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Abstract

In the search for renewable energy storage materials, lithium metal has been considered the ideal elec-
trode material for decades, due to its high specific capacity. However, dendrite formation leading to
poor cycling behaviour has seemed an insurmountable problem ever since. In recent years, advance-
ments in observational- and nanotechnologies have allowed for the identification of many of the factors
that influence dendrite formation, as well as many suggestions to overcome them. Obtaining further un-
derstanding of the fundamental processes at play in dendrite formation is crucial in developing the next
generation lithium batteries. In order to investigate dendrite formation at the nanoscale, in operando
synchrotron X-ray diffraction experiments were conducted. A pouch cell with a Li-Li symmetric cell
using a LiPF6 1:1 EC:DMC electrolyte was used to perform the experiments. The growth rate of indi-
vidual crystallites was determined, as well as the consumption of lithium crystallites by the electrolyte to
form solid-electrolyte interphase (SEI). By determining the volume of individual crystallites over time,
their formation and decay rate could be determined. Three categories were put forward to classify the
types of behavior of individual crystallites during plating and relaxation. It was found that a significant
part of dendrites show behaviour that is independent of the macroscopic current density.
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Introduction

The Paris agreement of 2015 marks a global recognition of
the urgent need to curb greenhouse gas emissions. There are
still many unresolved questions regarding our atmosphere
and biosphere, but it seems almost certain that human-
induced climate change will have long-lasting impacts on
the planet1,2. It is therefore one of the main challenges of
mankind to facilitate our energy needs from the 21st onward
using renewable sources3. Storing energy chemically on long
timescales is effective, as is evinced by our heavy reliance on
fossil fuels. The transition from fossil fuel combustion to
intermittent power production by sources such as wind and
solar requires grid stabilization and supply-demand match-
ing4. Storage of electrochemical energy can provide a non-
polluting means of on-demand electrical energy at efficien-
cies exceeding that of combustion engines. Therefore, as our
population expands and transportation is increasingly elec-
trified, the demand for high energy density batteries contin-
ues to increase5. The research by Goodenough, Yazami and
Yoshino among others culminated in the commercialization
of the ’rocking chair’ li-ion battery by Sony in 19916,7. This

was a safe battery with a reasonably energy density and cycle
life. A gravimetric energy density of up to 250 Wh kg−1 is
possible despite a specific capacity of a mere 372 mAh g−1 of
the graphite negative electrode, due to the high potential of
over 3.6 V. This Li-ion chemistry would become the battery
of choice for most commercial portable electronics, and more
recently for electric vehicles8,9. Despite its large market
share and significant R&D, the energy density of commer-
cial Li-ion batteries has been only moderately increasing10.
Therefore, other chemistries with higher theoretical energy
density such as Si, Ge, Sn and Li negative electrodes and S
and O2 positive electrodes have been studied extensively11.
Of these options lithium metal is the ultimate negative elec-
trode, due to its high specific capacity of 3860 mAh g−1 and
unrivaled potential of -3.04 V against the standard hydrogen
electrode12,13. Being developed as primary batteries almost
half a century ago, there seemed to be a bright future for
lithium metal batteries (LMBs). However, the highly elec-
tropositive character of lithium comes at a cost. Lithium has
a Fermi level that exceeds the lowest unoccupied molecular
orbit (LUMO) of most organic electrolytes, causing the elec-
trolyte to be reduced through which a solid-electrolyte inter-
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phase (SEI) forms. This consumes substantial amounts of
active material and leads to a reduced Coulombic efficiency
(CE), a higher internal resistance and irreversible capacity
loss5. Therefore, the forming of a stable SEI is crucial for
the operation of Li based-batteries. Furthermore, lithium
deposition on existing lithium is thermodynamically favor-
able over nucleation at the electrode, due to its low surface
energy and low diffusion10. This causes a one-dimensional
dendritic growth pattern which is the main challenge of pro-
ducing highly cyclable LMB’s. Both the dendritic growth
and the low CE have already been identified as the main
problems for LMBs since their inception9,14. The low CE
can be accounted for by adding excess lithium12. However,
repeated dendrite growth upon cycling can lead to dendrites
penetrating the separator, making contact with the posi-
tive electrode and causing internal short-circuit. This leads
to thermal runaway and fire and explosion hazards, which
makes inhibition of dendrite growth of utmost importance
on the path to commercialization7.

