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Rietveld re®nements of corundum, a rutile and anatase nanocrystalline

synthetic mixture, and gypsum, on laboratory energy dispersive X-ray

diffraction (EDXD) data are reported. Cell parameters, positional and

displacement parameters are in reasonable agreement with single-crystal

reference data, despite the rather poor resolution of EDXD data. In particular,

good results were obtained for gypsum (unrestrained re®nement) with counting

times as short as 1000 s.

1. Introduction

The original development of a laboratory energy dispersive

system to analyse a crystalline specimen was carried out in the

late 1960s (Giessen & Gordon, 1968). In this technique, the

un®ltered radiation from a commercial X-ray source impinges

on a specimen and the diffracted beam is energy-resolved by a

solid-state detector located at a suitable scattering angle. The

modulus of the scattering vector q (function of the energy of

the photon E and the scattering angle �) can be represented as

q�E; �� � 1:01354E sin � � 4��sin ��=�; �1�
where q is expressed in AÊ ÿ1, � in AÊ , and E in keV.

Some subsequent applications of the energy dispersive

X-ray diffraction (EDXD) powder method on laboratory

instruments have been reported (e.g. Drever & Fitzgerald,

1970; Ferrel, 1971; Laine et al., 1974; Nakajima et al., 1976;

Nuding et al., 1980; Eisenreich & Engel, 1983; Uno & Ishigaki,

1984). The rather poor intrinsic resolution of the EDXD

system has severely limited its application in structural

analysis. In fact, the relative resolution of an EDXD system is

largely dominated by the contribution from the detector

(Otto, 1997),

�EFWHM

E
� �E 2

amp

E 2
� 2:354� �2F"

E

� �
� cot �0��� �2

� �1=2

�2�

where �EFWHM represents the full width at half-maximum

(FWHM) at energy E, �Eamp is the energy resolution of the

electronic circuit, F is the Fano factor, and " is the energy

required to create an electron±hole pair. The last term is the

simpli®ed expression, obtained from differentiation of Bragg's

law, for equatorial beam divergence �� at the diffraction

angle �0. Despite this limitation, a few quantitative structural

studies by means of EDXD on synchrotron sources have been

carried out (Glazer et al., 1978; Buras et al., 1979; Yamanaka &

Ogata, 1991). The method has gained increasing popularity as

a tool to monitor the change of lattice parameters with pres-

sure (P) and/or temperature (T) in order to derive the

corresponding equation of state (see for example Grevel et al.,

2000) or to detect the occurrence of phase transformations

(Zhang & Guyot, 1999). Both whole-pattern powder decom-

position (Morishima et al., 1999) and Rietveld re®nement

(Frost & Fei, 1999) have been carried out on EDXD data, but

apparently to determine cell parameters only. Only recently

has this technique been re-addressed toward laboratory

instruments. In fact, in spite of the lack of resolution, EDXD

has proved to be especially suited for structural studies of low-

crystallinity, amorphous, or liquid materials (Rossi Albertini,

Bencivenni et al., 1996; Rossi Albertini, Caminiti et al., 1997;

Sugiyama et al., 1998), as well as for the study of the kinetics of

phase transitions (Ballirano et al., 1998; Caminiti & Rossi

Albertini, 1999).

The aim of this paper is to investigate the possibility to

perform, via Rietveld re®nement, reliable structure analyses

using laboratory EDXD data on fully crystalline samples. This

opportunity seems particularly attractive in order to follow

structural behaviours during phase transitions, at least in the

case of simple structures. In order to test the possibility we

have collected powder data on SRM676 �-Al2O3, a 20/80 wt%

nanocrystalline rutile/anatase (TiO2 polymorphs) synthetic

mixture, and gypsum CaSO4.2H2O. These materials were

selected because they show different degrees of structural

complexity and very different tendencies to be affected by

preferred orientation.

