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Abstract: Series of experiments have been carried out tostipate the quality of the
recently developed rapid acquisition atomic pastrithution function (RA-PDF) method,
which combines the uses of high energy X-rays amdrage plate area detector. Image
plate data for simple elements (C, Mg, Al, Si, 8y, Zn, Ag, and Pb) have been analyzed,
using (RA-PDF) technique. The affect of undiscriated Compton and fluorescence is
investigated for a wide range of materials withnaitoZ numbers ranging from 6 (Carbon)
and 82 (Pb). We find the RA-PDF method is capablebtaining high quality PDFs where
guantitatively reliable structure information camdxtracted.
Keywords: Rapid acquisition atomic pair distribution funetjorotal scattering, RA-PDF,
X-ray scattering.
PACS: 61.46.Df, 61.10.-i, 78.66.Hf, 61.46.-w.

Introduction

Modem - scenifcaly  and BeComes lese effeeve, for increasrgy

technologically important materials are . '
experiments, short wavelength X-rays or

becoming increasingly disordered. The . .
knowledge of the atomic structure, in threeneutrons are used. Modern third generation

dimensions, of such materials is prerequisit%r@c:;ogglg "é?d d:|ri)\?e”§:Onsr?grl:t:/(\zgv:?eunrcfhs
for understanding their properties. In the P 9 9

literature, there are powerful tools fortprg(r)]ggf anrzl;trznsi)v igorth\’:g%g?gg?]i?tﬂrg
studying long-range atomic structure ge giving q

(crystallography) and local structure \rlélgcl)lutriTc])llflcr[]l 'g]] prl(—‘)(\)lredPDEIgrzea;eua;léﬁ):r?ti
(EXAFS, NMR), but very little for probing - Co o ’
the intermediate structure scale of 110 nm.SUff'(.:Ient counting statistics are needed. The
The atomic pair distribution function (PDF) requw_ed measurement - time for each
method has emerged as a powerful tool tgxperlment IS determln_ed by the amount _Of
study the atomic structure at different IengthSarnIOIe in the beam (in neutron case), its

scales. The PDF is used to characterize thzesgtifggpa 9 Opr?(\e,vﬁgrr?enrdfo)r(;;/?é/c/a ngu:;%ré IgL[JDXF
local structure of crystalline and nano- : P

crystalline materials [1, 2], in additional to applications has been the long data

its traditional use on glass, liquids, a”dgglrlf,(e:té?ign;mep[)(;g trcr)leti]?)d ho\llJvrhsi)Ie Wlthhe
amorphous materials [3, 4]. ’

recently developed rapid acquisition PDF
Being a real space approach assumin¢RA-PDF) method [9] opens up the horizon
long-range order is not preserved, the PDFor new possibilities by significantly
method is growing in popularity as thelowering this barrier. In early proof-of-
conventional  crystallographic  analysisprinciple study [9], the RA-PDF method is
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shown to reduce the data collection time by In this paper, we perform a series of
three to four orders of magnitude, and giveexperiments to investigate the experimental
high quality PDFs with good effects on the quality of the RA-PDF data
reproducibility. The RA-PDF method and the accuracy of the structural
benefits from 2D data collection by information obtained.

coupling high energy X-rays with an image . . .
platg (I?:’) grea de%gctor. Xl'he usage ofgIP Materials with the atomicz numbers

area detector expedites data collectio ranging from 6 to 82 are measured to
P r%ystematically study the effect of Compton

\r,g::ri];r%tcal (;%r:féori:r'ggg the measureda.nd fluorescence contributions to the t_otal
) signal. The data for elements with medium
More recent, the RA-PDF method hasatomic numberz, (12 < Z < 30), and
been successfully applied to quantitativelyhigh-Z, (47 < Z < 82), could be analyzed
measure the strain in nanoparticles [10]and modeled, up tQ@mna.x = 30.0 A and
local distortions in TiSb [11], resulted in high quality PDFs. This study
characterizing mesomorphous andreveals that RA-PDF method is capable of
amorphous active pharmaceuticalobtaining high quality PDFs where
ingredients [12], phase transitionscrAlF;  quantitatively reliable structure information
[13], and in-situ time resolved study of can be extracted.
nano-ceria [13]. The RA-PDF method is
expecting to extend into broad scientificExperiments
areas, which will benefit the local structure
PDF analysis, and will help significantly in
our understanding of structures at the In the recent developed RA-PDF
atomic level. experiments, great efforts have been taken
to reduce the scattering back ground.

