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In powder diffraction, lattice symmetry relaxation causes a peak to split into
several components which are not resolved if the degree of desymmetrization is
small (pseudosymmetry). Here the equations which rule peak splitting are
elaborated for the six minimal symmetry transitions, showing that the resulting
split peaks are generally broader and asymmetric, and suffer an skl-dependent
displacement with respect to the high-symmetry parent peak. These results will
be of help in Rietveld refinement of pseudosymmetric structures where an exact

interpretation of peak deformation is required.

1. Introduction

In powder diffraction, peak broadening is an important issue
which is increasingly used to get information about grain size
and shape, microstrain and defects (Lutterotti & Scardi, 1990;
Scardi et al., 2018). Each of these phenomena acts in a
different way on line broadening, and we distinguish between
isotropic line broadening, where peak widths are a smooth
function of the diffraction angle 20, and anisotropic broad-
ening, where peak widths also depend either upon the orien-
tation of the diffraction vector Q (typically associated with
grain shape anisotropy) or upon Akl indices, which gives rise to
fluctuations of the widths between neighbouring peaks in
reciprocal space. The second case is often successfully dealt
with assuming anisotropic microstrain (Popa, 1998; Stephens,
1999), but in a recent Rietveld refinement of a nanocrystalline
material (Boschetti, 2013; Boschetti & Gregorkiewitz, 2023) it
was found that hkl-dependent line broadening may also be
caused by lattice symmetry relaxation which implies symmetry
descent to a subgroup. In such cases, structure-independent
refinement in the subgroup, using the methods of Pawley
(1981) or Le Bail ef al. (1988; see also Le Bail, 2005), is
expected to improve fitting and may be used to estimate the
importance of lattice relaxation. However, fitting is here to an
observed powder pattern which may contain many other small
peak deformations which can bias the results. Also, these
techniques rely on whole powder pattern fitting which uses
peak shapes (usually pseudo-Voigtian) that may not corre-
spond at all to the actual situation in a powder pattern (Le
Bail, 2000); thus, they deliver average values for unit-cell and
peak shape parameters which are hard to interpret. We
therefore need an alternative method to exactly control the
peak deformation/displacement, due to lattice relaxation, for
every single peak to be compared with observation.
Boschetti & Gregorkiewitz (2023) drew attention to
(anisotropic) line broadening (ALB) in a particular case
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where desymmetrization from tetragonal to monoclinic was
successful in explaining line widths while a microstrain model,
applied without restrictions, failed to give the correct inter-
pretation. Here we present an in-depth analysis of the effect of
lattice relaxation on the peak shape in the general case of
desymmetrization: it is seen that the transition to lower
symmetry splits a peak into a series of components which
appear, depending on the skl index, at different displacements
with respect to the parent high-symmetry peak, i.e. beyond
line broadening, lattice relaxation also causes a shift of peak
position and potentially creates asymmetry of the profile.

In the following, the displacements due to lattice relaxation
are established for the possible six different minimal symmetry
transitions, elaborating the specific formulae for each case first
in terms of Q” (in Section 2.1 and Sections 1.2 to 1.6 in the
supporting information) and then in terms of 26 (Section 3.1).
Multiplied with a Voigtian, the i components can then be
summed for comparison with the observed split peak, as will
be shown below.

2. Possible lattice relaxations and peak splitting

Symmetry relaxations can be rationalized in the frame of
group-subgroup relations where the transformation index i
takes values of 2, 3, 4 or 6 when the transition is to a maximal
subgroup. A single peak in the higher symmetry splits into <
components in the subgroup symmetry.

Depending on the symmetry, one has to find the multi-
plicities of the reflections in the high- and low-symmetry case,
and then establish the equations for the positions of each
(component) peak. The following scheme outlines this
procedure for the transition from cubic to tetragonal as an
example.

The procedure to identify indices and d spacings of split
peaks and their components is as follows:

(i) Establish the multiplicity M of a general reflection ikl in
the higher unit-cell symmetry (e.g. cubic: M = 48).