Efforts to overcome the challenges of LMBs have increased
as nano-technologies have opened up new ways to suppress
dendrite growth and improve Coulombic efficiency, allowing
LiM to be seen as a realistic contender for the next gen-
eration of batteries12,15. Four main strategies have been
employed to inhibit dendrite formation10:

1. Alloying Li with eg. Al, Si or C to decrease the volume
change upon cycling16

2. Organic electrolyte, optimizing SEI formation to pas-

sivate the Li17

3. Solid-state electrolytes, mostly inorganic ceramics or
solid polymers18

4. Nanostructuring the LiM electrode to homogenize de-
position19

Most attention has gone to tuning of the electrolyte,
where different salts are to form an SEI with desired charac-
teristics20. In the ideal circumstance, the SEI forms a thin
layer that restricts Li plating to a flat surface, while ion con-
ductivity is high and electric conductivity is low. However,
due to the ’infinite’ volume change when LiM is continu-
ously cycled (due to the lack of a host matrix) , the SEI
tends to crack. These cracks cause further reduction of the
electrolyte and more inactive or ’dead’ material leading to a
decreased CE. Understanding the factors that play a role in
dendrite formation and how to suppress them thus is critical
in developing LMBs. The behavior of the Li electrode is well
studied and simulated21,22 and dendrite formation has been
probed using a range of technologies, including SEM, NMR,
AFM and X-ray tomography18,22–25. In-situ and operando
studies of i-ion batteries have been conducted for well over
a decade26, and studies on LiM using operando XRD, video
microscopy, and TXM have shed light on the formation
of dendrites under several conditions10,13,27–29. However,
this is the first time that LiM plating has been observed in
operando at the level of individual crystals, through syn-
chrotron X-ray diffraction on an LiM symmetric cell.

Experimental section

Cell fabrication: Symmetric pouch cells were fabricated for the experiment. The cell consists of a thin plasticized aluminum,
within which there are consecutive layers of a copper current collector with a thickness of 18 µm, a lithium metal electrode
of approximately 1 mm thickness with a diameter of 12.8 mm and a 1 mm hole punched in the center where the beam is
pointed through, a 1M EC-DMC electrolyte, containing a 250 µm glassfibre micro-porous separator sandwiched in between
two polyethylene slabs of 25 µm, and another 18 µm copper current collector. A hole was punched in the lithium metal as
well as the outer part of the pouch, which was covered by a Kapton ’window’, which has a high x-ray transmittivity.
Diffraction setup: At the ESRF beamline ID11 in Grenoble, the cells were placed in a lorentzian ∼ 5µm2 unpolarized
monochromatic 45 KeV x-ray beam, as pictured schematically below. The small beam size was used to probe individual
lithium grains forming over time. The high flux allowed for a short exposure time of 1 second to yield reflections with a
sufficient signal/noise ratio. In order to prevent local electrolyte degradation, probing was done at four different spots, each
point 100 micron away from the previous point. The sample was rotated along the z-axis over a 5 degree angle with frames
taken every 0.5 degree steps. This allowed for a temporal resolution of approximately 110 seconds.
Data analysis: Each frame was stored as an ESRF data file (EDF) containing the observed intensity for each of the 2048x2048

pixels. This was analyzed in matlab to identify reflections over time. The volume and corresponding data was determined
using a combination of known crystal properties such as the structure factor, in combination with DFT simulations to obtain
the mean displacement at room temperature.



