It is a huge device, in which we can
drive along with bike to observe what we can’t see! This visit gave rise numerous questions and aroused in us the
desire to understand the physical phenomena which are studied and employed.

This year, we wished give some answer to the following question:

How can we study the organization of a solid crystallized (or not) material?

We present the main results at the EUCY'S contest.

THE SCIENTIFIC APPROACH

1. Light-matter interaction: basic ideas

How to characterize the matter? That was the leading question of our project. We realized two experiments
in order to model the study of the larger scale material. These experiments are based on the light-matter interaction.
This interaction can take many forms like absorption of photons and light scattering during the crossing of a
material by an incident radiation.

The solid structure

The matter consists of an arrangement of atoms. The solid state is a compact state, in which exists an order at more
or less large scale. We distinguish several kinds of solids. The two most important categories are the crystals and
the glasses. In a crystallized solid, the basic component is the crystal.

At a microscopic scale, the crystal is an ordered formation of atoms, due to the repetition in the three spatial
dimension of an elementary parallelepiped, called lattice (fig. 1). The lattice is composed of three non-coplanar
vectors. The tops of the lattice are called lattice points and the group of 2D lattice points is called lattice plane.
There are several sorts of lattice with characteristic, the length and the angle. The crystalline structure may be
regarded as a stacking of lattice planes. There are an infinite number of structures (fig. 2).

However, the defects or irregularities are common in the real crystallized solid. The precise knowledge of this
organization allows explaining the physical, mechanical and electrical properties of a material. In our project, we
will focus on the study of a cubic single crystal*.

The light

The word « light » is generally associated to one of our sense, the sight. The visible light is nevertheless a little part
of the spectral range of electromagnetic waves.

Indeed, from a physical point of view, the “light” is an electromagnetic wave composed of an electrical field E

and a magnetic field B , which oscillate in perpendicular planes (fig. 3). It propagates in the vacuum with the speed
¢ =299 792 458 m.s™.

1
A monochromatic wave is defined by its frequency f and its period P =T. The wavelength 2 is the spatial
e C
periodicity givenby A = T

The wavelength and the observable details

To the naked eye, we can’t distinguish two very close points®>. The microscope permits to separate two closer
points, but the scattering limits the resolution of this device of order 1 um.

1 Assingle crystal is a crystal with a periodic arrangement, which is interrupted just by its surface.

% The visual acuity is about 3.10™ radian (one minute of angle).





We must adapt light and the corresponding “microscope” (fig 4).

To “see” the atoms whose size is about 10™ m, we need to use the X-rays, a light whose wavelength is
approximately between 0,1 nm and 1 pm.

For reasons of convenience and safety, we will use the visible light, and microwaves.

The matter will be consequently represented by models whose characteristic size will be about a few millimeters or
centimeters, that is to say at a scale of 10° or 10° in relation to the atom size (about 10° m).

It will be admitted that the observed phenomena at these scales are the same that at the scale of the atom.

2. Afirst approach : glass balls monolayer
The idea and the assumptions

We start from a basic representation of atoms: some balls, and usual electromagnetic waves: the visible light given
out by a desk lamp.

But which balls can we choose? Opaque or transparent? Large or small?

Thanks to a huge inventory of spherical objects from physics, chemistry and biology laboratories, transparent glass
balls have been chosen!

They are rather small (their diameter is 3, 4 or 5 mm).

Observations:

* On a screen, the light, which is transmitted through the transparent marbles, will not have the same intensity if she
goes through a ball or not, if she goes through a small or a big ball.

« The balls behave as converging lens which focus the light to their focus.

Consequently, the “silhouette” shape, the size and the position of the ball should be determined if we succeed to
position a light sensor above and near the ball.

Problems to be solved

In order to obtain a reliable cartography, it is necessary to solve the three following problems:
e Find a light sensor, small, as sensitive as possible and rather handy ;
o Move precisely the sensor at an optimal and a constant height above the ball ;
o Nearly parallel light beam, below the ball and its transparent support.