2. Experimental

Powder X-ray data were collected with a prototype EDXD

instrument (Caminiti, Sadun et al., 1991; Caminiti, Sadun,

Bionducci et al., 1997) characterized by vertical �/� geometry

(see Fig. 1 of Caminiti et al., 1999). It consists of a commercial

Seifert X-ray generator (W target), a collimating system, step

motors, and a solid-state detector (SSD) linked via an elec-

tronic circuit to a multichannel analyser (MCA). A thermo-

electronic reprint



research papers

758 Ballirano and Caminiti � Rietveld refinements J. Appl. Cryst. (2001). 34, 757±762

static cell can be optionally placed at the common centre of

rotation of the diffractometer arms (Rossi Albertini, Caminiti

et al., 1997). The detecting system is composed of an EG&G

liquid-nitrogen-cooled ultrapure Ge SSD ORTEC 92X

connected to a PC through ADCAM hardware. The colli-

mating system is composed of four adjustable (both vertically

and axially) W slits, two of which are ®tted along the incident

beam (post Be window and divergence) and two along the

diffracted beam (antidivergence and receiving). No Soller slits

were inserted along the optical path. Step motors were used to

rotate both the X-ray tube and the detector holding arms

around their common centre up to the desired scattering angle

(reproducibility >0.001� 2�). The sample can be ®tted either in

re¯ection or in transmission mode. The powdered samples

were pressed in order to obtain pellets of 12 mm diameter and

with a thickness of ca 1 mm. Data were collected in symme-

trical transmission mode (Wilson, 1973) as this con®guration is

particularly convenient because all optical paths through the

sample have the same length regardless of the depth of the

scattering point from the surface. In this case, the coherent

absorption can be simply expressed as

Acoh�E; �� � exp�ÿ��E�t sec ��: �3�

Calibration of the scattering angles was carried out using

National Institute of Standards and Technology (NIST)

Standard Reference Material (SRM) 640b Si. MCA calibra-

tion was performed using the absorption edges of Zr, Ru, Pd,

Ag, In, I, Ce, Gd and Dy. Linearity between channel number

and energy was con®rmed by a regression coef®cient R2 of 1.

Dead time was kept to <2% throughout the measurements.

Different opening apertures of the slits were used for the three

samples in order to maximize the intensity without signi®cant

loss of resolution. The post Be-window slit was kept ®xed to

the values of 500 (height) � 8000 (width) mm. The aperture

dimensions are signi®cantly larger than those reported in

synchrotron measurements, where beam diameters of ca

50 mm are commonly used (Yamanaka & Ogata, 1991), but

this is an obvious consequence of the very different source

brightness.

3. Data evaluation

3.1. SRM676 a-Al2O3

The standard procedure of data evaluation will be described

in detail for SRM676 �-Al2O3. For the other substances, only

different strategies, whenever adopted, will be reported.

A scattering angle � of 15.63� was selected. Of the 1024

channels of the MCA, a total of 465 data points were eval-

uated. This is because the ®rst 184 channels were not used as

they contain the ¯uorescence L lines of W (8±11 keV range),

and the last 375 channels because the counting statistics were

considered inadequate. This data set covers the range

0.53 < dhkl < 1.83 AÊ . The X-ray source operated at 45 kV and

40 mA. A counting time of 42500 s was used. Slit apertures

were 300 � 3000, 300 � 3000, and 600 � 3000 mm. Raw data

were normalized to the incident white spectrum (®tted with a

sixth-order polynomial), corrected for absorption and escape

peaks, and subsequently interpolated to obtain constant-q

data using laboratory software. Interpolation did not intro-

duce any extra data points. The calculation of the experi-

mental

exp�ÿ��E�t� � It�E�=I0�E�; �4�
to be used in (3) for absorption correction, was carried out by

measuring the intensity of the transmitted beam through the

sample, It(E), and of the incident primary beam, I0(E), both

collected in direct transmission (� = 0�) at 45 kV and 5 mA

(Fig. 1). Escape peak correction was carried out using a cali-

bration curve that was built-up by evaluation of the depen-

dency of escape ef®ciency versus energy by measurement of

hhh re¯ections from a Si single-crystal plate.