Results and discussion

The synchrotron beam allowed for a the in-operando ob-
servation of several individual crystals of a symmetrical Li-
Li cell. The Li110 reflection is theoretically the strongest,
which is supported by the fact that these reflections are ob-
served at all points. The second highest intensity reflection
Li211 is not observed. The symmetrical cell does not allow
for meaningful voltage measurements to monitor the state
of charge, therefore the main indicator of the ’state’ of the
battery is the applied current density. The current was set
to 1 mA (∼ 0.65 mA cm−2), followed by a relaxation, both
for a period of approximately one hour.

Nucleation

The rate of nucleation is given by Sand’s time, and is
dependent on the ionic mobilities, salt concentrations and
current density. A higher current density predicts faster den-
drite growth22. Grains were found within the first minute of
the experiment, and this observation is not expected given
the properties of lithium and the experimental setup.A cur-
rent is required for Li-ions to migrate in a symmetrical cell,
which was activated after the initial frames for each point
and rotation angle were recorded. The diffusion of Li-ions
through the electrolyte further retards the formation of den-
drites. How and why these category A grains do appear in-
stantly is not resolved. One reason could be that what is ac-
tually observed is lithium grains at the lithium anode side.
However this was not conclusively shown as the standard
deviation of the twotheta angles of grains within a category
was larger than the difference between the means of each
category.

Dendrite categories

The behavior of lithiation is known to be controlled by
the composition of the SEI, the electrolyte, local electric
fields and the interface with the current collector10,12,18.
Despite the fact that these parameters all have similar val-
ues for different dendrites in a single battery with a low
current density, a large variation was found in the develop-
ment of individual crystallites. Based on these deviations,
three groups are distinguished. The first group (A) con-
sists of crystallites that show continuous decay throughout
the plating cycle. Crystallites in group B are forming but
stabilize and decay slightly before the plating cycle ends.
Crystallites in group C are forming and growing continu-
ously during the experiment. It is immediately evident that
group A and group C are almost of opposite behavior.

It is remarkable to see that all identified grains fit so
well into pre-determined groups. This indicates that there
are different local states that dictate dendrite dynamics.
Throughout the experiment the volume of category A den-
drites continues to go down at a stable pace, as can be seen
in the averaged plot of category a in figure 2a. Thus there
seems to be no formation of a passivating SEI layer on these
crystals, which may indicate a local instability of what is
usually a stable layered structure, leading to continuous ex-
posure of lithium to electrolyte compounds. Another fac-
tor at play may be the shape of the dendrite. The several
dendrite structures as identified by24, each have a surface
to specific surface-volume ratio. It may be that grains in

Figure 1: Development of a single grain over time that is
representative of each category. (a) Dendrite in category A
showing highest intensity at the start of the experiment, with
a decay to near invisiblity after approximately half an hour,
(b) a category B dendrite and (c) a category C dendrite
forming continuously even during relaxation.

this category are of a particularly high ratio and are there-
fore more prone to electrolyte consumption. The observed
grains in category B are following a growth pattern that is
most in agreement with what theory would predict, as can
be seen in figure 2b. However the length of over 30 micron
is a factor 3 to 5 larger than the needle-like dendrites that
were observed in previous studies using the same electrolyte
chemistry30. Because the lithium is plated on copper rather
than lithium as it would upon charging an LMB, so growth
will be naturally from the tip. Grains of category B may
be forming near contaminants in the SEI, as they show high
initial growth rates and contaminants have been found to
catalyze the growth of dendrites30. The growth pattern fol-
lowed by stabilization and decay perhaps indicates that there
is a critical size for dendrites in this electrolyte, and upon
reaching it some instability in the SEI may cause the den-
drite to be exposed to the electrolyte, leading to oxidation
of the dendrite. Dendrites that are classified as category C
show a continuous trend of increase over time, as can be seen
in 2c. Growth of these dendrites is likely to be sustained by
continuous passivation of SEI that is formed by lithium that
is not in electronic contact with the observed grains. This
may be due to a relatively thick layer of SEI forming in the
vicinity, or due to a growth angle that is more in-plane with
the SEI-lithium interface than other dendrites.