The sensor
We use a photoresistor, sensor which we know thanks to a scientific school option (physical and computer
measurement), whose resistance R is weak when the illumination is important. The size of the photoresistor is 3 x 4
mm (fig. 5).
For the used illumination band, the illumination | is measured with a luxmeter and the relation between the
illumination and the resistance is drawn:

L(R) = axR" where a ~ —500 lux.Q and b ~ —1 at a room temperature, about 20°C.

The sensor movement

A threaded rod is mounted on a sample holder and maintained by homemade brackets (fig. 6).
The equipment was calibrated so that we can move the photoresistor millimeter by millimeter (fig. 7). Each rotation
corresponds to 1 mm.

The sensor height

How high do we have to position the sensor? A quick measurement of the focal length of a glass ball (method of an
object at infinity) shows that it is very short and seems to be of the order of the millimeter.

The ball is a thick system. The software (OptGeo) allowed us to draw the rays emerging from the balls (Fig. 8). The
beams don’t converge at a point, but on a zone, the system is not stigmatic. We define the distance p’ between the
top S, and the smaller section of the beam.

Radius R (mm) 15 2 25
p’ (mm) 07 | 09 | 1,2






For example, to study a 4 mm ball, we have to be placed in theory with an altitude of (4,0 + 0,9) mm.
The adjustment of the sensor is not crucial because of this converging zone, and moreover the sensor has a finite
size.

The lighting

The measurements are taken in a dark room. The ball is placed in a Petri plate. The device is lighted from below by
a nearly parallel beam.

A first observation: an excessively bright lamp of the ball induces the saturation of the photoresistor. A compact
fluorescent lamp is placed at 50 cm below the Petri dish.

Results with one ball

The photoresistor scans, at constant height, the ball and allows also the description of the topology of the sample
(fig. 9). We reconstruct a 3D image with in X,y scanning plane and in z the measured intensity. We can see the
structure of the ball. Indeed, the light passes through the ball, which acts as a converging lens so that a luminosity
peak is observed when the photoresistor is above the ball (« the keep »). Furthermore, near a ball, a drop in
brightness (« the stave ») can be noticed, because of the highly divergent rays emerging from the ball which don’t
head for the sensor (fig 10).

Results for a monodisperse balls monolayer

In the case of a monolayer of balls which have the same diameter (5 mm) (fig.11a), we find also luminosity peaks,
which are more or less broad near each ball (fig. 11.b).

If we consider that each peak corresponds to a ball center, we succeed to find the lattice points corresponding to the
balls: we see the matter!

A defect in the surface

We can then insert inside the surface a ball whose diameter is 3 mm (p’ = 0,7 mm), in order to locate the defect.
We make the assumption that the presence of this 3mm diameter will induce an unusual peak (the photoresistor
being too high). From the simulation (fig. 13), we must observe a drop of luminosity, because the focal length of
the 3 mm ball is smaller than the 5 mm ball. Above the 3 mm ball top, the photoresistor is illuminated by a
divergent beam.

Experimentally, we prepare a line of a 5 mm diameter ball, a 3 mm ball and then a 5 mm ball, which are spaced out
a few millimeters (fig. 12a).

Our assumptions are confirmed (fig. 12b): we observe the two peaks due to the 5 mm diameter balls, and between
the two one, a disruption.

By observing no peak, we succeed to see the defect or to suspect his presence!

We can make the analogy of this experiment with the methods of the matter study used by laboratories, for instance
the scanning tunneling microscopy. The displacement of a metallic point above the surface of a nanomaterial
enables to scan the sample and to know its electronic properties. Rather than the transmitted intensity through the
sample, the electric current between the metallic point leading to a surface image (electronic density) is studied but
it is the same principle. We can detect the atoms, as well as the probable defects.

The limits

The uncertainties... and they are important!