(ii) Find a set of equivalent hkl where 1/d> becomes
different through desymmetrization (e.g. for cubic > tetra-
gonal, ¢ = a + da, we find: hkl — kih — [hk); this triplet is
equivalent through 3;;; in the positive octant which contains
also the triplet khil-lkh-hlk, equivalent through mjs,, to the
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Figure 1

Original position (blue) of a general reflection 4kl in the cubic parent cell
and displacements A of the three split positions (red) after relaxation to a
tetragonal cell. Relative intensities reflect the multiplicities which are M =
48 for the cubic and M = 16 for the three tetragonal positions. ikl = 321.

first. Each octant thus contains a sextuplet and we get M =
6 x 8 =48.

(iii) Establish the equation 1/d7,, = f(h, a) in the higher-
symmetry unit cell.

(iv) Establish the equations 1/d7,, = f(h, a) in the lower-
symmetry unit cell, for the i (cubic > tetragonal: i = 3) indices
hkl which are now non-equivalent.

(v) Get the relative position of the peaks created by
desymmetrization, for the general and special reflection
classes. For cubic > tetragonal, for example, we have generally
three A(1/d*) = (1/d*). — (1/d*), values which degenerate as
follows (cf. Fig. 2):

REFL SPLIT  PATTERN
hkl  triplet all below 20, (above if da < 0)
hk0O triplet 26, and below
hhl  doublet all below 26, (intensities 2+1)
hh0 doublet 26, and below (intensities 2+1)
h00 doublet 26, and below (stronger line at 26,.)

1l singlet below 26,

(26, diffraction angle of the peak in the parent cubic cell)

2.1. Cubic to tetragonal

For relaxation from cubic to tetragonal we get

ﬁc:'; I;_j Z—Zz=%(h2+k2+12) )
et e ] @
%}m:i—}%}rg:%[luhuﬁ] ©)
%ﬁh=’;—j+i—i+’2—§=:—2[k2+zz+ﬁ] 4)

where ¢ = a + §a = a(1 + dala) = aD and for da — 0, equations
(2)—(4) reduce to the cubic formula in equation (1).

The relevant figures for our purpose are the positions of the
split components relative to the cubic parent, i.e. the displa-
cements

R &
Ay = (eq.2) — (eq. 1) =2

I 1 2 [ ba
oz 1= E G @

K? 1 K (_Sa
A, =(eq.3) —(eq.1) =E|:m— 1j| ~ —;(2;)
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h? 1 W [ Sa
A, = (eq.4) — (eq. 1) =;[m— 1} - 7(23),

™)

where the approximation is valid within a relative error of € <
1.5|8alal, e.g. for |8ala| = 0.01(0.1) the amount of displacement
|A] is overestimated by € < 1.5(15)%.

From equations (5)—(7) it is seen that A; scales with the
extent of desymmetrization da/a and the Miller index. A
graphical presentation is given in Fig. 1.

Fig. 1 has been designed for a general reflection skl with the
values 321. In this case, the single peak in the cubic symmetry
splits into i = 3 components in the tetragonal system and all
components are displaced from the original cubic position.
Several subsets of this pattern have to be considered for

special reflections:
CONDITION: DISPLACEMENTS, SPLIT PATTERN
hkl: Ay =A%, Ay, Ay triplet 3*16
hk0: A1 =0,A9, A3 triplet 3*8
hhl: A1, As = Ag doublet 1648
hh0: Ap =0,A0 = Ag doublet 8+4
h00: A; =Ay=0,A3 doublet 244

Hl: Ay =Ay=Ag singlet 8

Here splitting results in triplets, doublets or singlets and
displacements may be nil (A = 0). Some of this is shown in
Fig. 2.

hkl
—
| hkO
2 tol
‘0
C
g
£
| hhl
T ]
| h00
1 T ]
| Il
| | 7 2
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Figure 2

Peak splitting of general Akl and special reflections after relaxation from a
cubic to a tetragonal unit cell. For special reflections, some displacements
may become 0 or degenerate, forming doublets and singlets. The actual
displacements depend on the values of Akl (here hkl = 321), but the split
pattern remains the same for a given class of reflections. Intensity scale
differs from Fig. 1.

2.2. Remaining five cases of lattice relaxation

The remaining five cases of lattice symmetry relaxation, i.e.
cubic to rhombohedral, hexagonal to orthorhombic/mono-
clinic, tetragonal to orthorhombic, orthorhombic to mono-
clinic, monoclinic to anorthic (triclinic), are developed in the
supporting information (Sections 1.2 to 1.6), following the
same scheme as above for the cubic to tetragonal relaxation.