Growth Rate
The volume of individual grains was calculated as is ex-

plained in Appendix A, and the length of dendrites was
determined assuming that it consists of a single crystal and
using an average cross-section of 5 · 104nm2, based on an
average of the surfaces as described by Li et al24. The three
plots for the respective groups are shown in figure 2. The av-
erage growth rate of grains in C was determined to be 86 nm
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Figure 2: Three categories of grains showing from groups A, B C and an overall average. The top graph are individual
crystals and the bottom graph shows the average of the category. (a) The dendrites in category A show one clear strongest
reflection, being twice the size of the second largest dendrite in the category at its initial observation. All other grains
follow the same pattern of constant decay. (b) The development of reflections in B shows a fast initial growth pattern,
followed by a relatively stable period which slowly turns into decay. (c) Dendrites in C show a steady initial growth, which
in all cases but one is followed by a continuation of growth at approximately that rate throughout the experiment. The
exception (yellow line) shows a pattern that is a bit similar to that of category B grains, but with a late onset after a
long constant slow-growth. (d) shows the average of all grains in the experiment. The general trend is that of category B,
as this is a sort of average of A and C while B is also the strongest reflection. The lower graph shows the current of the
experiment as a function of time, indicating plating for a little over an hour and relaxation for slightly less than an hour.

per minute. This is slightly lower than what has been found
by earlier studies using NDP to determine the Li-density,
where the growth rate was determined to be between 100-
250 nm per minute31. This might be due to the less local-
ized plating that is a consequence of the low current density.
However, the average growth rate of dendrites in group B
initially is very high at approximately 1 µm per minute, but
then stabilizes and eventually even decays, which indicates
that there may be another factor at play. The average decay
rate of group A was found to be 69 nm per minute.

At the peak growth rate, and assuming growth perpen-
dicular to the electrode surface, a dendrite could reach the

other electrode in a mere five minutes even at this low cur-
rent density. However, due to reactivity with the electrolyte,
branching, fracture and the occurrence of kinks, this will not
happen. The growth pattern of category B attests to this.

Stability
The timelapse image in figure 1 of individual grains from

each category reveal the main trends of dendrites during
the experiment. A more thorough analysis of the data can
provide insight into the stability of the SEI within which
the dendrites are located. Despite the obvious movement of
Li-ions that form the basis of the fluctuations in dendrite
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size over time, there is no indication of stresses causing den-
drites to break or displace significantly. In both category A
and B the observed decrease in integrated intensity may be
both due to physical change in size and a displacement out
of diffraction position of the respective dendrites. However
if the latter were the case it is more likely to be an event
that happens to specific grains and changes the reflection
substantially in a short timeframe, whereas the observed in-
tensities all show gradual changes over time. Furthermore
there is no sign of Li2CO3 or Li2O formation, indicating
that these compounds do not form substantial crystalline
structures in this electrolyte. This reveals that there is a
high stability of the structure, which is in accordance with
observations done in earlier studies32.

Conclusion

In operando synchrotron diffraction was shown to be an
effective way to probe lithiation. The Li110 reflection is the-
oretically the strongest, which is supported by the fact that
these reflections are observed at all points. This is however
the only Li reflection and therefore the results are limited to
determining the volume, and not of preferred orientation of
dendrites.

It was found that there are three categories of dendrite de-
velopment, and it was hypothesized that their development
over time is dictated by local fluctuations in SEI strength
thickness, contaminant concentration and current density.

The overall trend of dendrite growth is a rapid initial
growth followed by a saturation and a decay during relax-
ation. However, a substantial part of observed grains do not
decay and continue to grow steadily throughout the experi-
ment, indicating oxidation of the Li negative electrode even
during relaxation.