* The photoresistor is sensitive to the light on a zone of 10 mm? and not on a point. The ohmmeter gives so a value
of the middle lighting on this zone.

* The pace of movement doesn’t always enable to be just on the ball’s center.

« Big defects could bump the photoresistor, that’s why the device has to be very stable if we want to use a smaller
sensor to increase the resolution.

After this experiment which has proved, despite of its insufficiencies, that we can analyze the characteristics of a
surface thanks to the light-matter interaction, we would like to be more precise. The phenomenon of light
diffraction by a sample is used in laboratories.





First, our aim is to observe and to understand this phenomenon in order to apply it. And then, we will analyze a
cubic crystal system.

3. Asecond modeling : the “megacrystal”

The aim of this experiment

We want to see - and understand - how the diffraction enables to describe a periodical structure, even with defects.
This phenomenon is currently used in research laboratories, like in the CEMHTI, at the atomic scale with X-rays.
Then someone told us about the “rotating crystal” experiment. We contacted the Orleans Faculty of Sciences in
order to see a diffraction work practice and to understand its principle. It immediately attracted us. We decided to
take our inspiration from it in order to obtain a picture of the structure of a crystal that we were about to build.

Why the choice of microwaves?

To illustrate the crystal scattering phenomenon, we choose waves easy to use.

To put in evidence the diffraction phenomenon with a “megacrystal”, it is necessary to adapt the light to probe the
studied object. For wavelengths of the order of the centimeter, the microwaves are most suitable than X-rays.

We « excavated » from the cupboard of our high school a generator of 10 GHz frequency electromagnetic waves,
according to constructer’s manual.

The wavelength is A =3 Cm. That corresponds to the field of microwaves. A rotating « megacrystal » receives a

beam of plane microwaves (fig. 14). If the angle between the transmitter and the receptor corresponds to a family
of lattice planes, then, according to the Bragg law, we will observe diffraction of the incidental rays. The diffracted
rays head for a receptor, itself connected to an oscilloscope. Thus, if there are reflection and constructive
interferences, we will notice peaks on the oscilloscope, which can be exploited to find the characteristics of the
“megacrystal”.

Problems to be solved

To observe diffraction, we need:

* a model of crystal. What size will we build it? Which shape to give it? What materials could we use?
« a plane wave. We have to verify that the generator delivers a parallel beam of microwaves.

* a device in order to vary the incidence angles on the crystal.

Home-made models of crystal

To realize this experiment, the first step was to build macroscopic crystals, testifying of an analogous organization
as a microscopic crystal.

The wavelength being at the centimeter scale, we chose a crystal, with a cubic structure and a lattice parameter of 4
cm.

Two models are tested (fig. 15).

- “Al megacrystal” (fig. 15a): we have first chosen to model a concatenation of atoms thanks to aluminum
rods, spaced every 4 cm. This 2D crystal has an organization corresponding to a cubic lattice. The used
rods are recovery rods with different diameters (4, 6 and 7 mm), but their distribution is symmetric in the
space.

- “Balls megacrystal” (fig. 15b): in a second time, we realized a 3D crystal composed of 20 cm long glass
tubes, containing some lead balls periodically arranged. In this crystal, each plane (h,0,0) is spaced out 4
cm. The balls are spaced by small 4 cm long glass rods, inside each long tube, with an alternating of 2 cm
between the balls of two consecutive rods. Thus, the crystal is supposed to represent a face-centered cubic
lattice (a central atom surrounded of 12 first neighbors at the same distance). However, due to the
inaccurate cutting of glass tubes, and the sticking kinetics as well as the gravity action, we obtain a crystal,
certainly esthetic, but which doesn’t seem to have the deliberate symmetry. The crystal lattice is finally an
irregular triclinic lattice. Will we nevertheless notice diffraction? The experiment will tell us.





