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Variation of displacement parameters in structure refinements of low albite
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ABSTRACT

New X-ray diffraction measurements of a well-ordered Roc Tourné low albite (space
group C1) were refined in a variety of models. In addition, structural data for other low
albites obtained from room-temperature X-ray and neutron diffraction refinements were
retrieved from the literature. Comparison of refined structural parameters indicates that
highly significant differences exist among anisotropic displacement parameters from dif-
ferent data sets and models. Such differences are largely systematic and were analyzed in
terms of B, values. Significant differences were found between refinements with different
sin 6/\ cutoff ranges. Refinement models in which Si and Al scattering curves were not
correctly assigned lead to erroneous B,, values. Assumption of nonrealistic vacancies on
tetrahedral sites decreases B,, values for T sites but increases oxygen displacement param-
eters. Choice of ionic or neutral scattering factors, selection of a weighting scheme, and
neglect of anomalous dispersion correction (MoKa radiation) have only minor influence on

B, values.

INTRODUCTION

Twenty years ago, Zachariasen (1969) criticized the
quality of single-crystal structure refinements with the
statement: “It is evident that positional parameters are
reasonably good—even though the actual errors are prob-
ably five times greater than the experimental ones. How-
ever, the thermal parameters are all nonsense and must
be done again in a sensible way.” In spite of this pessi-
mistic opinion, orTEP drawings (Johnson, 1976) of “vi-
brational ellipsoids” —enclosing a surface of usually 50%
probability—adorn many structure publications, and ex-
tensive tables of U, or 8, are published in the literature.

Recently, Dunitz et al. (1988) summarized the present
knowledge on displacement parameters as obtained from
diffraction studies and showed that valuable physical in-
formation can be derived from them. These authors have
also chosen the term “displacement parameters” instead
of ““vibrational parameters” or “‘thermal parameters” be-
cause numerous kinds of disorder, static or dynamic, may
influence their magnitude. Anisotropic Gaussian dis-
placement parameters, obtained from neutron and X-ray
structure refinements, describe the second moments of
atomic probability functions and hence provide infor-
mation on averaged displacements of atoms from their
mean positions. Unfortunately, displacement parameters
are often biased by systematic experimental errors such
as inadequate absorption or extinction correction, ther-
mal diffuse scattering, or scan truncation.
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The aim of the present paper is to estimate the quality
and variation of displacement parameters in feldspar
structures depending on experimental set-ups and refine-
ment models. We have chosen low albite because there
are several other structure refinements available and all
data were collected on samples with similar chemical
composition and degree of (Si,Al) ordering.

New X-ray diffraction data for a low albite from Roc
Tourné, France (Rose, 1865) are reported and compared
with data for other low albites. In a second paper (Kunz
and Armbruster, 1990) the extent to which displacement
parameters of (Na,K)-feldspars contain information on
(Si,Al) ordering will be tested.

StrRUCTURE OF Roc TOURNE LOW ALBITE
X-ray data collection and refinement

An untwinned low albite crystal, NaAlSi,O,, space
group C1, (0.20 x 0.12 x 0.09 mm) from Roc Tourné,
France, was selected. With the spindle-stage technique
(Bloss, 1981), the optic axial angle 2V, was determined
from extinction positions under crossed polarizers at 540
nm to be 102.0(1)°, a value characteristic of highly or-
dered low albite (Su et al., 1986). Subsequently, 4079
unique reflection intensities (sin /A < 0.90, —14 < h <
14, =23 < k =< 23,0 < [ = 10) were collected in Q-scan
mode using graphite monochromated MoK« radiation on
a cAD-4 Enraf Nonius diffractometer. Lattice constants
(Table 1) were refined from the scattering vectors of 20
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TasLe 1. Composition and room-temperature cell dimensions of low albites
Composition
i) a® b(A) cd)
Locality and reference Ab An or al) 8 () ()
Amelia, Virginia, U.S.A. (Harlow and Brown, 1980) 99.3 0.1 0.6 8.142(2) 12.785(2) 7.159(2)
94.19(2) 116.61(2) 87.68(2)
Cazadero, California, U.S.A. (Wenk and Kroll, 1984) 99.7 0.1 0.2 8.1354(7) 12.7852(7) 7.1582(7)
94.274(6) 116.600(5) 87.685(6)
Ramona, California, U.S.A. (Ferguson et al., 1958; 98.5 0.5 1.0 8.138 12.789 7.156
Ribbe et al., 1969) 94.33 116.60 87.66
Roc Tourné, France (this paper) 99.9 0.1 0.0 8.137(1) 12.785(1) 7.1583(4)
94.26(1) 116.60(1) 87.71(1)
Tiburon, California, U.S.A. (Winter et al., 1977) 99.8 0.0 0.2 8.152(1) 12.784(3) 7.165(1)
94.28(2) 116.67(2) 87.74(2)