Some pecularities arise. In all four cases involving an angle
relaxation (§y or §a/f), there appears a barycentre slightly off
the parent peak position, except for hexagonal to ortho-
rhombic/monoclinic. This barycentre does not exist in the two
orthogonal cases (cubic to tetragonal and tetragonal to
orthorhombic). The barycentre reported in Figs. S1, S2 and S5
in the supporting information was designed for Sa/y = 1°, but
the distance from the parent peak changes also with /#k/ and
may increase. This becomes important for special reflection
classes where a single peak may appear at the barycentre and
would be simulated with the parent peak in supergroup
refinement (see Appendix A).

Another curiosity is the fact that in two cases involving
angle relaxation, cubic to rhombohedral and hexagonal to
orthorhombic/monoclinic, the displacements are not restricted
to certain few values as in the other cases, and a much higher
dispersion is observed (Figs. S2 and S3).

3. Comparison with observed peak shape and position

In Section 2 and Sections 1.2 to 1.6 in the supporting infor-
mation, the displacements of the split peak components are
given as line diagrams in terms of Q°, but the experimental
description of a peak implies also shape and width and is
usually given in terms of 26. The following is concerned with
the calculus of the expected parameters of a non-resolvable
split peak and their comparison with observation.

3.1. The increment in diffraction angle 260
From Bragg’s equation we get
1 4sin’ 6,
dg 2

®)

which contains the relation between the peak position in terms
of 0% and the Bragg angle 6. For the increments one obtains

1 o(1/d?) 4 1 cos@
A(E) =" AO = PZschosG x AO = Zsng A(20)
©)
and
A(l/d?)
AQ26) = tanGW =tanfd* A(1/d%), (10)

showing that the diffraction angle 26 varies with the relative
variation of Q” and is proportional to tan 6, the same factor
known for peak broadening due to microstrain.

Substituting d* and A(1/d*) by the expressions developed
above (Section 2 and Sections 1.2 to 1.6 in the supporting
information) for the peak positions in the supergroup and
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after relaxation of the lattice symmetry, respectively, we obtain
the displacements A;(20) for each of the desymmetrization
schemes, now in terms of the unit-cell parameters, the reflec-
tion indices hkl and the relative amount of linear (da/a) or
angular (sin do) desymmetrization.

In particular, for relaxation from cubic to tetragonal, the
dependence on unit cell cancels and one gets, e.g.,

A,(20) = tan 0> A(1/d®)/(h* + I + 1)

IS 1
:tan9h42+k2+lz E—l
12
~ —tanf—28a/a, 11
anf— a/a (11)

showing that A(26) scales strongly with hkl, and where N =
h* + k* + I* as usual. The barycentre for the three displace-
ments is always at (I*/N + k*/N + h*/N)/3 = 1/3, which holds
also for the singlet /// where the three possible displacements
[equations (5)—(7)] have identical values, i.e. lattice relaxation
may cause peak displacement alone, without an accompanying
broadening.

For relaxation from cubic to rhombohedral, one finds, e.g.,

2 sin Sa(sin o + 1) (N sin 8o + hk + kl + 1h)
w, R+k+P

hk + kI + lh

A,(26) = tan6

~ tan 0 2 sin S« (12)

where W, = 1 — 3sin? S — 2sin® 8 and the approximation is
formally similar to the preceding case (the small summand
representing the barycentre, N sin da, is ignored).

For the transition from hexagonal to orthorhombic, the
increment in the diffraction angle is given by, e.g.,

4cX(h + 2k)* D*—1
4c2(h2 + hk + K*) + 3222 4D? — 1
A(h + 2k) 8
42(2 + hk + K2) + 32223

A,(20) = —tan6

~ —tanf

da/a, (13)
for tetragonal to orthorhombic by

A,(20) = tan @ K L
= lan¢—m—— | — —
1 A(h? + k) + a2 \D?

2k?

~ —tanf————-———
an c2(h2+k2)+a2[2

28a/a (14)

and for orthorhombic to monoclinic by
a*b?c? sin 8y
h2b%c? + k*c?a? + IPa*b? cos? §y
A <A 2hk
X |:(a2 +bz> sindy :tab:|
hkabc?
h2b*c? + k*c?a? + Pa*b?