Obtaining of a plane wave using an home-made lens

The experiment shows that the produced beams by the microwaves generator are slightly divergent (angle lower
than 20°), even if the horn plays the role of waveguide (fig. 16). The presence of a converging lens is indispensable
(fig. 17).
The used matter for her fabrication is the paraffin, whose refractive index is about 1,4.
For a focal length of 50 cm, we need radius of curvature r such as

1 1 so r=20cm

o0y

Several techniques were tried in order to obtain a lens with the expected shape.

We tried to flow the paraffin:

* Into a round flat which seems to us spherical, but it wasn’t exactly.

 Into a rotating flat. By adjusting the rotating motion speed, we hoped obtain the form of a paraboloid of
revolution. But the paraffin retracted when she was getting colder and the mould hasn’t the expected shape.

* Finally, we made a mould, the “negative of the lens”, by putting a balloon of chemistry, which diameter is 20 cm,
in a box of liquid paraffin. When it solidified, the mould enables us to make the lens, by separating them thanks to
greaseproof paper (figure 18).

The focal length of the built lenses has been measured (fig. 19) by determining the maximum of outgoing tension
for any distance p.

The measured focal length is not 50 cm as expected but rather 35 and 32 cm for several reasons:

« The used paraffin index was found in literature. It hasn’t been experimentally re-established (method of minimum
of curvature).

 The material is not homogeneous: during cooling, some bubbles appeared inside the paraffin.

« The diopters, despite our efforts, are neither smooth nor strictly planar or spherical.

The distance will be consequently adapted in the final device.
The incidence angle

The crystal is set on revolving stage, itself linked to an engine with a dimmer switch. An articulated guide bed with
a graduated disc is put in the same axis as the engine (fig. 20).The rotation axis of the revolving stage is confused
with the one of the rotating “arm”. The transmitter staying fixed, the receiver and his associated lens will be put on
the moving axis in order to change the incidence angle.

The experiment
The theory

By varying the angle between the transmitter and the receptor, we obtain, for some angles, peaks on the
oscilloscope. These peaks correspond to families of planes which diffract.

When the projected beams meet the crystal, the beams are reflected by all planes of a family. Indeed, when
diffraction happens, the waves go in the all directions. If the waves are in phase (if they have covered the same
distance or if the difference of distance is a multiple of kA, where K is an integer), they add up and we speak about
constructive interference. If the optical path difference between two rays is not kA, the waves cancel each other and
we speak about destructive interferences. This phenomenon of interference happens in accordance with the
organization of the studied lattice. When all these waves are in phase, there is constructive interference and an
intensity maximum. In other case, there is destructive interference and no more intensity. The constructive
interference corresponds to the Bragg law:

ni=2d,, sin@

Where n is the order of diffraction (integral number), A the wavelength of the radiation (m), dyn the interplanar
spacing (m) and 6 the incidence angle (°).

Thus, to a family of the given plane corresponds an angle for which the waves are diffracted.

Consequently, for an angle 6 completing the Bragg conditions, the incidental beam will be diffracted by only one
family of lattice planes, characterized by the Miller indices (hKl) (fig. 21).





In a cubic crystal, the interplanar spacing d is linked to the distance between the lattice points, according to the

1 h2+k2+1?
relation: dz_ 22

For instance, for the family (1,0,0) or (0,1,0), d = a = 4 cm, and we find, with =3 cm an angle G0 = 22°.
In the same way, we obtain 61,0 = 32°, G200 = 48°, and G 20)= 57°.

The prediction of the angles of diffraction for different structures can be done by crystallographic software. We
used one “Win CRIST”. We checked it with the cubic lattice.

The method

The transmitter and the receptor are first aligned. We make the crystal spin thanks to an engine (fig. 22). We move
the arm which supports the set [lens-receptor] in order to notice diffraction on the oscilloscope.

Thus, when the angle of Bragg is found, we stop the rotation of the crystal. By a manual rotation of the crystal, we
look for on the oscilloscope the family of planes which diffractes by noting a maximum of voltage. The planes
direction is the perpendicular to the angle transmitter/receptor bissector line.