Diffraction data were evaluated by the GSAS crystal-

lographic package (Larson & Von Dreele, 1985). This suite of

programs is, in fact, able to handle constant-q data by

conversion to conventional ADXD data using a ®ctitious user-

de®ned wavelength (Mo K�1 = 0.70926 AÊ throughout this

work). Preliminary single-peak pro®le ®tting indicated that a

simple Gaussian function was adequate to ®t the data owing to

the low resolution of the instrumental setup. Peak shape was

therefore initially modelled by means of a standard Gaussian

function modi®ed for peak asymmetry (Rietveld, 1969). A

signi®cant improvement of the ®t was subsequently obtained

using a pseudo-Voigt function (Thompson et al., 1987),

modi®ed to incorporate asymmetry (Finger et al., 1994). The

LX and LY Lorentzian parameters re®ned to zero, in accord

with the expectation that small size and strain broadening

effects are not detectable at this level of resolution. Re®ned

parameters included: tan2�-dependent, tan�-dependent and

�-independent (GU, GV and GW, respectively) Gaussian

parameters, and the asymmetry parameters S/L and H/L

(constrained to be equal). The better behaviour of this func-

tion with respect to the standard Gaussian function arises from

the more sophisticated asymmetry modelling. The peak cut-off

was set to 0.01% of the peak maximum. The background was

Figure 1
Incident white beam (A) and transmitted beam (B) measured at � = 0�

(direct transmission) for the synthetic mixture of rutile and anatase.
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®tted with an eight-term Chebyshev polynomial of the ®rst

kind. A zero-correction for detector position was also re®ned.

The presence of texture was checked, during the last cycle of

re®nement, by means of a generalized spherical-harmonic

description (Von Dreele, 1997). Six terms up to the sixth order

were introduced, but resulted in no signi®cant improvement of

the ®t because the texture index, J, was 1.013. The total

number of re®ned parameters was 26. Miscellaneous data of

the re®nement are reported in Table 1; experimental, calcu-

lated and difference plots are presented in Fig. 2.

3.2. Synthetic mixture of nanocrystalline rutile and anatase

A sample of P 25 S (Degussa-HuÈ ls) was also investigated.

This material is composed of a nanocrystalline (average

dimension of 210 AÊ ) mixture of rutile (ca 20 wt%) and anatase

(ca 80 wt%), two tetragonal TiO2 polymorphs. A scattering

angle � of 11.13� was chosen. A total of 525 data points,

covering the 0.60 < dhkl < 2.68 AÊ range, were evaluated. A

counting time of 41500 s was used. The X-ray source operated

at 50 kV and 40 mA. Slit apertures were 200 � 3000, 200 �
3000, and 400 � 3000 mm. Miscellaneous data of the re®ne-

ment are reported in Table 2; experimental, calculated and

difference plots are presented in Fig. 3.

The structure of rutile was kept ®xed to the reported

parameters of Shintani et al. (1975). Peak shape was

constrained to be equal for the two phases. The presence of

texture was checked for anatase only (®ve terms up to the

sixth order). The re®ned J index was found to be very close

to one.

3.3. CaSO4.2H2O

A scattering angle � of 12.15� was selected. Following the

procedure described for �-Al2O3, 493 data points were eval-

uated, covering the 0.65 < dhkl < 2.31 AÊ range. The X-ray

source operated at 48 kV and 40 mA. Slit apertures were 300

� 4000, 300 � 4000, and 600 � 4000 mm. Several scans were

collected using different counting times, ranging from 1000 to

20000 s. Auxiliary scans were carried out, varying the slit

dimensions in order to investigate the effect on peak variance

and asymmetry. The FWHM value was found to vary from 0.68

to 0.93� at 20� 2� of Mo passing from 100 to 400 mm of vertical

aperture. This dependence has been empirically approximated

in this aperture interval by the following polynomial (R2 =

0.99999):

