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Phonons from Powder Diffraction: A Quantitative Model-Independent Evaluation
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We describe a model-independent approach for the extraction of detailed lattice dynamics informa-
tion from neutron powder diffraction data, based on a statistical analysis of atomistic configurations
generated using reverse Monte Carlo structural refinement. Phonon dispersion curves for MgO extracted
in this way are shown to reproduce many of the important features found in those determined
independently using neutron triple-axis spectroscopy. By means of molecular dynamics simulations,
we quantify the extent to which the diffraction data are sensitive to lattice dynamics in this system.
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Many physical properties of crystalline materials can
be understood in terms of the effects of atomic vibrational
motion on macroscopic behavior; examples include
thermal expansion, heat capacity, thermal conductivity,
displacive and magnetic phase transitions, and supercon-
ductivity. The established methods of investigating the
phonons that describe such motion are inelastic neutron
scattering (INS) and, more recently, high energy resolu-
tion inelastic x-ray scattering (IXS) experiments [1,2].
These can yield information on the energies of phonon
modes along particular symmetry directions in the
Brillouin zone (BZ). However, they are intensity limited
(and hence time consuming) and rely upon the availabil-
ity of single crystals. For systems where single-crystal
samples of sufficient size are unavailable, INS and IXS
experiments can yield only information integrated over
the BZ. Consequently, there is significant interest in the
development of alternative methods for obtaining de-
tailed dynamics information from crystalline powder
samples. In particular, the use of neutron powder diffrac-
tion (NPD) data to extract phonon dispersion curves is a
particularly attractive approach and one that has received
recent attention [3—6]. The appeal lies in the relative ease
with which NPD experiments can be performed; unlike
INS/IXS triple-axis spectroscopy, they do not require
single-crystal samples and are (by comparison) versatile,
time efficient, and inexpensive.

The observed scattering function S(Q) contains all the
lattice dynamics information, but the quality of this
information is degraded through the integration over
dynamical and directional degrees of freedom performed
in powder diffraction experiments. Recent attempts to
quantify the amount of dynamics information preserved
in this procedure [3—6] have focused upon analysis of the
pair distribution function (PDF), which can be derived by
direct Fourier transform of S(Q). Refinement of parame-
ters in standard phonon models by comparison of their
associated PDFs with those obtained by NPD experi-
ments has been shown [5] to reproduce phonon dispersion
curves to within a few percent accuracy for some very
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simple systems such as fcc Ni, fcc Ag and bcc Fe.
Materials requiring more complex dynamical models
have proved to be a stumbling block for this approach.

In this Letter, we describe a novel method of directly
probing the dynamics information held within the PDF
(and similar diffraction-derived data) without constrain-
ing the results in terms of some form of imposed phonon
model. Such an approach is intrinsically more general and
is likely to indicate the true limitations of NPD as a
means of obtaining dynamics information. Moreover,
the need to select an appropriate phonon model a priori
is avoided. This is of particular importance in systems for
which INS/IXS studies are impractical (due to the un-
availability of sufficiently large single crystals, for ex-
ample), where a suitable model may not be known.

A recent study [7] illustrated that the relevant analysis
of reverse Monte Carlo (RMC) configurations of a-quartz
and B-quartz, generated by fitting to NPD data, was able
to reproduce detailed single-crystal diffuse scattering
patterns. The structure of such scattering is a direct
manifestation of phonons. Consequently, we were opti-
mistic that RMC might prove to be a suitable probe for
investigating the extent of dynamics information acces-
sible from NPD data [8].

Our approach involved using the RMC procedure to
generate a large number of independent atomistic con-
figurations consistent with experimental NPD data. The
procedure, which is described in detail elsewhere [9],
involves minimization of the “‘energy” function

Ximc = X é(Q) +x %"(r) X 2Bragg’ (D

where

X%(Q) = ZZ[Scalc(Qj)k - Sexp(Qj)kP/”i(Qj),
kg

X%"(r) = Z[Tcalc(rj) - Texp(rj)]2/0-2(rj);
i

Xbrage = };[Icak(hkl) — Lexp(hkD) T/ o (hkl). )
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Here, T(r) is the radial distribution function and is simi-
lar to the PDF [10], and X%‘(Q) includes contributions by

each of k data sets. Refinement of the Bragg intensities
I(hkl) is included as they provide information on mean
square displacements of atoms, which complements the
widths of the peaks in the PDF [and, hence, T(r)]. Each
configuration derived in this manner corresponds to a
static ‘“‘snapshot” of a supercell of atoms within the
sample. The size of these configurations is limited only
by the available computational resources and quality of
data. Importantly, these configurations are not unique.
Each is equally consistent with the data, irrespective of
the differences in their local atomic displacements. In this
way, the ensemble of configurations can be thought of as a
series of snapshots of the same set of atoms undergoing
vibrational motion where each frame has been taken at a
different point in time. There will be a unique set of
phonons across the BZ (with resolution determined by
the size of the supercell) that are capable of describing the
vibrational motion in this way.