The results
“Al megacrystal™ results

With the simple cubic crystal of aluminum rods, we achieve peaks for angles 26 near to 44°, 64°, 96° and 114°
(fig. 23). These angles correspond to the theory. The waves are emitted, and, the crystal rotating, we can observe
for some angles these peaks which occur periodically, for the angle between the crystal and the beam and the
families of lattice plane corresponding to the Bragg law.

The experimental checking of the Bragg law can be done by obtaining peaks on a detection oscillogram at a given
angle (fig. 23) which can readily be changed into diffractogram. We get thus the diffractogram of our crystal (fig.
24). We obtain it by measuring the average of the diffracted intensity of the 4 peaks for each angle. We observe the
four peaks which correspond to the four families of lattice planes that the Bragg law provides for a cubic crystal
with a pace of 4 cm.

The built crystal modeling a cubic lattice enables us to find the symmetry of a system. We can thus find the
reticular planes again thanks to this experiment. If we know the pace of the lattice, we can deduce the interplanar
spacing and then the structure.

- Adding defects in ““Al megacrystal”

We asked ourselves if it was possible to see if there was a defect in the crystal. By comparying the diffractogram of
this crystal with the diffractogram of a crystal without defect (in the same experimental conditions), is it possible to
spot an aluminum rod which has been added for instance? We express the assumption that the diffracted intensity
would be less important on the diffractogram of the crystal with the defect. Indeed, this defect could be an obstacle
to the constructive interferences.

We acquire the diffractogram of the aluminum crystal, without defect, then the diffractogramm of the same crystal
which we add an oblique aluminum rod (fig. 25), and finally the diffractogram of the same crystal with other rods,
which constitute four defects (fig. 26). By superposing these three diffractograms, we obtain a diagram (fig. 27).

The assumption is verified : if we insert a defect, the intensity of the diffracted beam is less important, all the more
that there are defects. We notice the disappearing of the order 2 of the family (1,1,0) at 96°. There are less
constructive interferences because the defect behaves as an obstacle for the waves. We can observe if there is a
defect in the studied crystal.

The defect, according to its positioning, seems to affect particular families rather than others. A possible
improvement is to realize a series of models in order to know which family is the most affected for an accurate
position of the defect. Thus, without knowing a priori how the defect is put, it will be possible to know where it is,
and in which position.

In this experiment, the defect is inserted in a modeling of a crystal, and at the nanoscopic scale, in the real crystals,
this defect, this oblique rod could be compared to an atom which pushes the others and thus distorts the lattice. In
an usual crystal, we can see a defect if it is constituted by a lot of atoms which pertub the order of the lattice, but





the diffraction of X-rays doesn’t allow to detect the defect if only two or three atoms are displaced. However, there
are other phenomena, others devices enabling to see the matter.

- And the ball crystal ?

The characteristics of the built crystal don’t enable to find a particular lattice again. The noticed peaks are spread
over a wide angle, and we can’t identify the structure, especially because of the inclination of the glass tubes, the
unequal distribution of the balls in the lattice.

The experiment shows that there are however diffraction peaks which can be detected thanks to our method (fig
28). The crystal having a little distorted lattice (random distortion), we try to quantify the distortion of the lattice
(random distortion) using the software Win-CRIST.

This software enables us to notice that we observe peaks for angles which correspond rather to a triclinic lattice
crystal, even if we cannot know if there are diffraction peaks for all the angles. Indeed, because of the irregular
distribution of the balls in the megacrystal which disrupts the organization of the lattice, the intensity of the
diffracted peaks is approximately the same for a wide angle. Nevertheless we observe peaks for the angles that the
Bragg law provides for a cubic lattice, that’s why we try to quantify the distortion of the lattice (random distortion)
using this software.

CONCLUSION

The objective of our work was to better understand the light-matter interactions and the crystal structure. To
address this dual challenge, we conducted two experiments with two kinds of electromagnetic waves. Our work
enabled us to find again the structure of the most studied sample.