A, ,(20) =tanf

~ t+tanf

2sindy,  (15)

where the two possible displacements are specified.

From the last three examples it is seen that, in systems other
than cubic, the scatter of split positions depends also on the
unit-cell parameters which mix with the Akl term. One
important consequence relates to the compensation of peak

displacements by unit-cell refinement in the supergroup. In
Appendix A this issue is addressed in some depth, demon-
strating that compensation will occur in most cases, but reli-
able results are obtained only for the desymmetrization (cubic
> tetragonal) while in all other cases it delivers inadmissible
results due to mixing with other cell parameters. For our
purpose, this means that, in a Rietveld refinement, only peak
broadening and asymmetry appear as specific for a given
lattice relaxation, whereas line displacement will usually suffer
from wrong refinement in the supergroup which tries to match
a peak or a barycentre.

3.2. Generation of split peaks

Split peaks can easily be simulated by summation over
single Voigtians, each centred at one of the split positions and
multiplied with the corresponding multiplicities. The resulting,
generally asymmetric, split peak can be compared with the
calculated peak for the supergroup, in terms of position,
FWHM, skewness and a difference plot of their profiles. In the
following, we first show how the simulation of a split peak
works assuming three different cases of FWHM (including the
case of special reflection classes where no splitting occurs),
and then some representative cases from the literature are
discussed.

We chose here the case of desymmetrization from cubic to
tetragonal which gives three split positions as defined in
equations (5)—(7). To represent against 20, we use equation
(11)  which gives the three positions A((20) =
—2tan@(8a/a)l*/N, Ay(20) = —2tan H(8a/a)k’> /N and A3(26)
= —2tan6(8a/a)h®/N to centre the Gaussians. We chose the
example of the leucite analogue KGaSi,Oq (Bell &
Henderson, 2019) with Ia3d > I4,/a, a, = 13.58 A, and the
reflection triplet for hkl = 321 as defined in Fig. 2, so that
tan @ = tan[arcsin(+/14 x 0.7703/13.58)] = 0.22 and A(26) =
—0.036°, Ay(20) = —0.14° and A;(26) = —0.32°.

The values chosen for FWHM correspond to the instru-
mental broadening of X-rays at a synchrotron radiation source
[0.008° (26)] (Gozzo et al., 2006), the typical instrumental
broadening of laboratory radiation [0.07° (260)] (Balzar et al.,
2004) and, third, a typical FWHM observed in materials with
an important contribution to broadening from grain size [0.2°
(20), corresponding to approximately 45 nm]. It is seen that
the chosen reflection triplet for hkl = 321 in Fig. 2 is well
(scarcely) resolved for synchrotron (laboratory) radiation
and only a single, deformed, peak is observed for materials
with small grain size. Interestingly, the simulation with the
third FWHM shows clearly the problems in defining a Gaus-
sian in the case of supergroup refinement as mentioned in
Appendix A.

Remember that the split peak is centred at its parent peak
angle, so the 26 dependence of FWHM can be ignored. Note
also that all split positions are negative, a consequence of ¢, >
a. (or dala > 0). For ¢, < a. (or dala < 0), the displacements
would appear reflected to positive angles. All simulations were
performed using a home-made scilab (Scilab Enterprises,
2012) routine (available upon request from the authors).
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In Fig. 3, a general hkl reflection and its splitting are
presented, but there are cases, less common but often referring
to strong reflections, of the special ikl reflection classes where
only a single displacement exists (Fig. 2, Figs. S2-S5). In these
cases, no split peak like the one in Fig. 3 is observed and lattice
relaxation is expressed only by peak displacement. This may
create problems with the simulation of the peak in supergroup
refinement (see Appendix A).

The first example from the literature concerns an important
detail for intensities. While, in most observations, the i split
components will have almost identical intensities, attention
has to be paid in cases of merohedry in the cubic, hexagonal
and tetragonal systems. A beautiful example is the transition
14/m — I2/m reported in Fig. 4 (Carter, 2004). Here, the point
group 4/m is a merohedry, where reflections hkl are not
equivalent to reflections kAl as in the holohedric group 4/m2/
m2/m, and I3y > I3 (the further splitting in hkl and —hkl is
caused by the transition to monoclinic symmetry). It is evident
that the width and asymmetry of the split peak depend on the
ratio Iy30:l319. In the example of Carter (2004), the split
components are well separated, but in the case of pseudo-
symmetric samples as considered here, the splitting would of
course hardly be visible and a single broadened peak is
expected, similar to the peak for x = 1.1 in Fig. 4.