Despite extensive research, many questions remain re-
garding lithium dendrite formation and the physicochemical
processes that determine plating behavior. A combination of
observational methods is required to further analyze lithia-
tion, and in operando synchrotron XRD is demonstrated to
provide valuable insight into the crystalline chemistries of
dendrite formation.
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Appendix A:
Theory of X-ray diffraction

Crystal structure

A solid with periodically repeating and regular arrangement of atoms, ions or molecules in three dimen-
sions is called a crystal. The smallest entity within a crystal is called a unit cell, which is described
by three non-coplanar vectors a1, a2, and a3 connecting one lattice point to the next. In this way,
a repeating pattern of unit cells makes up a crystal. Viewing a crystal as an infinite repetition of a
three-dimensional array of points is helpful in understanding it as a lattice, and its reciprocal space
counterpart later on. The lattice vectors make an inter-axial angle of α between a2 and a3, β with a1

and a3, and γ between a1 and a2. A crystal is a volume element, and characteristics of the faces do
not influence the crystal itself. However, crystal planes are important characteristics within the crystal.
The law of rational indices allows for the description of these planes as small integers so that when a
lattice point is chosen as the origin, any arbitrary atom in the crystal can be described by positive or
negative integer multiples ha + ka2 + la3, where h, k, l are called Miller indices.
The lattice can be conveniently described in reciprocal space by dividing the cross product of two lattice
vectors by the volume of the unit cell ν = a1 · (a2 × a3) of the three lattice vectors, like so:

b1 ≡ 2π
a2 × a3

a1(a2 × a3)
, b2 ≡ 2π

a3 × a1

a1(a2 × a3)
, b3 ≡ 2π

a1 × a2

a1(a2 × a3)
(1)

meaning that the sets of vectors are mutually reciprocal33. This makes an perpendicular to bn, and for
example for the following relationship to hold:

a1 · b1 = a2 · b2 = 2π (2)

Bragg’s Law

When a crystal is placed within a beam, it can be viewed as a three-dimensional diffraction grating.
The lattice reflects incoming waves at a certain angle, and when this angle makes the reflected wave of
the next reflecting plane to be exactly travel an integer multiple of the wavelength longer, constructive
interference occurs. The reciprocal relationship of Fourier transforms means that reflection will occur
when the Fourier transform of the momentum transfer cross section Q lies on a lattice point of the
reciprocal lattice. Q is a reciprocal space vector with units of inverse distance and is defined as the
wavevector after the scattering event kf minus the initial wavevector ki, where the scattering angle is
conventionally and conveniently defined as 2θB . In the case of elastic scattering, which will be explained
below, no momentum is lost so that |ki| = |kf | = 2π/λ. It follows from simple geometry then that

|Q| = 4π
sinθB)

λ
(3)

To see this relation in a 3D reciprocal lattice, we take the initial wavevector

ki =
2π

λ

1
0
0

 (4)

which leads to a deflected wavevector of

kf =
2π

λ

 cos2θ
sin2θsinφ
sin2θcosφ

 (5)
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Since any point on the reciprocal lattice can then be defined as hkl multiples of the reciprocal lattice
vectors, and constructive interference will take place if Q is on a reciprocal lattice point, the following
relationship must hold:

Q = hb1 + kb2 + lb3 (6)

The distance between lattice planes is called the d-spacing, and a distance d equals 2π/d in reciprocal
space, and since Q is satisfied when it lies on a crystal plane thus

|Q| = 2π n

d
(7)

where n denotes that when a multiple of Q is on a reciprocal lattice point, constructive interference will
also take place. Equalling this with equation 3 leads to what is known as Bragg’s law:

nλ = 2d sin θB (8)

This marks the importance of the d-spacing. Since the Bragg angle θB is the angle between the diffracted
beam and the reflection plane for which Bragg’s law is satisfied, and sinθ can’t exceed unity, Bragg’s law
can only be satisfied when λ < 2d.
The distance between lattice planes dhkl, can then be described as follows

dhkl =

√(a1

h

)2

+
(a2

k

)2

+
(a3

l

)2

(9)