Note: Numbers in parentheses are standard deviations and refer to the last digit.

reflections with 34° < 6 < 38° The crystal used in our
experiment was so small that absorption (u = 9.028 cm™)
should not significantly influence the results. This was
also confirmed by a series of psi-scans. Data reduction,
including background and Lorentz-polarization correc-
tions, was carried out with the spp program system (Enraf
Nonius, 1983).

A total of 3370 reflections with F,, > 60(F,,) was
employed in the refinement, which started from atomic
parameters given by Harlow and Brown (1980) for low
albite; the program system PROMETHEUS was used (Zucker
et al., 1983). Structure factors were weighted on the basis
of counting statistics (w = 1/¢2). Neutral-atom scattering
factors and real as well as imaginary anomalous-disper-
sion corrections were used. In addition to positional and
anisotropic displacement parameters of all atoms, a scale
factor and an isotropic extinction coefficient [=0.24(3) x
10-% extinction type 1 on the basis of Lorentzian distri-"
bution of mosaic blocks according to Becker and Coppens
(1974)] were refined to R = 0.020 and R,, = 0.034 (stan-
dard deviation of an observation of unit weight = 2.39;
Table 5, model 8). Table 2' contains a list of observed
and calculated structure factors.

Results

A final difference-Fourier synthesis revealed maximum
residual density of 0.36 ¢ A and —0.29 e A-* close to
Na; residual density up to 0.23 ¢ A-* was also found
between (Si,Al) and oxygen. Final atomic coordinates and
anisotropic displacement parameters are given in Tables
3 and 4. Several other models were also refined and dis-
cussed below.

Atomic coordinates and interatomic distances (not dis-
played) of the Roc Tourné low albite obtained from a
variety of refinement models are not significantly differ-

! A copy of Table 2 may be ordered as Document AM-90-425
from the Business Office, Mineralogical Society of America, 1625
I Street, N.W., Suite 414, Washington, D.C. 20006, U.S.A. Please
remit $5.00 in advance for the microfiche.

ent. However, corresponding anisotropic displacement
parameters show significant and systematic differences.
The Na atom in the low albite structure shows highly
anisotropic displacement parameters at room tempera-
ture. This anisotropy has been modeled either by splitting
the Na position into two sites or by refining only one site
with strongly anisotropic displacement parameters (Table
4). Although the maximum residual electron density for
the Roc Tourné low albite is associated with this Na po-
sition, we prefer the one-site model because refinement
of higher cumulants for Na did not improve the model.
Furthermore, the anisotropic model yields smaller weight-
ed R factors than the split atom model for both the neutron
and X-ray data of Harlow and Brown (1980). Finally, the
13-K neutron refinement of Smith et al. (1986) also in-
dicates the one-site model to be physically correct.

OTHER LOW ALBITE DATA

Room-temperature crystal-structure refinements of low
albite are available for several specimens with more than
98.5% albite content. For the purpose of diffraction ex-
periments, these can be treated as chemically equivalent.
The composition and cell parameters of the specimens

TaeLe 3. Final atomic positional parameters and B,, values of
Roc Tourné low albite

Atom xla yib zle B., (A2
T,0(Al) 0.00887(4)  0.16846(2)  0.20805(4)  0.530(3)
T,m(Si)  0.00375(3) 0.82051(2)  0.23737(3)  0.488(3)
T,0(Si) 0.69162(3)  0.11021(2)  0.31466(4)  0.512(3)
T.m(Si) 0.68129(3)  0.88190(2)  0.36076(4)  0.506(3)
Na 0.26799(8)  0.98865(6)  0.1465(1) 2.57(1)
On 0.0049(1) 0.13103(5)  0.9666(1) 0.903(8)

