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The physical properties of technologically important materials (a)
can often be strongly coupled to subtle local structural changes 470 °C
that occur during phase transitions. With this in mind, the perovskite
structure is particularly noteworthy, as it is a fundamentally
important archetypal structure that is adopted by a wide range of (b)
materials, including geologically important samples, catalysts, and
electronic material$:” a-AlF; adopts the distorted Rg®tructure
at room temperature, which is a close structural analogue to
perovskite. It is an industrially important material that may be used
at high temperatures as a catalyst in fluorocarbon manufacturing
and as an additive to solid electrolytes in aluminum productién.
o-AlF3 undergoes a structural phase transition to the cubiczReO
structure at high temperatures (Figure 1a). We have been studying
the mechanism of this phase transition, with Rietveld analysis for
structure analysis and molecular dynamics (MD) simulations to
examine the dynamics in the matefidISignificant differences can
exist between the average atomic position and instantaneousfgure 1. (a) The room-temperature rhombohedtahIF; and average

: . . . _1Cubic high-temperature structures. @fr) as a function of temperature
structure (i.e., a snapshot of the structure), especially in materials (obtained from the raw diffraction data: see Supporting Informatie),

with mobile ions or atoms, and it is therefore essential to apply gt the phase transition temperature, is shown with a darker G@g. =
multiple analysis methods to describe the structure. We show in 4zr[p(r) — po], wherer is the radial distance(r) is the instantaneous pair
this Communication that the combination of Rietveld and pair density, ando, is the average number density.
distribution function (PDF) (Figure 1b) analyses allows unique
insight into the nature of the phase transition, which was not
available from conventional structural analysis methods alone.
Image plate technology allowed structural changes to be followed
in “real time” and reduced the time required to collect high-
resolution PDF data from hours (with a conventional solid state
detector) to seconds. This methodology produces raw data that cal
be analyzed simultaneously by both Rietveld and PDF andlysis.
Distortions in perovskite structures are conveniently described

G(r)

o]

Time (hours)

of rotations throughout the structure. To analyze this correlated
dynamic motion fully, methods that look at both average and
instantaneous structure must be applied.

Variable-temperature data fan-AlF; (prepared as outlined
earlief) were collected from 50 to 650C, using a previously
described apparatuand the high energy X-rays (99.6 ke¥,=
b.12414 A) that are available at the 1-ID beamline at the APS at
Argonne National Laboratord% Fit-2D was employed to process

the raw data collected from a MAR-345 image plate systém.
in terms of the rotations of the rigid octahedra. Glazer, and later gep y

Woodward. d ibed the relationshios b he tilt h Details of the determination o6&(r) (the PDF) from the raw
oodwarc, describe t e relationships etw’e en the tilting sc €MESyitfraction data collected with image plates can be found elsewhere.

and the crystallographic space grotiGlazer's approach used a Rietveld and PDF refinements were performed with GSAS and

crucial observation, that the BXctahedra are relatively rigid units.  pocq: o spectively314

More rec_:ently, the term rigid u_nit mode (RUM) has been coined_ The’rhombohedral structure reported in the literdfuneas used

0 d_e scribe tEe cc_;rrelatet::i r;otllo_rll_ of polyhedrlil congected ;&_the" as a starting model for the 3C data and was subsequently refined

vertices, such as in tetrahedral silicate networks and perovskites. i the Rietveld method, producing a good fit. Analysis of the

This concept has been applied with considerable success to the stud

f hedral Si K 9Th Whed hed Y]igh-temperature data above the transition at 4680 °C!¢ was
of tetrahedral Sigframework structure® The polyhedra, octahedra o tormed by using the primitive cubic latticBr(-3m, a ~ 3.55

in the case of perovskites, move as rigid units in this model; as a A) with the fluorine located at (0.5,0,0), and an acceptable fit to
single octahedron rotates, it causes the neighboring octahedra, joinegh o yata was achieveR¢ = 5.56%). However the change in AF

by corner sharing vertices, to rotate, causing a correlated cascadebond distance determined from these two models (Figure 2a) was

physically unreasonable, because the bond lengths decreased as the
T State University of New York at Stony Brook. i it ;
¢ Brookhaven National Laboratory. tem_peratl_Jre was increased near the phase transltlon. Once in the
ﬁMichigan State University. cubic lattice, the A+F bond distance began to increase as the
Argonne National Laboratory. temperature was raised, but even at 68) the A-F distance