FWHM � 0:72025 ÿ 7:335 � 10ÿ4 � �width�
� 3:125 � 10ÿ6 � �width�2: �5�

The background was ®tted with a 13-term Chebyshev poly-

nomial of the ®rst kind. No restraints were imposed on bond

angles and distances. The presence of preferred orientation

was detected and modelled by spherical harmonics (eight

J. Appl. Cryst. (2001). 34, 757±762 Ballirano and Caminiti � Rietveld refinements 759

research papers

Figure 2
Experimental (dots) and calculated (continuous line) patterns of
SRM676. The difference pro®le is shown at the bottom of the ®gure.
Vertical markers refer to the positions of the calculated Bragg re¯ections.

Table 1
Miscellaneous data for the re®nement of SRM676 �-Al2O3.

Statistical indicators are de®ned according to Young (1993). Selected reference data on �-Al 2O3 are reported for comparison: (a) Oetzel & Heger (1999); (b) Cline
& Cheary (1998); (c) Thompson et al. (1987); (d) Hill & Madsen (1986); (e) Will et al. (1983); ( f ) Lewis et al. (1982).

This work (a) (b) (c) (d) (e) ( f )

Data collection EDXD ADXD ADXD ADXD ADXD ADXD Single crystal
Source W target Cu target Cu target Synchrotron Cu target Cu target Mo target
Data evaluation Rietveld Rietveld Rietveld Rietveld Rietveld Pro®le ®tting ±
Experimental points 465 14001 13397 7501 10480 ± 397²
Rp (%) 2.00 8.41 8.30 ± 6.65 ± ±
wRp (%) 2.82 12.2 11.32 22.2 8.69 ± ±
RB (%) 3.07 3.62 3.32 6.6 4.01 1.4 1.5³
DWd 0.583 2.364 0.388 ± 0.069 ± -
Re®ned parameters 26 20 18 10 14 ± 44
Reduced �2 3.161 1.49 6.27 2.38 14.72 ± 2.90
J 1.013 ± ± ± ± ± ±
a (AÊ ) 4.7599 (5) 4.7589 (1) 4.75925 (1) 4.7586 (1) 4.75980 (2) ± 4.7602 (4)
c (AÊ ) 12.994 (2) 12.991 (1) 12.99191 (4) 12.9897 (1) 12.9936 (1) ± 12.993 (2)
zAl 0.35241 (8) 0.35222 (4) 0.35220 (2) 0.3518 (1) 0.35211 (3) 0.3523 (1) 0.35216 (1)
xO 0.3063 (4) 0.3066 (2) 0.3062 (1) 0.3082 (6) 0.3064 (1) 0.3057 (5) 0.30624 (4)
Biso Al 0.50 (2) 0.26 (2) 0.197 (5) 0.68 (5) 0.381 (8) 0.75 (8) 0.225 (2)§
Biso O 0.40 (3) 0.14 (2) 0.11 (1) 0.71 (7) 0.52 (2) 1.09 (7) 0.272 (2)§

² Unique re¯ections. ³ wR(|F|2). § Recalculated from anisotropic displacement parameters.
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terms up to the fourth order), signi®cantly improving the ®t as

a result of J indices of ca 1.8. The presence of texture agrees

with the easy [010] cleavage shown by gypsum. Miscellaneous

data of the re®nements are reported in Table 3, with relevant

bond distances and angles in Table 4; experimental, calculated

and difference plots are presented in Fig. 4.

4. Discussion

As may be observed from Tables 1±4, the results of the

structure re®nements lead to positional and displacement

parameters that are reasonably close to those reported in

reference data, despite the low resolution of the EDXD data.

In particular, in the case of Al2O3, deviations of the z

coordinate of Al and the x coordinate of O from single-crystal

values (Lewis et al., 1982) were 3.5� and 1�, respectively.