P4 0.59176(8)  0.99756(5)  0.2804(1) 0.676(7)
0,0 0.8123(1) 0.10966(6)  0.1901(1) 0.985(8)
Om 0.8200(1) 0.85101(6)  0.2587(1) 1.25(1)
0.0 0.01288(9)  0.30238(5)  0.2706(1) 0.883(8)
Ocm 0.02329(9)  0.69368(5)  0.2291(1) 0.898(8)
0,0 0.20780(9)  0.10896(5)  0.3890(1) 0.961(8)
Opm 0.1840(1) 0.86817(6)  0.4362(1) 1.112(9)

Note: Standard deviations in parentheses. B,, = %=? Z[Z(U;aa"aa)).
a(B,,): Schomaker and Marsh (1983).
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TaBLE 4. Anisotropic displacement parameters U, (A2 of low albite (Roc Tourné)

Site Uy, Uy Uss U U Uy
T,0(A)) 0.0074(1) 0.0068(1) 0.0061(1) —0.00086(7) 0.00310(8) 0.00045(7)
T,m(Si) 0.00679(9) 0.00646(9) 0.00552(8) 0.00111(6) 0.00299(7) 0.00080(6)
T,O(Si) 0.00612(9) 0.00547(8) 0.00729(9) —0.00023(6) 0.00247(7) 0.00040(6)
T,m(Si) 0.00602(9) 0.00554(9) 0.00744(9) 0.00063(6) 0.00280(7) 0.00090(6)
Na 0.0136(2) 0.0471(4) 0.0315(3) —0.0050(2) 0.0084(2) -0.0219(3)
O, 0.0164(3) 0.0122(2) 0.0074(2) —0.0002(2) 0.0067(2) 0.0014(2)
O 0.0074(2) 0.0056(2) 0.0119(2) 0.0003(2) 0.0033(2) 0.0020(2)
0,0 0.0117(2) 0.0130(3) 0.0162(3) —0,0040(2) 0.0093(2) —0.0017(2)
O.m 0.0134(3) 0.0179(3) 0.0216(3) 0.0046(2) 0.0129(3) 0.0020(6)
0,0 0.0103(2) 0.0076(2) 0.0150(3) -0.0020(2) 0.0052(2) —0.0009(2)
O.m 0.0101(2) 0.0071(2) 0.0145(3) 0.0022(2) 0.0034(2) 0.0012(2)
0,0 0.0120(3) 0.0129(3) 0.0080(2) 0.0024(2) 0.0013(2) 0.0015(2)
O,m 0.0140(3) 0.0140(3) 0.0084(2) —0.0026(2) —0.0002(2) —0.0006(2)

Note: The thermal parameters are of the form
exp[—27%U,,h?a"? + Uy,k2b*2 + UylPc* +

2Uhka'b* + 2U,zhia*c" + 2Ukib*c)).

Numbers in parentheses are standard deviations and refer to the last decimal place.

described in the literature and in this paper are summa-
rized in Table 1. The methods of intensity measurement
include visual intensity estimation from films (Ferguson
et al., 1958), four-circle X-ray diffractometry (Harlow and
Brown, 1980; Wenk and Kroll, 1984) and 4-circle neu-
tron diffractometry (Harlow and Brown, 1980). All X-ray
diffraction data (Table 5) were obtained with MoK« ra-
diation, either graphite-monochromated or Zr-filtered, and
were corrected for Lorentz and polarization effects. Ad-
ditional parameters pertaining to experimental proce-
dures are listed in Table 5 and discussed below.

In a fully ordered low albite, three of the four tetrahe-
drally coordinated positions (T sites) are occupied by Si
(T,m, T,O, T,m) and one by Al (T,0). In some instances
[neutron refinements by Harlow and Brown (1980) and
Smith et al. (1986)], the refined occupancies of the four
T sites indicated essentially all Al to be in T,O.