quantitative PDF analysis subject to carefu,EXtenSiVe Pb Shielc_iing_ before the sample is
scrutinies imposed by the introducegUSudlly loaded, which is proved to be very
experimental effects. One major concern i'€/Pful. The collimation between the Pb

the lack of energy resolution intrinsic to thes’h'eId and the sample (if there is some

IP. The measured counts are the sum dfonsiderable gap) proved to be rather
elastic Compton and ﬂuorescenceeffectlve too. The IP camera is repeatedly

intensities, while only elastic signal adjusted to be aligned to be orthogonal to

(exponentially decreasing wit®) is useful the incident beam.

to PDF analysis. Extraction of the elastic The IP center is also moved to be on the
component can be very challenging at highincident beam. Those aligning steps are
momentum transferQ where Compton necessary in order to minimize the errors
scattering dominates especially for |@w- during later data corrections, e.g. the
elements. incident angle (used in oblique incident
,angle dependence correction, read on for

Fluorescence can be very significant fod Al lative to the IP | dtob
medium to highz elements when the X-ray d€tails) relative to the IP is assumed to be
the same aso2

energy is not far enough above the
absorption edges. In addition to that, the IP The  diffraction experiment  was

response is energy dependent making thperformed at 6IDD beamline at the advance
situation more complicated. I[P dataphoton source (APS) at Argonne National
collection also exposed to high background aboratory, Argonne, IL (USA). Image

scattering levels mostly coming from theplate camera (Mar345), of a usable diameter
rather long direct beam flight path in airof 345 mm, mounted orthogonal to the

after the sample. The lack of collimation inbeam path with sample to detector distance
front of the IP also raises the issue ofof 178.4 mm, was used to collect the data at
background scattering from sampleroom temperature. The energy of the X-ray
environments, such as low temperaturaised is 98.0 keV. The samples (C, Mg, Al,
measurements with cryostat, studies witlsi, Ni, Cu, Zn, Ag, and Pb) were purchased
pressure anvil cells. from Alfa Aesar and were used as received.

Data acquisition

The use of IP area detector for
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Fine powders of all samples were measuredependence to obtain the normalized total
in flat plate transmission geometry with scattering structure functior§{Q). The PDF,
thickness 1.0 mm packed between kaptois(r), is obtained by a Fourier transformation
tapes. The air-sensitive samples wereaccording to Eq. 2.

handled in a nitrogen-filled glove bag. In the Fourier transform step to get from

Data processing Q) to the PDFG(r), the data are truncated at a
finite maximum value of the momentum
transfer,Q = Qnax Different values oQ.x may

All raw 2D data, like the one shown in Fig. be considered. Here @uax = 30 A* was found
1, were integrated and converted to intensityto be optimalQnaxis optimized such as to avoid
versus B using the sftware Fit2D [14], where large termination effects and to reasonably
20 is the angle between the incident and minimize the introduced noise level as signal to
scattered X-rays. The integrated data were noise ratio decreases wifvalue. More details
normalized bythe average monitocounts. The  about the IP corrections are described in this
data were corrected using standardmethods  section
[1, 2] to obtain the total sattering structure
function, S(Q), andthe PDF, G(r).

Determination of S(q) from the raw data

The atomic PDF analysis of X-ray and
neutron powder diffraction data is a powerful

B0 1000 1200 1400 160 1800 0 2300 2400 2600 method for studying the structure of locally
- distorted materials. [1, 2, 8, 16-18] Recently, it
2410 has been explicitly applied to study the structure

of discrete nanoparticles. [18-22] The PDF
method can yield precise structural information
= at different length scales, provided that special
i care is applied to the measurement and to the

method used for analyzing the data. The atomic
b PDF,G(r), is defined as

e G(r)=4mr [pt)-p, 1, 1)

wherep(r) is the atomic pair-densityy is the
average atomic number density andis the
a0 radial distance. [23] The PDF yields the
0120 1400 o mtf:n probability of finding pairs of atoms separated
by a distance. It is obtained by a sine Fourier
— , = transformation of the reciprocal space total
W o ”;wl scattering structure functid®Q), according to