A method of extracting phonons from atomistic con-
figurations has been described previously [11,12], where it
was used to analyze output from molecular dynamics
(MD) simulations. The method is equally applicable in
the present instance. For each configuration, indexed by ¢
(with reference to the concept of time introduced above),
a number of collective variables of the form

Uk, 1) = \/LN D /m;juj(t)exp(ik - R;) A3)
J

are calculated, where the sum is over all atoms of a
particular type and u;(z) is the displacement of each
atom j along one of the principal axes. There will be
three of these variables for each atom in the (primitive)
unit cell corresponding to each of the three principal
axes. All 3Z collective variables (where Z is the number
of atoms in the primitive unit cell) are assembled into a
single column matrix T(k, r), which can be related to the
normal mode coordinate column vector Q(K, f) by the
equation:

Q(k, 1) = A(k) - T(k, 7). “4)

This relation represents a change of basis between the
normal coordinates (which form the basis for Q) and the
atom/direction coordinates (which form the basis for T).
As these bases are independent of 7 (i.e., they are the same
for each configuration in our ensemble), the change of
basis matrix A depends only on k. We calculate the
t-averaged matrix S by the relation:

S (k) = (T(k) - T"(=k)). (&)

This is useful in exploiting the property that the basis of
Q is the set of normal coordinates and hence the matrix
Q(k, 1) - QT(—Kk, 1) is diagonal. The uniqueness of diago-
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nalization yields the elements of Q from S:
A (k) -S(k) - AT(k) = (Q(k) - Q'(—=k)),  (6)
and hence the mode frequencies:

kT
(Q(k) - QT(—K));;’

wi(k) = (N

Moreover, A contains the eigenvectors of S and so its
elements describe the atomic motions characteristic of
each phonon mode. In this way, the method yields both
the frequencies and nature of the phonons at arbitrary
wave vector.

We chose rocksalt-structured magnesium oxide (MgO)
as an initial system with which to test the suitability of
our approach as its lattice dynamics, although nontrivial,
are well understood [13]. Neutron total scattering data
were collected at room temperature on the GEM instru-
ment at ISIS [14] over a range of momentum transfers 1 <
0 <42 A7'. These data were then converted to S(Q),
T(r), and Bragg intensity data. All three sets were used
as input for the RMC procedure to generate 500 configu-
rations, each containing a 10 X 10 X 10 array of fcc unit
cells. This ensemble was analyzed according to the
method described above along the symmetry directions
[00£], [01€],[0££], and [£££] at intervals of 1/5 to yield
the phonon dispersion curves illustrated in Fig. 1(b) [15].
Calculation of phonon frequencies at symmetry equiva-
lent wave vectors enabled estimation of the errors asso-
ciated with each measurement and we were able to assign
the nature of each phonon branch by inspection of the
corresponding eigenvectors. We restricted our attention to
the above symmetry directions entirely for the sake of
convention; in contrast to triple-axis INS experiments,
our analysis allows convenient determination of phonon
mode frequencies for all wave vectors within the BZ,
limited only by the resolution of the box size.

It is important to emphasize that these results were
recovered wholly from the NPD data; there is no reliance
on an imposed phonon model. Consequently, it is not
altogether surprising that their form does not match the
INS-derived phonon dispersion curves perfectly
[Fig. 1(a)]. The features are generally well preserved
with surprising levels of detail discernible in the disper-
sion. In particular, splitting of the transverse modes along
[01£] and [0£€] and the clear distinction between optic
and acoustic modes are key features shared by both INS-
derived and RMC-derived dispersion curves. In other
respects, the curves are very different. The most notice-
able of these differences is the absence of any splitting
between the LO and TO bands at the zone center. This
splitting, which arises as a result of the difference in
long-range fields given by longitudinal and transverse
modes as k — 0, is more or less implicit in any dynamical
model that includes charge. On the other hand, it is a
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FIG. 1. (a) MgO phonon dispersion curves from INS experi-

ments [17] (data points) and calculated using a shell lattice
dynamical model [13] (solid lines). (b) Our analysis of RMC
configurations derived from NPD data. The filled circles cor-
respond to modes with predominantly longitudinal character
and the open circles to those with transverse character. The
lines are guides to the eye; each traces data with similar
eigenvectors.

subtle effect to be extracted from atomic displacements
alone.