Atomic coordinates? from various room-temperature

2 Note that the atomic y coordinates of O,, for X-ray and
neutron data of Harlow and Brown (1980} are misprinted. The
correct values (in agreement with their bond distances) are
0.13120(14) (X-ray) and 0.13115(4) (neutron).

TaBLE 5. Experimental conditions and refinement models for low albites

Model

Correction Scatter- Anoma- type for afes Weight-
No. of ing lous dis- Na Popula- (Si,Al) scatter- ing R R,
Model reflections  sin 6/A Abs. Ext. factor persion position tion = 1.0 ing factors (W) (%) (%)
Tourné low albite*

1 3370 <0.90 no yes neutral yes single yes individual 1/0? 2.0 3.4
2 3370 <0.90 no no neutral yes single yes individual 1/6? 2.0 3.4
3 3370 <0.90 no yes neutral yes single yes individual 1 2.0 2.5
4 3370 <0.90 no yes neutral no single yes individual 1/0? 2.0 34
5 1602 >0.70 no yes neutral yes single yes individual 1/g? 1.6 2.1
6 1768 <0.70 no yes neutral yes single yes individual 1/0? 2.0 3.7
7 1768 <0.70 no yes fonic yes single yes individual /g2 2.0 3.7
8 3370 <0.90 no yes neutral yes single refined individual 1/a? 2.0 3.2
9 1786 <0.70 no yes neutral yes single refined individual 1/a? 1.9 3.2
10 3370 <0.20 no yes neutral yes single yes all Si 1/a? 22 3.9
11 3370 <0.90 no yes neutral yes single yes all Al 1/6? 21 3.3

Amelia low albite (Harlow and Brown, 1980)
12} 1633 <0.69 ns. yes neutron yes single yes individual n.s. 21 24
13* 2441 <0.76 yes yes neutral n.s. single yes individual ns. 3.5 4.0
Cazadero low albite (Wenk and Kroll, 1984)"

14 2538 <0.90 yes yes ionic yes split refined individual 1/e? 2.79 455

15 2528 <0.90 yes yes neutral yes split refined individual 1/g2 2.62 3.67

16 1148 >0.65 yes fixed neutral yes split refined individual 1/? 2.54 3.13

Ramona low albite (Ferguson et al., 1958; Ribbe et al., 1969)}
17 1994 n.s. n.s. n.s. half-ion n.s. single yes average n.s. 6.8 n.s.
Tiburon low albite (Wainwright in Winter et al., 1977)*
18 n.s. n.s. n.s. n.s. ns. n.s. single yes individual n.s. n.s. n.s.

Note: Abs. = absorption. Ext. = extinction. n.s. = not specified by authors of the original work.

* X-ray four-circle method.
t Neutron four-circle method.
§ X-ray film method.
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TasLe 6. B, (A?) values for various refinement models
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Model 1 Model2 Model3 Model4 Model5 Model 6 Model7 Model 10 Model 11  Model 12 Model 13 Model 17 Model 18

Tourné Tourné Touné Tourné Tourné Tourné Tourné  Tourné  Tourné Amelia Amelia Ramona Tiburon