Another problem is peak asymmetry. It has been pointed
out (Leineweber, 2017; Boschetti & Gregorkiewitz, 2023) that
anisotropic line broadening as found from Rietveld refine-
ment using the model of Popa (1998), Stephens (1999), if
properly applied, simulates the peak broadening due to lattice
relaxation. [As an example, from Stephens (1999), the refin-
able anisotropy parameters in the tetragonal system are S;op =
S040s S220, S202 = Spop and Syp4. For lattice relaxation to
orthorhombic symmetry, the expected ALB is described by
equations (35)—(36) in the supporting information which are
invariant to index /, so S»gp = Sp2» and Sgo4 have to be set to 0.]
This model can provide for anisotropic line broadening in hkl
but there is no way to account for the peak asymmetry which is
generally expected for lattice relaxation (see Figs. 1, S1, S3).
To compare the asymmetry of the peak expected for lattice

1r
FWHM (°)
0.8 < 8.107°
—— -2
7710
%0.6 —o—92.10™"
c
0]
€04
0.2
-1 -0.5 0 0.5
20
Figure 3

The reflection triplet for skl = 321 as defined in Fig. 2, presented in a
simulation of the diffraction pattern as Gaussian peaks versus 26,
assuming three different typical FWHMs (see text).

intensity

28 29 30 31 32 33
206/deg

Figure 4

X-ray diffraction patterns of Ba,Fe,, Tig_,,06 with x = 1.1, 1.2, 1.3, 1.4.
For x > 12 the symmetry is monoclinic with increasing degree of
desymmetrization. In the tetragonal case (x = 1.1) the reflections 310 and
130 coincide, but their intensities are different (/130 > /310) as can be
seen in the cases with x > 1.2. Modified from Carter (2004); A = 1.7 A,
synchrotron radiation.

relaxation, the observed peak’s asymmetry can be assessed by
single peak refinement allowing for skewness.

4. Experimental evidence for lattice symmetry
relaxation

Lattice relaxation as a cause of ALB was first discussed
(Boschetti & Gregorkiewitz, 2023) in the Rietveld refinement
of cryptomelane K,[MngO;4] nanocrystals, where a small size
is desirable for application as electrode or supercapacitor
material. Observed line widths were in the order of 0.5-1.5°
(20) and the anisotropic fluctuations could consistently be
explained assuming needle-like morphology and lattice
relaxation, the latter being essential to obtain an unbiased
particle shape of 61 x 61 x 178 A3 Refinement in the
monoclinic subgroup [112/m was attempted [see the
supporting information of Boschetti & Gregorkiewitz (2023)]
but, with such line widths, peak overlap at higher angles 26
becomes prohibitive and no better result could be obtained.

A literature search on cryptomelane Rietveld refinements
revealed that there are many cases where a tetragonal /4/m
symmetry was used (e.g. Gao et al., 2008; Huang et al., 2018;
Chong et al., 2018), and inspection of the difference intensity
plots reveals that correction for shape anisotropy has been
applied in the two former examples, whereas anisotropic
microstrain (Stephens, 1999) or lattice relaxation, though
visibly present, have apparently not been considered. In one
case (Espinal er al, 2012), with considerably smaller line
widths, Rietveld refinement was conducted in 12/m, but ALB
was not discussed and a difference profile has not been
published.

A clear case of lattice relaxation has been reported for
pyrolusite MnO, (Fabrykiewicz et al., 2019). This structure is
normally described in space group P4,/mnm but line broad-
ening is strongly anisotropic and has successfully been
modelled either using the Stephens (1999) microstrain model
in the tetragonal supergroup or passing to the orthorhombic
subgroup Pnnm. Interestingly, the higher-order reflection 400
in the orthorhombic model is well separated from other peaks
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due to a much smaller unit cell than in cryptomelane and, with
a somewhat smaller peak width, a feeble splitting of this peak
is expected but not observed. An excellent fit could however
be achieved assuming a Gaussian distribution of very slightly
different orthorhombic unit cells, with a/b ranging from 4.39 to
4.40 A.