a0 1000

20

Rovars

- 1200

- 1000

Intensity
FIG. 1. Two dimensional contour plot from the 27 .
Mar345 Image Plate Detector. The XRD data are © (") ‘TTJQ[Sa( Q -1sin( Qr) dQ, (2)
from nickel powder measured at ambient 0
conditions. The concentric circles representwhere Q) is obtained from a diffraction
intersections of different colors with the area experiment. This approach is widely used for
detector (Debye-Scherrer rings). The sample Wa%tudying liquids, amorphous and crystalline

contained in a flat plate, 1.0 mm thickness, . .
irradiated volume 0.25 minbeam size 0.5x 0.5 materials, a_md has _recently been applied to
nanocrystalline materials. [2]

mn?. The small dark area in the center of the

image is a shadow cast by the beam stopExtraction of the structural information from
assembly. G(r).

Calculation of G(r) from (q) Structural information was extracted from the

Program PDFgetX2 [15] was used to proces§DFs using a full-profile real-space local-
X-ray powder diffraction data to obtain the structure refinement method [24] analogous to
experimental PDFG(r). Standard corrections Rietveld refinement. [25] We used the program
were made to the raw data to account folPDFfit [26] to fit the experimental PDFs.

experimental effects such as Compton,Starting from a given structure model and given
fluorescence, and oblique incident angle@ set of parameters to be refined, PDFfit searches
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for the best structure that is consistent with the Energy dependence of the IP response The
experimental PDF data. The residual functioncounts of the IP is proportional to the X-ray
(Ry) is used to quantify the agreement of theenergy stored in its phosphor layer, and thus
calculated PDF from model to experimental datadepends on both the absorption coefficient per
- incident photon and the photon energy. This
ZW (F)[Gupo(1,) =G (1] energy dependence of th_e IP response was found
= . 3) to decrease slowly with increasing photon

RN:

N ) energy with few discontinuities at low energies
ZW (1 )Gons (1) [33]. No correction of this nature is necessary for
N the elastically scattered photons as they have the
Here the weighto(r;) is set to unity which is same energy at all angles. However, the
justified because in G(r) the statistical Compton scattering does not conserve the
uncertainty on each point is approximately equalphoton energies which monotonously decrease
[27, 28] with increasing scattering angle. Here we use an

The structural parameters of the model wereemIOIrICaI analytical form to approximate the

unit  cell parameters, isotropic  atomic energy depende_nce of the detection_efficit_ency.
displacement parameters (ADPs). Non structura-lrhe usec(jj analyt'%‘?‘ll formula_can bhe eltger Im_ear
parameters that were refined were a correctio ][f' qua r3t|c whiie .ﬁr:lsurlng the  detection
for the finite instrumental resolutiongd), low-r etiiciency decreases with energy.
correlated motion peak sharpening facté}, ( Fluorescence background the contribution
[29, 30] and scale factor. from fluorescence can be very significant when
the X-ray energy is not too far above the
constituent elements’ absorption edge(s). The
angular dependence of the fluorescence is
Data analysis of IP data involves more stepsconstant before self absorption correction. The
As the raw data coming off the IP are twomagnitude of the fluorescence is used as an
dimensional (concentric Debye-Sherrer rings inadjustable parameter during data processing. In
our case of powder diffraction) images, programprinciple, its intensity can be estimated from
FIT2D [31] was first used to integrate around thetheoretical cross section tables. However, as the
rings to obtain the one dimensional scatteringenergy of fluorescence is usually well separated
intensity versus @ equivalent to an angle from both Compton and elastic scatterings, the
dispersive scan. The integrated data were theimterpolated energy dependence of the IP
normalized by the total incident beam flux response causes the estimation less accurate.
during that exposure(s). Once we have the
sample and background data, they can be used Results and Discussion
PDFgetX2 [15] to obtain thés(r). However, ) )
additional corrections are necessitated due to the 1N€ €xperimental reduced structure functions,

nature of the IP data collection, as explained irf (Q), and the corresponding PDRr), for Cu,
the following. Zn, C and Pb samples are shown in figures 2- 5,