w=1/s> Noext. w=1 Noanom. High Low lonic Sis.c. Al s.c. neutron X-ray average
T,0 0.530(3) 0.522(3) 0.540(3) 0.512(3) 0.499(3) 0.573(6) 0.566(6) 0.800(4) 0.609(3) 0.599(11) 0.44(1) 0.81(2) 0.54(1)
T,m 04883) 0478(3) 0.498(3) 0.466(3) 0.460(3) 0.523(6) 0.523(5) 0.466(3) 0.277(3) 0.512(9) 0.44(1) 0.48(2) 0.55(1)
T,0 0.512(3) 0.502(3) 0.521(3) 0.490(3) 0.479(3) 0.551(6) 0.550(6) 0.489(3) 0.300(3) 0.53(9) 0.46(1) 0.54(2) 0.51(1)
T,m 0.506(3) 0.496(3) 0.515(3) 0.483(3) 0.474(3) 0.544(7) 0.543(6) 0.483(3) 0.295(3) 0.532(9) 0.46(1) 0.50(2) 0.52(1)
Qs 0.90(1) 0.89(1) 0.91(1) 091(1) 0.877(6) 0.94(2) 0.91(2) 0.88(1) 0.98(1)  0.946(7) 0.92(3) 1.07(6) 0.99(1)
(0% 0.67(1) 0.67(1) 0.69(1) 068(1) 0.646(6) 0.72(2) 0.65(1) 0.65(1) 074(1) 0.720(7) 0.75(3) 0.80(6) 0.73(1)
0,0 0.98(1)  0.98(1) 1.00(1) 0.99(1) 0.962(6) 1.022) 0.99(2) 0.96(1) 1.07(1) 1.040(8) 1.03(3) 1.16(6) 1.02(1)
o.m 1.25(1) 1.24(1) 1.26(1) 1.25(1) 1.236(6) 1.27(2) 1.25() 1.22(1) 1.33(1) 1.319(8)  1.26(3) 1.37(6) 1.29(1)
0.0 0.88(1) 0.87(1) 090(1) 0.89(1) 0860(6) 0.91(2) 087(1) 0.86(1) 095(1) 0.918(8) 0.95(3) 1.01(6) 0.97(1)
O.m 090(1) 0.89(1) 091(1) 090(1) 0877(6) 0.93(2) 0.88(1) 0.87(1) 0.97(1)  0.935(8) 0.98(3) 1.08(6) 0.93(1)
0,0 096(1) 0.95(1) 097(1) 0.97(1) 0.940(6) 0.99(2) 0.96(1)  0.94(1) 1.03(1) 1.020(8) 1.05(3) 1.18(6) 1.01(1)
o,m 1.11(1)  1.10(1)  1.12(1)  1.12(1)  1.096(6) 1.13(2) 1.11(2)  1.09(1) 1.18(1)  1.153(8)  1.19(3) 1.35(6) 1.14(1)

Note: Standard deviations in parentheses. For description of the models, consult Table 5. ext. = extinction correction. anom. = anomalous dispersion.
High = high-angle data. Low = low-angle data. lonic = ionic scattering factors. s.c. = scattering curves.

refinements (Table 5) agree within 5¢. The T-O distances
averaged over a tetrahedron (not corrected for thermal
motion) agree within 2¢. The distances for T,O are in the
range 1.740 to 1.746 A, those for T,m, T,O, and T,m are
in the range 1.610 to 1.615 A. The former values are
typical for Al-O distances and the latter for Si-O dis-
tances. Thus, essentially complete (Si,Al) ordering can be
assumed for all low albites studied. In a well-refined feld-
spar structure, the detection limit of (Si,Al) ordering based
on tetrahedral distances is in the range of 5%.

For simplification, B, values (Hamilton, 1959) instead
of anisotropic displacement parameters are used for a
comparative analysis. Systematic effects in U, values build
up in B,, and can be analyzed more easily. B,, values of
Na are not considered because of the arbitrary choice of
a split or single Na model. Corresponding B,, values for
Si, Al, and oxygen atoms in low albites (Table 6) agree
in some cases only to within 20e.

VARIATION IN DISPLACEMENT PARAMETERS
Effect of sin 8/ limit and radiation type

Displacement parameters from single-crystal neutron
diffraction experiments describe the time- and/or space-
averaged distribution of an atomic nucleus, whereas those
from X-ray diffraction may contain contributions from
nonspherical valence-electron density that is not consid-
ered explicitly in most refinements (Hirshfeld, 1976).
However, X-ray reflections at high sin /A values should
be largely free of bonding effects and reflect, to an extent
that is comparable to neutron data, the smearing of the
atomic core densities (Hirshfeld, 1976).

B,, values obtained from high-angle data (model 5),
low-angle data (model 6), and all data (model 1) are given
in Table 6. The low-angle data yield B,, values that are
systematically ~0.07 A? (up to 12¢) larger than those
from high-angle refinements. Thus, it must be assumed
that bonding electrons in the low-angle refinements are
partly modeled by increased displacement parameters.

Two low-angle data sets were collected on different low
albites by different groups, but comparable models were
used in the refinements (Table 5, models 6 and 13). A
third similar data set (model 18), refined with isotropic
B values, is added for comparison. Values of B,, for oxy-
gen in these three refinements agree within 3o. The same
good agreement is found between B and B, values for Si
and Al in models 18 and 6. The values for Si and Al in
model 13 are ~0.1 A2 (up to 8¢) lower than in the other
two refinements (models 6 and 18), however. The cause
of this difference is not yet understood.