Electron Scattering

To see how the diffraction condition can be met, and to derive the characteristics of the scattering object
from the scattered intensity, we must consider what occurs in a scattering event, and how interference
affects incoming and scattered waves. Photons can be seen as waves of electromagnetic radiation that
have oscillating and perpendicular electric E and magnetic H fields34. The electric field interact with
the negative charge of electrons, whereas the magnetic field interacts with other magnetic fields and is
of no significance in X-ray diffraction35. Electrons bound to an atom have a fixed energy as dictated by
the laws of quantum mechanics, and depending on the available states there are available for an electron
after the scattering event, an electromagnetic wave may either be absorbed or scattered. When it is
scattered, the resultant change in its momentum P and energy E are defining characteristics, as this is
exchanged with the particle it scattered on. When no energy is transferred, that is, the photon retains
its momentum, is called coherent, elastic or Thomson scattering. The case in which a photon loses part
of its energy is called incoherent, inelastic or Compton scattering. The total scattering σ comprises both
elastic and inelastic scattering, and they are related through35:

σ = Zf2 + (1− f2) (10)

In which coherent scattering is the first term and incoherent scattering the second. f is the atomic
scattering factor, which will be expanded on below. For X-ray diffraction we are interested only in
coherent scatter, as this is what contributes to the observed Bragg reflections.
J.J. Thompson showed in 1906 that an unpolarized wave scattered from an electron has a total intensity

I =
I0
r2
r2
e

1 + cos2(2θ)

2
(11)

Where I0 is the incident wave and r2 is the distance between the scattering event and the point of
observation. The last term is called the polarization factor P , which is a consequence of the fact that
the scattering depends on the orientation of the polarization of the incoming wave. The constant re, is
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called the classical radius of an electron or also known as the Thomson Scattering Length and defined
as

re =
e2

4πε0mec2
≈ 2.818 · 10−15[m] (12)

Where e is the charge of an electron, ε0 is the permittivity of vacuum, me is the electron mass and c
is the speed of light in vacuum. This term is derived from Maxwell’s electrodynamic theory and is the
only thing that differentiates neutron from electron scattering35.
Equation (11) assumes scattering under classical theory, but given the fact that Compton scatter con-
tribute only to diffuse scattering, we have to include a factor that accounts for this. For a complete
derivation of the scattering factor per electron, see Warren36, but we will start by considering the
scatter from one atom, called the atomic scattering factor

f =

∫
eiQ·rρdV (13)

The integral
∫
ρdV equals the number of electrons Z charge by definition, as it is a volume integration

over the charge distribution of 1 electron.
It becomes evident that when all electrons fully contribute to the scattering wave, the atomic scatter-
ing factor approaches the atomic number, as there are this many electrons from which scattering can
occur. The atomic scattering factor thus is a function of the electron density distribution. Because we
are interested in elastic scatter, in which the energy transfer is defined to be zero, time is completely
undetermined, as these are conjugate variables. To gain insight in the scattering we therefore take the
Fourier transform of the scattering length density distribution of an atom, on the assumption of spherical
symmetry, by which we arrive at the following equation for the atomic scattering factor37, and we see
that it is exactly of the form of that of a single electron, but now includes a scattering length density ρ,
which contains the electron charge distribution as a function of the distance r from the atom center.

f(Q) =

∫∫∫
ρ(r)eiQ·rd3r (14)

in which the electron charge density is described by Schrodinger’s wave function Ψ

ρ(r) =
∣∣Ψ2
∣∣ (15)

To complete the atomic scattering factor, we need to look at the lattice vibrations that give rise to a
further decrease in scattered intensity.