To determine whether the absence of LO/TO splitting
was a limitation imposed by the level of dynamics in-
formation contained within the diffraction data or
whether it was a product of our method of analysis, we
generated a new ensemble of atomistic configurations
using MD. The model used was a standard shell potential,
which is capable of reproducing LO/TO splitting at the
zone center [16]. We performed MD calculations on a
configuration containing a 5 X 5 X 5 array of fcc unit
cells. To approach the same statistics observed with pho-
non analysis of RMC-generated configurations, we re-
quired 3000 of these MD-generated configurations. The
resulting phonon dispersion curves observed (using the
above approach) are illustrated in Fig. 2(a). The differ-
ence in absolute energies between these curves and those
illustrated in Fig. 1 is relatively unimportant as it merely
reflects the choice of parameters used in the potential
model. On the other hand, the presence of LO/TO splitting
at the zone center indicates that it is not the method of
phonon analysis itself that is responsible for the loss of
this feature in the RMC-derived phonon dispersion
curves.

As a rigorous test of this conclusion, we generated
artificial S(Q), T(r), and Bragg intensity data sets from
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FIG. 2. MgO phonon dispersion curves from our analysis of
(a) MD configurations and (b) RMC configurations refined
against MD-derived diffraction data. The filled circles corre-
spond to modes with predominantly longitudinal character and
the open circles to those with transverse character. The lines are
guides to the eye; each traces data with similar eigenvectors.

the MD configurations and subsequently used these as
input for the RMC procedure. A further 500 configura-
tions were generated in this manner, using precisely the
same parameters used initially to generate configurations
from the experimental diffraction data. Again, each con-
figuration contained a 5 X 5 X 5 array of fcc unit cells.
These configurations exhibit essentially the same diffrac-
tion behavior as the MD configurations (in the absence of
experimental “‘noise”, the RMC fits obtained were near
perfect). However, our analysis yielded phonon dispersion
curves, illustrated in Fig. 2(b), that lacked any observable
splitting between the LO and TO branches at the zone
center. The similarity in appearance to the curves ob-
tained from the NPD experimental data [Fig. 1(b)] is
striking.

Finally, we considered the possibility that the similar-
ity in the scattering lengths of Mg and O (b =
5.375,5.803 fm, respectively) was responsible for the
lack of splitting, given that the Mg and O sites are
crystallographically identical. By exploiting our collec-
tion of MD-derived configurations, we were able to gen-
erate artificial S(Q), T(r), and Bragg intensity data sets
using arbitrary scattering lengths for Mg and O atoms.
Even assigning scattering lengths of different sign had
minimal effect on the observed phonon dispersion. In
particular, it did not restore the LO/TO splitting at the
zone center.
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FIG. 3. RMC refinement of (a) neutron diffraction and
(b) molecular dynamics 7(r) data. The dots are the experimen-
tal values and the solid lines are calculated from the refined
RMC structural models described in the text. The lower trace in
each plot shows the difference (measured — calculated), offset
vertically by —2. The range of r values differs between plots as
a consequence of the corresponding difference in configura-
tional box size.

The experimental and RMC-modeled radial distribu-
tion functions 7(r) for both the NPD-derived and MD-
derived data sets are illustrated in Fig. 3. Significantly, the
“experimental” and modeled T(r) curves for the data
derived from MD calculations [Fig. 3(b)] are essentially
indistinguishable. This is particularly intriguing given the
dramatic difference in their corresponding phonon dis-
persion curves described above. The T(r) data appear to
be ignorant of the presence or absence of LO/TO splitting
near the zone center.

In conclusion, our results have established that it is
possible to extract relatively complex and valuable dy-
namics information from powder diffraction data of non-
trivial systems. Furthermore, we have quantified the
extent to which powder diffraction preserves such infor-
mation. Atomic displacements due to high-frequency
modes, such as the LO and TO branches in MgO, will
be small in magnitude and hence their effect on functions
such as the PDF will be subtle. However, reliable infor-
mation regarding low-frequency modes (which tend to be
the more relevant features when using dynamics to under-
stand many physical properties of materials) is readily
accessible using this approach, allowing investigation of
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the dynamics of many systems for which established
methods are prohibitive or inappropriate.
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