Following the ideas of Hirshfeld (1976), good agree-
ment should be obtained between displacement param-
eters from neutron data and those from high-angle X-ray
data. However, the neutron data of Harlow and Brown
(1980) (model 12) yield values of B,, that are systemati-
cally ~0.07 A2 higher than obtained from our high-angle
X-ray data (model 5).

Effect of population refinement of tetrahedral sites

Apparently precise single-crystal measurements were
performed by Wenk and Kroll (1984) on a Cazadero low
albite (models 14, 15, and 16; Tables 5 and 7). The re-
sulting anisotropic displacement parameters or the cor-
responding B,, values (Table 7) are, nevertheless, signif-
icantly different from the comparable models discussed
above. In general, Wenk and Kroll (1984) refined signif-
icantly lower displacement-parameter values for Si and
Al but larger values for oxygen. This observation is not
in agreement with the trend that various refinement
models or data sets lead to systematic variations of B,
values in the same direction for cations and anions. Wenk
and Kroll (personal communication) indicated that pop-
ulations of cations on tetrahedral sites were also refined,
yielding values significantly below 1.0 (Table 7). Wenk
and Kroll (1984) stated that these low occupancies may
be artifacts due to correlations with the displacement pa-
rameters or the extinction coefficient. To understand the
effect of low occupancies on displacement parameters, we
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Model 15 Model 8
Model 1 Cazadero Tourné Model 16 Model 9 Mode! 14
Tourné Cazadero Tourné Cazadero
All data All data High Low lonic

T,0 0.530(3) 0.457(3) 0.518(3) 0.493(3) 0.550(6) 0.459(3)
Pop. 1.0 0.957 0.966(2) 0.957 0.955(2) 0.985
T,m 0.488(3) 0.451(3) 0.478(3) 0.439(3) 0.493(6) 0.409(3)
Pop. 1.0 0.953 0.967(2) 0.953 0.961(2) 0.980
T.0 0.512(3) 0.454(3) 0.492(3) 0.484(3) 0.503(6) 0.478(3)
Pop. 1.0 0.962 0.963(2) 0.962 0.949(2) 0.997
T,m 0.506(3) 0.420(3) 0.476(3) 0.453(3) 0.479(6) 0.440(3)
Pop. 1.0 0.955 0.959(2) 0.955 0.950(2) 0.988
O 0.90(1) 0.97(1) 0.97(1) 0.97(1) 1.06(2) 0.91(1)
Op 0.67(1) 0.77(1) 0.73(1) 0.76(1) 0.84(2) 0.67(1)
0.0 0.98(1) 1.08(1) 1.06(1) 1.06(1) 1.15(2) 0.98(1)
Ogm 1.25(1) 1.33(1) 1.33(1) 1.34(1) 1.412) 1.24(1)
[eXe] 0.88(1) 0.97(1) 0.97(1) 0.94(1) 1.03(2) 0.85(1)
Ocm 0.90(1) 0.97(1) 0.95(1) 0.95(1) 1.05(2) 0.87(1)
0,0 0.96(1) 1.04(1) 1.03(1) 1.04(1) 1.12(2) 0.97(1)

Opm 1.11(1) 1.19(1) 1.18(1)

1.19(1) 1.26(2) 1.11(1)

Note: For description of the models, consult Table 5. High = high-angle data. Low = low-angle data. lonic = ionic scattering factors.

refined the Roc Tourné data with variable populations of
T sites (models 8 and 9; Tables 5 and 7). Data sets con-
taining low-angle data refined to tetrahedral vacancies in
the range of ~4-5%. The supposed vacancies on tetra-
hedral positions lead to lower B,, values for Si and Al but
higher values for oxygen, in agreement with the trend
observed in the Wenk and Kroll (1984) results. Low cat-
ion occupancies on tetrahedral positions obtained from
low-angle X-ray data are incorrect, however. This effect
is caused by the bonding electrons that cannot be prop-
erly modeled by the refinement model. Only high-angle
X-ray data should be used for precise populations. In the
case of Roc Tourné low albite, a data set with reflections
above sin 6/ = 0.7 yielded occupancies of 1.00(2) for all
tetrahedral sites.