Lattice vibrations

In an ideal diffraction setup, one would observe distinct diffraction spots where constructive interference
takes place and nothing at other locations because of the destructive interference at non-Bragg angles.
However, because in reality crystals are of finite size, and an increasing temperature causes increasingly
non-trivial lattice vibrations that displace the atoms, there is also diffuse scattering in between reflection
spots. This so-called background by thermal diffuse scattering (TDS) is a function of the ratio between
the displacement of the atom and the d-spacing of the reflection. Therefore at higher hkl reflections, the
thermal scattering has an increasingly strong effect on the reflected intensity. The Debye-Waller factor
accounts for these displacements, and is based on the amplitude of the vibrations. Vibrations of the
atoms in a crystal are described as displacements from their average position u. The value of u differs per
atom and per bond, but generally lighter atoms tend to have larger displacements, and displacements
are larger perpendicular to bonds than in the plane of the bond, since changing a bond angle costs less
energy than changing a bond length. The vibrations are present even at zero degrees Kelvin, and at
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this temperature are called zero-point fluctuations. They increase as the temperature increases, and this
leads us to a correction of the atomic form factor at zero Kelvin as follows36,38:

f = f0e
− 1

2Q
2〈u2

Q〉 (16)

In general 〈u〉 is the mean displacement, equalling zero by definition. The component of the displacement
u parallel to Q is 〈uQ〉 and

〈
u2
Q

〉
is the mean-square amplitude of that displacement. The term in the

exponent 1
2Q

2
〈
u2
Q

〉
is called the Debye-Waller factor, and is often denoted as M . We will assume the

vibrations to be isotropic, so that
〈
u2
〉

=
〈
u2
x + u2

y + u2
z

〉
= 3

〈
u2
x

〉
=
〈
u2
Q

〉
, leading to the Debye-Waller

factor for an atom of

M =
1

6
Q2
〈
u2
〉

(17)

The value of u can be experimentally determined, calculated from quantum physics simulations, or
approximated using the documented Debye temperature ΘD of a solid. It is important to note that
zero-point fluctuations start to play a significant role when the temperature of the solid is less than
approximately ΘD/2

39.

Structure Factor

The summation of the atomic scattering factors over the number of atoms in a crystal N , multiplied
by their position in the crystal with respect to a reflection plane, gives the structure factor Fhkl of that
crystal, of which the amplitude squared relates to the reflected intensity of a specific hkl. In other words,
Fhkl describes the structure of the reciprocal lattice in relationship to the wavevector transfer Q.

Fhkl =

N∑
j=1

fje
−2πi(hxj+kyj+lzj)e−Mj (18)

It is a scattered wave, and its amplitude is a function of the electron density in planes parallel to Bragg
planes, while its phase describes to what extent these are aligned35.
Depending on the electron density distribution, interactions between scattering events from different
atoms in a crystal can exactly lead to destructive interference in certain cases when the Bragg condition
is met. The product of the structure factor with its complex conjugate leads to real expectation values
for scattered intensity of a Bragg reflection, and therefore

I ∝ |Fhkl|2 (19)

It is then evident that certain hkl reflections will have a zero-valued phase-term, leading to a scattered
intensity of zero.

Lorentz-Polarization factor

We have seen that the polarization of the beam
leads to a decreased intensity of a peak with in-
creasing 2θB angle in equation 11. There however
are other effects of the incident angle on the re-
flected intensity. To account for the fact that the
time a crystal will satisfy the Bragg condition is
dependent on the orientation of the crystal with
respect to the incoming beam, the Lorentz factor
can be derived. The intensity of a reflection from
a specific hkl would according to the Bragg’s law
be a delta peak, however, in reality it has a finite

width. Assuming the beam to cover the entire crys-
tal that is in diffracting position, the anglular range
under which appreciable diffraction takes place can
be related to the number of repetitions of the lattice
constant relevant for the corresponding diffraction
plane and the sine of the reflection40.