While refinement in the subgroup is certainly preferable, we
have seen that this alternative to a description using aniso-
tropic line broadening is often hampered by peak overlap at
higher angles which increases with the dimensions and lower
symmetry of the unit cell. In fact, even with peak widths of
0.05° and less it may occur that the first, isolated, peaks are not
resolved while peaks at higher angles are strongly overlapping.
A nice example of this situation is the structure of MFI,
heavily studied for zeolite membranes (Weng et al., 2023),
where a large unit cell undergoes transition from ortho-
rhombic (Kokotailo et al., 1978) to monoclinic (Wu et al.,
1979). Here, reflection density for the monoclinic cell is so
high that sometimes an orthorhombic cell is alternatively used
(Leardini et al., 2014). In principle, there is no limit on line
widths and, even with synchrotron radiation, refinement in the
subgroup symmetry might run into difficulties.

From a practical point of view, incorporation of lattice
relaxation in a Rietveld code would be most easy using a
separation between the symmetries used for the crystal
structure (which could remain the supergroup) and the unit
cell (which lowers to the subgroup). In this way, atom para-
meters can be refined without correlations, and the unit cell
can adapt for lattice relaxation. It is interesting that a
separation between these symmetries has recently been
developed (Perez-Mato et al., 2010; Kerman et al., 2012) and
successfully used (Lewis et al., 2016; Rousse et al., 2017) in
symmetry mode triggered Rietveld methods where a
restrained structural refinement is undertaken in the frame of
the subgroup unit cell.

In desymmetrization, a separation between the atom and
the unit-cell parameters complies with a fundamental obser-
vation: while the structure factor is a smooth function of atom
parameters and varies little with desymmetrization, peak
positions are more akin to delta functions which vary
dramatically, even with a small desymmetrization of the unit
cell. Lattice relaxation is therefore of fundamental importance
for Rietveld refinement in pseudosymmetric cases.

5. Conclusions

The present findings can be applied to interpret peak misfits in
Rietveld refinement of pseudosymmetric materials. Misfit may
arise from line displacement and/or broadening due to lattice
symmetry relaxation. Both phenomena scale with the amount
of desymmetrization da/a, o and depend on the reflection
index hkl, with typical split patterns for different reflection
classes. Often, a single desymmetrization parameter gives rise
to a wealth of splitting schemes (and resulting peak shapes and
displacements) which would be difficult to simulate otherwise.

In the future, lattice symmetry relaxation might be adopted
as a routine in Rietveld code; this becomes particularly

important if other causes of ALB, such as grain size and
microstrain anisotropy, have to be refined to a meaningful
microstructure model.

APPENDIX A
Compensation of line displacement in supergroup refinement

In Section 3.1 it was stated that line displacement may to some
extent be compensated in supergroup refinement. In the
following, three different cases of desymmetrization are
discussed to show the intricacies of such compensation.

In the first case (cubic > tetragonal), the first displacement is
given by equation (11), and from the sum of the three possible
displacements one gets the shift of barycentre,

R+rEE+2 (1
Y A0)/3= tan =———— (ﬁ - 1)/3

1 28a
= tané’(ﬁ - 1)/3 ~ —tan97/3, (16)

due to desymmetrization, that can be compared with the
centre of the line obtained from refinement in the (cubic)
supergroup which, applying equation (10), is

2

2
A (20) = tanO%Am(l /d?) = tane%(l/d/2 —1/d)
a*N (1 1
:taneﬁﬁ <D’2_1) :tan9<l)/2_1>’ (17)

where D'? = 3D%/(1 + 2D?) ~ 1 + (D* — 1)/3, i.e. the mantissa
of D'?is about 1/3 that of Dz, as expected. There is, however, a
conceptual difference between the two cases: while equation
(16) refers to the barycentre of a generally asymmetric split
peak, equation (17) refers to a symmetric peak which may be
simulated with various degrees of broadening but will always
remain a single line, centred at the maximum of intensity. This
difference is expected to be small, so we can say that cell
enlargement in the supergroup refinement reflects reasonably
well the line displacement due to desymmetrization.