Standard deviations are of one order of magnitude greater

than those of single-crystal data. They are, however, smaller

than those reported by Glazer et al. (1978) for BaTiO3 and by

Yamanaka & Ogata (1991) for GeO2 at room pressure. No

direct comparison is possible with the results of Buras et al.

(1979) on urea (restrained re®nement) and naphthalene

(rigid-body re®nement). Isotropic displacement parameters

are larger than those determined through single-crystal

analysis but are within the range of those reported for powder

data. In addition, the re®ned cell parameters of Al2O3 are of

good quality, being within 2� of the values of a = 4.75925 AÊ ,

c = 12.99191 AÊ (NIST SRM676 certi®cate).

Figure 3
Experimental (dots) and calculated (continuous line) patterns of the
synthetic mixture of rutile and anatase. Vertical markers: the ®rst row
refers to the positions of the calculated Bragg re¯ections for anatase; the
second row indicates calculated Bragg re¯ections for rutile.

Table 2
Miscellaneous data for the re®nements of the rutile and anatase mixture.

Statistical indicators are de®ned according to Young (1993). Selected
reference data on rutile and anatase are reported for comparison: (a) Shintani
(1975); (b) Horn et al. (1972).

This work (a) (b)

Data collection EDXD Single crystal Single crystal
Source W target Mo target Mo target
Data evaluation Rietveld ± ±
Experimental points 525 302² ±
Rp (%) 3.16 ± ±
wRp (%) 4.29 ± ±
DWd 0.643 ± ±
Re®ned parameters 49 ± ±
Reduced �2 2.680 ± ±
Jana 1.020 ± ±
arut (AÊ ) 4.593 (2) 4.5845 (1) ±
crut (AÊ ) 2.961 (1) 2.9533 (1) ±
aana (AÊ ) 3.7840 (7) ± 3.784 (1)
cana (AÊ ) 9.500 (2) ± 9.515 (1)
xrut O 0.30493 (0) 0.30493 (7) ±
Biso Ti 0.50 (0) 0.499 (4)³ ±
Biso O 0.56 (0) 0.56 (1)³ ±
zana O 0.3339 (6) ± 0.3331 (2)
Biso Ti 0.50 (8) ± 0.39 (6)
Biso O 0.7 (1) ± 0.61 (9)
wt% rutile 18.0 (4) ± ±
wt% anatase 82.0 (3) ± ±

² Unique re¯ections. ³ Recalculated from anisotropic displacement parameters.

Figure 4
Experimental (dots) and calculated (continuous line) patterns of
CaSO4.2H2O from the data set with a counting time of 2000 s.

Table 3
Miscellaneous data for the re®nements of CaSO4.2H2O carried out with
different counting times, ranging from 1000 to 20000 s.

Statistical indicators are de®ned according to Young (1993). Selected
reference data on CaSO4.2H2O are reported for comparison: (a) Pedersen
& Semmingsen (1982); (b) Cole & Lancucki (1974).

This work (a) (b)

Data collection EDXD Single crystal Single crystal
Source W target Neutron Mo target
Data evaluation Rietveld ± ±
Experimental points 493 611² 365²
Rp (%) 1.14±3.23 ± ±
wRp (%) 1.51±4.22 ± ±
RB (%) 2.49±3.32 4.3³ 7.4³
DWd 0.657±1.770 ± ±
Re®ned parameters 47 57 ±
Reduced �2 1.260±6.452 1.28 ±
J 1.839±1.896 ± -
a (AÊ ) 5.681 (1)±5.686 (2) 5.679 (5) 5.670 (2)
b (AÊ ) 15.218 (9)±15.231 (6) 15.20 (1) 15.201 (2)
c (AÊ ) 6.528 (1)±6.535 (2) 6.522 (6) 6.533 (2)
� (�) 118.43 (2)±118.46 (1) 118.43 (4) 118.60 (4)