∆θ =
λ

2N |a|sinθB
(20)

The larger this angle ∆θ, the more the peak will be
broadened. Thus the peak intensity Imax is propor-
tional to 1/sinθ. The fact that crystals are of finite
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size causes a broadening that becomes increasingly
apparent with smaller crystal size, as the angular
range over which incomplete destructive interfer-
ence of non-bragg angles occurs increases accord-
ingly. Based on this the number of reflection planes
and thus the thickness t can be approximated as
follows40:

N dhkl ≡ t ≈
0.94λ

BcosθB
(21)

Where the breadth of the reflection at half Imax
- called full width half maximum (FWHM) is de-
noted B. Every diffractometer records a finite
breadth, even when probing an ideal crystal. The
value of B for an ideal crystal depends on the
diffraction angle and on the characteristics of the
diffractometer, and X-ray facilities are continu-
ously trying to optimize this instrumental func-
tion41. The integrated intensity is proportional to
the product of Imax and B and therefore is related
to 1/sinθB and 1/ cos θB respectively. The rotation
of the sample around the vertical axis leads to an-
other correction factor that corresponds to 1/sinη
with η being the angle that the crystal is rotated
along the incoming beam. This leads to a Lorentz-
Polarization factor for individual crystals of

Lg =
1

sin2θBsinη

1 + cos2(2θ)

2
(22)

Volume calculations

The integrated intensity of a reflection can be
used to determine the volume of the crystal that
caused the reflection36,38,42. This boils down to the
same relationship as equation 11 for single-electron
scattering shows, and is only refined for the above
discussed factors of crystal size, structure and ex-
perimental setup.

For the case of an experiment with a sample
that is rotated along a vertical axis, and assum-
ing the sample is thin enough and the wavelength
far enough away from absorption edges for the ab-
sorption to be negligible and the diffraction to be
entirely kinematical (no interaction between inci-
dent and diffracted beam), this leads to the follow-
ing relationship between integrated intensity and
the volume of the crystal36,38,42:

Ig = Φ0r
2
e

λ3|Fhkl|2Vg
ω ν2

Lg (23)

In the above Φ0 is the incident flux [m−2s−1], Vg
the volume of the grain of which the reflection is

observed in [Å
3
], ω the angular velocity in [rad s−1].

Which is rewritten to obtain the flux, which will
be used to determine the volume of an individual
grain with the following equation:

Vg =
Ig
Φ0

ω ν2

r2
eλ

3|Fhkl|2Lg
(24)

The integrated intensity Ig of a grain was obtained
by determining a background for each frame, and
setting all pixels that are less than 1.25 times that
to zero. In this way the intensity of grains that
would fall below - but is set to zero approximately
equals that of the outliers in the positive side. This
method seems rather arbitrary but was visually
confirmed to be more effective than using an in-
teger multiple of the standard deviation.

Applications

In order to calculate the volume of a single grain,
the flux was determined using the known quantity
of copper. The Cu111 reflection was used because
it is the brightest and thus the least susceptible to
noise. The intensity of a powder ring reflection is
given by42:

Ip = Φ0r
2
eλ

3mhkl|Fhkl|2Vgauge
ν2

Lp (25)

The unit cell of copper contains 4 atoms, in an
FCC lattice. The structure factor therefore is 4fcu
for a visible reflection, where fcu was determined
using the Gaussian approximations of Vol C of the
International Tables for Crystallography, available
online at43, combined with the vibrations u as com-
puted using density functional theory (DFT).

The probed volume is the amount of crystalline
copper that is exposed to the incident beam. This is
a function of the thickness of the copper plate, the
porosity and the cross-sectional area of the beam.
In this case, it concerns twice a copper film of 18
µm, a porosity of 3%, and a beam area of 5 µm2,
leading to a gauged volume of ∼ 170 cubic microns,

or 1.7·1014Å
3
. This was then validated by calculat-

ing the flux on 55 LiFePO4 reflections with a known
average diameter of 1400 Å. The flux that was ob-
tained with this method is ∼ 2.0(5)·1022 [m−2 s−1].
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