In the second case (cubic > rhombohedral), the first
displacement is given by equation (12), and from the sum of
the four possible displacements one gets the barycentre,

1
> A(20)/4 = tan QW (0 + 4N sin 8a)2 sin Sar(1 + sin Scx)

1
=tanf W 2 sin® 8ar(1 + sin dax)

2
- W
= % ~ tan 62 sin® 8c. (18)

r

The displacement of the line in the (cubic) supergroup
refinement is
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2 2
A_(20) = tan 9% A (1/d?) = tan 9% A/d* —1/d%)

a w, 1
=tanf—N - =
N \&W, &

w,
= tanG(—' — 1) =0, (19)
w

r

i.e. the line displacement cannot be simulated in the super-
group where « is constrained to 90°. The displacement of the
barycentre calculated from equation (18) is minimal anyway,
with 2sin” 8o 2~ 0.5 x 1073 for Sa = 0.95° which is about 1% of
the displacement due to da/a = 0.025, two typical values of
desymmetrization taken from the cryptomelane structure
cited by Post et al. (1982).

In the third example for desymmetrization (tetragonal >
orthorhombic), the first of two possible displacements is given
by equation (14) and the barycentre is at

(R + k) ( 1

1R+ P \D? 1>/2’ (20)

> A20)/2 = tan6 o

which is compared with the line shift in the (tetragonal)
supergroup refinement,

2.2

ac 2
(h2 + kz)cz + lzaz Alo(l/d )

a’c?
(R + K)PD? + Pi?D? (W + k) + Pd?
x |: a*D2c*D? B a*c? :|
1
x [(hW* + K)*DX(1 — D2) + Pa’Di(1 — D2)],  (21)

A, (20) =tan 0

=tanf

=tanf

where an increment in the ¢ axis, D. not foreseen by
desymmetrization, appears together with D, in a complicated
way. A compensation of line displacement in this case is
obviously possible but involves the ¢ axis which should stay
independent, as seen in equation (20).

Concluding, one finds that a virtually true compensation is
possible for the case cubic > tetragonal, whereas it is impos-
sible for desymmetrization (cubic > rhombohedral) and
renders inadmissible results in all other cases due to mixing
with other unit-cell parameters which are actually not affected
by desymmetrization.

Acknowledgements

Open access publishing facilitated by Universita degli Studi di
Firenze, as part of the Wiley - CRUI-CARE agreement.

Funding information

The authors gratefully acknowledge the European Laboratory
for Non-Linear Spectroscopy and the project CNR-FOE-
LENS-2021.

References

Balzar, D., Audebrand, N., Daymond, M. R, Fitch, A., Hewat, A.,
Langford, J. I., Le Bail, A., Louér, D., Masson, O., McCowan, C. N,,
Popa, N. C,, Stephens, P. W. & Toby, B. H. (2004). J. Appl. Cryst. 37,
911-924.

Bell, A. & Henderson, C. M. B. (2019). J. Solid State Chem. 284,
121142.

Boschetti, A. (2013). Tesi di Laurea in Fisica e Tecnologie Avanzate,
Universita di Siena.

Boschetti, A. & Gregorkiewitz, M. (2023). J. Solid State Chem. 327,
124212.

Carter, M. L. (2004). Mater. Res. Bull. 39, 1075-1081.

Chong, S., Wu, Y., Liu, C., Chen, Y., Guo, S., Liu, Y. & Cao, G. (2018).
Nano Energy, 54, 106-115.

Espinal, L., Wong-Ng, W., Kaduk, J. A., Allen, A. J, Snyder, C. R,,
Chiu, C,, Siderius, D. W,, Li, L., Cockayne, E., Espinal, A. E. & Suib,
S. L. (2012). J. Am. Chem. Soc. 134, 7944-7951.

Fabrykiewicz, P, Przeniosto, R., Sosnowska, I., Fauth, F. & Oleszak,
D. (2019). Acta Cryst. AT5, 889-901.

Gao, T, Glerup, M., Krumeich, F,, Nesper, R., Fjellvag, H. & Norby, P.
(2008). J. Phys. Chem. C, 112, 13134-13140.

Gozzo, F.,, De Caro, L., Giannini, C., Guagliardi, A., Schmitt, B. &
Prodi, A. (2006). J. Appl. Cryst. 39, 347-357.