² Unique re¯ections. ³ wR(|F|2).
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The re®nement of the data of the nanocrystalline TiO2

polymorph mixture indicates a satisfactory agreement

between the re®ned [rutile 18.0 (4) wt%, anatase

82.0 (3) wt%] and nominal weight fractions. The z coordinate

of O of anatase is within 1.5� of the value reported from

single-crystal analysis (Horn et al., 1972), while the displace-

ment parameters are comparable. Cell parameters are also

reasonably close to reference data. The re®ned texture index J

of anatase, close to one, is consistent with the spherical

morphology of the crystallites (Degussa-HuÈ ls technical report

1-1176-0).

Gypsum represents a more challenging test for this instru-

mental con®guration. As can be seen from Table 4, meaningful

results have been obtained for this material with collection

times as short as 1000 s, despite the relatively large standard

deviations of the bond distances and angles. In fact, bond

distances are within 1.5� and angles within 1� of both neutron

(Pedersen & Semmingsen, 1982) and X-ray (Cole & Lancucki,

1974) reference single-crystal data. The larger discrepancy on

bond lengths is caused by the CaÐOW bond distance, which

has been found to be ca 0.04 AÊ systematically larger than the

single-crystal value. This may be attributed to the distortion

and, corresponding, the displacement of the centre of gravity

of the electronic density of OW because of the contribution of

the two bonded hydrogen atoms. For a counting time of 2000 s,

the corresponding standard deviations are reduced to 75%,

with only marginal further reduction with increasing collection

time. This may be considered as a particularly satisfactory

result because it was obtained via a completely unrestrained

re®nement and with a data set that is affected by signi®cant

preferred orientation.

5. Conclusions

According to our results, the feasibility to re®ne relatively

simple structures using laboratory EDXD data is con®rmed.

The results we obtained are further promising because the

instrument we used, at present, is not optimized for analysis of

crystalline samples as it lacks Soller slits. Although the EDXD

technique is ideally suited for synchrotron sources, as it takes

full advantage of the properties of this X-ray source, labora-

tory instruments have the advantage of greater availability.

Moreover, whenever long experiments are involved, as in the

case of the real-time study of slow time-dependent

phenomena, the emission stability of sealed tubes surpasses

that of the storage rings. As a ®nal advantage, the relative

simplicity of the corrections to be applied to the raw data is

signi®cant.
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Table 4
Positional and displacement parameters and relevant bond distances and angles of CaSO4.2H2O from data sets collected with different counting times.

Reference data sets: (a) Pedersen & Semmingsen (1982); (b) Cole & Lancucki (1974).
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S This work 0 0.0778 (5)±0.0801 (10) 3

4 0.31 (6)±0.6 (2)
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4 1.541 (8)
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(a) 0.3796 (2) 0.18212 (7) 0.4588 (2) 2.860 (4)
(b) 0.3778 (3) 0.1820 (1) 0.4588 (2) 1.90 (3)

CaÐO1 CaÐO2 CaÐO2ii CaÐOW SÐO1 SÐO2 O1ÐSÐO1i O1ÐSÐO2 O1ÐSÐO2i O2ÐSÐO2i

1000 s 2.563 (17) 2.535 (17) 2.393 (18) 2.428 (14) 1.465 (16) 1.481 (18) 110.8 (13) 106.0 (8) 112.5 (8) 109.2 (15)
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(a) 2.546 (1) 2.552 (1) 2.366 (1) 2.374 (1) 1.474 (1) 1.471 (1) 111.1 (1) 106.29 (4) 111.09 (4) 111.0 (1)
(b) 2.528 (2) 2.544 (2) 2.378 (1) 2.380 (1) 1.457 (1) 1.461 (1) 111.5 (1) 105.5 (1) 111.7 (1) 111.0 (1)

Symmetry codes: (i) ÿx, y, 1
2 ÿ z; (ii) ÿx, ÿy, ÿz.
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