U Present address: Materials Science Division, Argonne National Laboratory, ) i
Argonne, IL 60439. remained shorter than that observed af60The F displacement
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peaks due to fluorine atoms, observed in the electron density Fourier

w .01 difference maps (Supporting Information), suggest that jumps rather

EaT than free precession occurs. The structural models obtained from
E § Rietveld analysis contained physically reasonable-RAlbond

o8 0 distances at low and high temperatures, but a significant anomaly

go‘ 0005 is observed in the intermediate-temperature region. The displace-

o ment parameters of the fluorine atoms become conspicuously large

50 50 250 350 450 550 650 in this misfit region, before decreasing again in the high-temperature

Temperature (°C) region. In contrast, the local structure is captured in the PDF during

®) Al -".-’F Al © Al Al the entire temperature region. Intermediate dynamic disorder has

@ f\, ':_h j (B -:4-5 also been observed in the MD simulations of this system, motion

Flucaril:le g, (‘1 2y9) in this regime comprising slow (on the MD time scale) intercon-
! . . . .
A version between different AIF—Al orientations (the A+-F—Al

temperature from Rietveld refinements with F atoms at y3/p(blue ®) bond angles I.nterconvertlng betwedm anq—q; see Supporting

and at (0.5,0,0) (re®), the PDF refinements (greem), and extracted Information Figure The structure still maintains a rhombohedral
directly from the PDF plot (purpla). The displacement parameters obtained ~ distortion and an za a" tilt scheme.

at 650°C from Rietveld refinements (b) with F at (0.5,0,0) and (c) with F The work presented here clearly shows how the analysis of both
at the split position (0.5.y). The A=F bonds are clearly longer when F |ocal and long-range structural information can be advantageous
occupies the split position. in the elucidation of dynamic disorder in crystalline systems. The
application of PDF analysis to this problem is made possible through
the use of image plate area detectors in a technique referred to as
rapid acquisition pair distribution function analysis (RA-PDR)e
extension of this approach to the structural studies of a variety of
other systems including catalysts, negative thermal expansion
materials, and geologically important materials can be readily
envisaged.

Fluorine at (1/2,0,0)
Figure 2. (a) The change in AtF bond distance (A) as a function of

parameters in the high-temperature phase were significantly larger
in the direction normal to the AlF bond direction. Thus, a second
Rietveld refinement of the 650C data was commenced with a
partially occupied (0.25) split fluorine position at (G/y) with y

= 0.0452(8). This produced a refinement of similar qualRy &
5.80%, see Supporting Information), but yielded longer, more
physically reasonable AlF distances at high temperatures. In the
region immediately preceding the transition temperature-(458 Acknowledgment. This work was supported through grants DE-
°C), an anomaly persists in the change ir-Klbond distance, and  FG02-96ER14681 and DE-AC02-98CH10086 from the DOE. The
a region still exists where the diffraction patterns clearly index as APS is supported by DOE grant W-31-109-ENG-38. C.P.G. thanks
rhombohedral, but where a smaller apparent-Rldistance is Paul Madden for stimulating discussions.

obtained in comparison to the Iower-temperature data. Supporting Information Available: Details of the PDF and
The Al-F bond distance was extracted directly from the PDFS  piate|d refinements (PDF). This material is available free of charge

(Figure 2a), by fitting a Gaussian to the peak, to clarify the details ja the Internet at http://pubs.acs.org.

of local structure during the region preceding the phase transition.
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