respectively. Ideally, th&(Q) would asymptote
Incident angle dependence this correctiong zero with increasin value. A quick visual
accounts for the angular dependence of theheck reveals that the data quality varies rather
scattered photon effective path length in the IR:onsiderably with the atomic Z number. Our data
phosphor layer [32], as a direct result of itsshow that for low Z element, like carbon, shown
incomplete absorption of the scattered photonsin Fig. 4, extraction of the elastic component can
This correction becomes very significant at highpresent a challenge at high momentum trar@fer
X-ray energies and large incident angles (bothyhere Compton scattering dominates. For the
present in RA-PDF analysis). Two parametersigh z element, like lead, shown in Fig. 5, the
are used here, scattered photon absorptiogontribution from fluorescence is found
coefficient of the IP phosphor layer and thesjgnificant since the used X-ray energy is not too
incident angle (= @. The X-ray energy used in far above the measured-element absorption
our experiments is highly penetrating with theedge(s). The used X-ray energy is 98.0 keV
absorption coefficient less than 1%. where the Pb K-absorptioadge is 88.0 keV.
The obtained lattice parameters are slightly
higher than the widely accepted values, for

Description of X-ray PDF data analysis using
| P area detector
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all the systems reported in Tables 1 and Zeproduce their literature values fairly well;
due to systematic errors in the calibratedsee (Table 1 and 2). This can be taken as an
sample-detector distance. However, thesvidence of the accuracy of (RA-PDF)
refined lattice parameters from all elementanethods.
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FIG. 2. (a) The experimental reduced structuFdG. 3. (a) The experimental reduced structure
function F(Q) = Q (SQ) - 1) for Cu. (b) The  functionF (Q) = Q (S(Q) - L)for Zn. (b) The
experimental G(r) obtained by Fourier experimental G(r) obtained by Fourier
transforming the data in (a) (solid dots) and the transforming the data in (a) (solid dots) and the
calculated PDF from refined structural model calculated PDF from refined structural model
(solid line). The difference curve is shown (solid line). The difference curve is shown

offset below offset below.
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FIG. 4. (a) The experimental reduced structu
function F(Q) = Q (S(Q) — 1) for C. (b) The
experimental G(r) obtained by Fourier
transforming the data in (a) (solid dots) and the
calculated PDF from refined structural model
(solid line). The difference curve is shown
offset below.

Fc. s. (@) The experimental reduced structure
function F(Q) = Q (§Q) - 1) for Pb. (b) The
experimental G(r) obtained by Fourier
transforming the data in (a) (solid dots) and the
calculated PDF from refined structural model
(solid line). The difference curve is shown
offset below.
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TABLE 1. The result of the refined parameter values ftbenmeasured simple elements with cubic

unit cell.

Z a('&)literature a(A) Uiso(Az) RWp
Pb 83 4.95 4.968(2) 0.0104(1) 0.14
Ag 47 4.09 4.1042) 0.009¥1)  0.10
Cu 29 3.61 3.627(2) 0.0074(1) 0.10
Ni 28 3.52 3.534(2) 0.0051(1) 0.09
S 14 5.43 5.43i(2) 0.00641) 0.13
Al 13 4.05 4.069(2) 0.0115(1) 0.11

TABLE 2. The result of the refined parameter valfiesn the measured simple elements with a

hexagonal unit cell.

Z a, C(A)Iiterature a C(A) UiSO(AZ) RWp
Zn 30 2.66, 4.95 2.67(1), 4.961(1) 0.0157(1) 0.09
Mg 12 3.21,5.21 3.217(1), 5.221(1) 0.0162(1) 0.12
C 6 2.47,6.7' 2.447(1),6.79¢C  0.0058(1  0.32

Data colledion with image plate can be
subjected to quite high background. Parof
the dataanalysis process is sibtracting this
background from the data.A scale factor
close to unity suggests that uncertain
background intensities have beenubtracted

successfully. Fronthe results shown in Fig. 6,

the value of the average &le factor for
medium-Z and high-Zlements are 0.893and
0.816, respedtively, but for low-Z elements it
is 0.30. The scalefactor for medium and high-
Z elements is closeto 1.0. This siggests the
data corrections for these data have been
applied successfully. However, for
element data, like carbon,thereis a challenge
in analyzingthe data,even with loweringQmax
value downto 20.0A™. Thebest value for the
scale factor could be obtained, in case of
carbon, is 0.30, forQ, ., 200 A™

1.05

Pb

@(Mg
R
Cu Zn S

! - fo _—
e -

Scale Factor
03 045 06 075 09

30 40 50 80 70 80
Atomic No.(Z)