The first experiment, the transmission of the white light through a ball or a monolayer of transparent balls enabled
us to map the bidirectional distribution in a box. The need to solve the problem of sensor positioning (a
photoresistor) relative to the surface of the balls showed us the importance of the alignment of the elements of the
device and of the focalization of light. We succeeded to find again the structure of lattice points constituted by the
balls, and we can know if there is a defect in the monolayer.

After this first approach, we wanted to use another physical method to the tridimensional characterization of
materials: diffraction. We used the Bragg diffraction on analogue models at large scale (pace of 4 centimeters) we
built. To probe these structures, we used centimeter waves (f = 10GHz). The method of investigation is inspired of
the experience of rotating crystal. With the oscilloscope we found back the families of reticular planes. We found
again the families of lattice planes which diffract. By diffraction of Bragg, we can “see” if there is a defect in our
megacrystal, thanks to the lesser intensity of the diffraction peaks.

Indeed, noticing the presence of a very small number of defects in a microscopical and even nanometrical sample
belongs to the field of nanosciences. It is the case of the NanoSciences Institute of Paris (INSP, University Paris
V1), which we have recently visited.

They particularly study the structure of opals. Opals are photonics crystals, which have a periodicity at 400-500
nm, and which have the characteristic of having a different color in accordiance with the angle whose we light
them. Scientists study their emission properties, so as their crystallographic structure, and more particularly the
monodomains which compose them, that is to say structures of 50 um which are very organized. The study of an
opal thanks to the Bragg diffraction enables to know the wavelength emitted by the opal (characteristic visible to
the naked eye) according to the angle. The Bragg diffraction and the study of the matter in general have many
applications.

Throughout this study conducted as part of the EUCYS content, we admitted that the phenomena that we observed
at the centimeter scale are identical to those at atomic scale. We understood some of the many phenomena which
make it possible the analysis of materials, especially the diffraction of X-rays, phenomenon used in CEMHTI,





laboratory of the CNRS in Orleans with which we worked, in INSP to study nanomaterials, in the Hitachi company
as quality control, or in the SOLEIL synchrotron, which was the starting point of our project.

There are different kinds of light-matter interactions. We used transmission phenomenon but there are also
emission or absorption phenomena... which enable scientists to learn about the studied materials. This may be the
object of another work!
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Diving into the invisible or how to “see” the structure of the matter?

ANNEX
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Fig.1 Representation of a 3-dimensional crystal structure.
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Fig.2- Lattice plan example in a cubic structure
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Fig.3- Representation, at a time t, of fields E and B which propagate to z direction.
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Fig.4- The spectral range of electromagnetic waves (From SOLEIL documents)

Fig.5- The photoresistor

Fig.6- The system used to scan the sample
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Fig.7- The calibration

Fig. 8- Focalization of a large light beam by a spherical lens (Done with Optgeo)

Brightness received

Fig.9- Light transmission by glass balls
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Center of the ball

~ Diameter of the ball

Fig.10- Topology of the surface of a ball

Brightness returned by the surface

Brightness (lux)

Fig. 11- Monolayer of 5mm diameter balls (a), and its topology (b)
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Fig. 12- A row of three balls (5 mm, 3 mm, 5 mm) and its answer in brightness intensity
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Fig.13- Focalization of the light by balls
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Fig.14- The rotating crystal experiment

Fig.15- The two « megacrystals »
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Fig.16- a. The transmitter b. The experiment c. The energy distribution graph
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Fig. 17- Plane wave and lens

Fig.19- The focal length measure ! ==
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Fig.22- The rotating crystal experiment
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Fig 23- Detection oscillogram at a given angle of the “Al megacrystal”
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Fig.24- The diffractogram of the “Al megacrystal”
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Fig.26- The crystal with four defects
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Fig.27- The diffractogram with or without defect(s)
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Fig.28- Detection oscillogram at a given angle of the ball crystal
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