Huang, J.,, Housel, L., Quilty, C. D., Brady, A. B., Smith, P. F,
Abraham, A., Dunkin, M., Lutz, D. M., Zhang, B., Takeuchi, E. S,,
Marschilok, A. C. & Takeuchi, K. J. (2018). J. Electrochem. Soc.
165, A2849-A2858.

Kerman, S., Campbell, B. J., Satyavarapu, K. K., Stokes, H. T,
Perselli, F. & Evans, J. S. O. (2012). Acta Cryst. A68, 222-234.

Kokotailo, G. T., Lawton, S. L., Olson, D. H. & Meier, W. M. (1978).
Nature, 272, 437-438.

Leardini, L., Martucci, A., Braschi, 1., Blasioli, S. & Quartieri, S.
(2014). Miner. Mag. 78, 1141-1159.

Le Bail, A. (2000). Defect and Microstructure Analysis by Diffraction,
edited by R. L. Snyder, J. Fiala & H. J. Bunge, ch. 22, pp. 535-555.
Oxford University Press.

Le Bail, A. (2005). Powder Diffr. 20, 316-326.

Le Bail, A., Duroy, H. & Fourquet, J. L. (1988). Mater. Res. Bull. 23,
447-452.

Leineweber, A. (2017). Powder Diffr. 32, 35-39.

Lewis, J. W., Payne, J. L., Evans, I. R., Stokes, H. T., Campbell, B. J. &
Evans, J. S. O. (2016). J. Am. Chem. Soc. 138, 8031-8042.

Lutterotti, L. & Scardi, P. (1990). J. Appl. Cryst. 23, 246-252.

Pawley, G. S. (1981). J. Appl. Cryst. 14, 357-361.

Perez-Mato, J. M., Orobengoa, D. & Aroyo, M. L. (2010). Acta Cryst.
A66, 558-590.

Popa, N. C. (1998). J. Appl. Cryst. 31, 176-180.

Post, J. E., Von Dreele, R. B. & Buseck, P. R. (1982). Acta Cryst. B38,
1056-1065.

Rousse, G., Rodriguez-Carvajal, J., Giacobbe, C., Sun, M., Vaccarelli,
O. & Radtke, G. (2017). Phys. Rev. B, 95, 144103.

Scardi, P, Ermrich, M., Fitch, A., Huang, E.-W., Jardin, R., Kuzel, R.,
Leineweber, A., Mendoza Cuevas, A., Misture, S. T., Rebuffi, L. &
Schimpf, C. (2018). J. Appl. Cryst. 51, 831-843.

Scilab Enterprises (2012). Scilab: Free and Open Source Software for
Numerical Computation. Scilab Enterprises, Orsay, France.

Stephens, P. W. (1999). J. Appl. Cryst. 32, 281-289.

Weng, J., Zhao, B., Suib, S. L. & Gao, P-X. (2023). MRS Commun. 13,
725-739.

Wu, E. L., Lawton, S. L., Olson, D. H., Rohrman, A. C. Jr & Koko-
tailo, G. T. (1979). J. Phys. Chem. 83, 2777-2781.

Acta Cryst. (2024). A80, 439-445

445

Gregorkiewitz and Boschetti + Anisotropic line broadening


https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB1
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB1
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB1
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB1
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB2
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB2
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB3
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB3
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB4
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB4
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB5
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB6
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB6
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB7
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB7
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB7
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB8
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB8
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB9
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB9
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB10
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB10
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB11
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB11
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB11
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB11
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB12
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB12
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB13
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB13
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB14
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB14
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB16
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB16
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB16
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB17
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB15
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB15
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB18
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB19
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB19
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB20
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB21
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB22
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB22
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB23
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB24
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB24
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB25
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB25
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB26
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB26
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB26
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB27
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB27
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB28
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB29
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB29
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB30
https://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=ae5149&bbid=BB30

	Abstract
	1. Introduction
	2. Possible lattice relaxations and peak splitting
	2.1. Cubic to tetragonal
	2.2. Remaining five cases of lattice relaxation

	3. Comparison with observed peak shape and position
	3.1. The increment in diffraction angle 2&thetas;
	3.2. Generation of split peaks

	4. Experimental evidence for lattice symmetry relaxation
	5. Conclusions
	APPENDIX A: Compensation of line displacement in supergroup refinement
	Acknowledgements
	Funding information
	References