10 20

All the PDFs from elements with cubic
structure (Pb, Ag, Cu, Si, Ni, and Al) show
highly acceptable qualities. For example, the Cu
PDF, G(r), data withQmn.= 30.0 A%, Fig. 2,
appears to have minimal systematic errors
(unphysical features), which appear as small
ripples before the first PDF peakrat 2.55 A.
The structural model (space grobm-3n) was
readily refined, in the three dimensions real
space, and gave excellent agreement with data
as evident from the very small difference curve.
The values of the weighted-profile R-valu®,)
are listed in Table 1 and Table 2, with average

low-Z value of Ry, 0.11, noting that a value of 0.10

indicates excellent agreement for PDF
refinement. As can be seen from tRg, value

for cubic structure elements (Al, Ni, Cu, and
Ag) has small fluctuation around the average of
them 0.08 by = 0.008, which indicates in this
Z —range (13< Z < 47) theR,, value (which is
excellent) for that type of structure isn’t
influenced by the atomic number Z. However,
for high-Z elements like Pb the obtain&,
value is 0.32, foRQma= 30.0A™. The agreement
factor R,,) for the Pb is the worst, due to the
contribution of fluorescence signal, which is
very significant since the used X-ray energy
(98.0 keV) is not too far above the Pb K-
absorption edge (88.0 keV). For high Z
elements, the measured total counts are the sum
of elastic, fluorescence intensities, while only
elastic signal (exponentially decreasing w@h

is useful to PDF analysis. Extraction of the

FIG. 6. Scale factor vs. atomic number (Z). All the e!astic component can be very challenging at
data haveQmax = 30.0 A, except Pb and C they high momentum transfe® where fluorescence

haveQnax 20 and 25 A&, respectively.
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intensity dominates. Hence, thHe,, value is
expected to improve as lowering tQg.x value.
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The Ry, value for the Pb in Table 1 obtained for number Z (12< Z < 48). However, the data for
Qmax= 20.0 A*, and it is 0.14. low-Z elements like C (Z = 6) and extremely
high-Z elements like Pb (Z = 82) were difficult

For the elements with hexagonal structure _ -1
(Zn and Mg), the PDFs show highly acceptableto analyze up t@na= 30.0 A™. The Pb and C

iy : . -~ “data could be analyzed up@,.,= 25.0 A'and
ualities, and the obtaind®},, value are listed in - . L
Table 2. with average value &, 0.11. It is Qmax= 20.0 A”, respectively. Over all the fitting

worth to notice that the fit of cubic structure > quite good and satisfactory, indicating that

model, Cu (Z = 29), Fig. 2, was comparable tO_RA-PDF technique can be confidently employed

. in structural studies of elements with atomic
the fit with hexagonal structure model, Zn (Z = .
30), Fig. 3. The results suggest that eIementgtuon;]t;Srnzur(jirZZS 42.Sél'£[eaelerne12{1tihv;“2r10\év o
with different structure models, but very close Z over data correpction duegto the ma'%rit
number, are expected to have the same PDF da‘? P Jority

quality. This can be seen from the differenceccmmbmIon of Compton scattering in higd

curve bellow in figures Fig. 2 and Fig. 3, Whereregion. The elements with high atomic number

Cu shows smaller differences as Zn, indicatin ’hif:zoz:var? E(;nt\flel:;utlgp n?]lcicf;un(:r?iﬁgr?caeslﬂggg
that cubic structure data has same fitting qualit&_ra enerav is no){ tog far above the elements
as hexagonal. Noticing that both of them have b y ’ 938

almost the same atomic number (Z). absorption edge(s).

Weakly scattering element, like carbon, ACknowledgments

presents a great challenge to proper data \we would like to acknowledge help from
corrections due to the majority contribution of pidier Wermeille, Doug Robinson, for help in
Compton scattering signal in highregion. The  collecting data. We would also like to
reduced  structure function, F(Q), for  acknowledge Dr. Simon Billinge group for the
Qmax= 25.0 A%, and the corresponding PDF aresypport in  obtaining and analyzing the
shown in Fig. 4. A structural model (spaceSynchrotron data. This work was supported in
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isotropic thermal factors were refined, with all
the parameters maintaining the symmetry of
each space group for each structure type. Hig
quality PDFs can be obtained witQn.x =

30.0 A (or more) for elements with atomic
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