Effect of atomic scattering factors

In most X-ray structure refinements, neutral-atom
scattering factors are used. For the ionic model of Roc
Tourné low albite (model 7 in Tables 5 and 6; to be
compared with model 6), the extra electrons on oxygen
(O* instead of O) lead to slightly smaller oxygen dis-
placement parameters, whereas the electron deficit for
cations (Si*,Al’>*) does not lead to higher B,, values. The
ionic and neutral-atom scattering-factor model by Wenk
and Kroll (1984) should not be compared in this context
because different populations on T sites (Table 7) were
assumed. As shown above, varying populations have a
strong influence on B, values.

When a feldspar structure is refined, it is not known
from the beginning what the individual Si/Al ratio for
each T site will be and which scattering curves should be
assigned. Therefore, two extreme models were tested. All
tetrahedral cations in low albite were modeled by either
exclusively Si (model 10) or Al (model 11), respectively.
Corresponding positional parameters vary only within 2¢

and are not displayed. If Si is arbitrarily assigned to all
T sites, B,, of T,O (Al site) increases by ~50% (compare
models 1 and 10 in Table 6). If Al is attributed to all T
sites (model 11), B, values of T,m, T,O, and T,m (Si
sites) decrease by ~40%. Both models also show signifi-
cant differences in the B,, values for oxygen. Ribbe et al.
(1969) used an average scattering factor (“4Al + 3Si) for
all tetrahedral positions in the refinement of Ramona low
albite (model 17). The displacement parameters of T,0,
the Al site, converged at much higher values (Table 6)
than those of the Si positions (T,0, T,m, and T,m). This
also indicates that the assumption of a scattering power
that is too high at T,O (13.75 electrons instead of 13
electrons) causes B, to increase significantly.

Effect of anomalous-dispersion correction

Several investigators do not state explicitly whether an
anomalous-dispersion correction (f', ") was included
during refinement. Therefore, neglect of anomalous-dis-
persion correction is tested in model 4 (Tables 5 and 6).
Anomalous-dispersion parameters of Si and Al for Mo
radiation [ f'(Si) = 0.072, f'(Al) = 0.056, f“(Si) = 0.071,
f"(Al) = 0.052] are higher than those for oxygen (f' =
0.008, f” = 0.006). Neglect of anomalous dispersion
causes B, (Si,Al) to decrease by ~0.02 Az (~70), while
oxygen displacement parameters are hardly affected.

Effect of additional experimental differences

The Roc Tourné low albite shows minor extinction ef-
fects. B, values refined from the data set not corrected
for extinction (model 2) are systematically lower (by ~0.01
A?) than those from the corrected data set (model 1). The
influence of a weighting scheme was tested by compari-
son of w = 1/6% and w = | refinements (models 1 and 3).
Unit weights lead to values of B,, that are systematically
higher by 0.01 A? relative to the values obtained in the
w = 1/¢2 model.



140 ARMBRUSTER ET AL.: DISPLACEMENT PARAMETERS IN LOW ALBITE

CONCLUSIONS

(1) Atomic coordinates from various low albite refine-
ments agree within 5¢. (2) The agreement between cor-
responding B,, values is much poorer with differences up
to 200. (3) Highly significant and systematic differences
in B, values (up to 10s) arc observed for refinements
with different sin 6/X cutoff ranges. High-angle data lead
to lower displacement parameters than low-angle data.
(4) Refinements with neutral-atom and ionic scattering
factors yield similar (within 2¢) B,, values. (5) If average
(Si,Al) scattering factors are applied for all positions in-
stead of individual values (e.g., derived from T-O dis-
tances), T sites to which too much Al is assigned have
values of B, that are too low. Correspondingly, T posi-
tions to which too much Si is assigned have increased
values of B,. (6) If, because of correlation problems,
physically nonrealistic vacancy concentrations are refined
on T sites, lower B,, values for Si and Al and higher
values for oxygen are obtained. (7) Neglect of anomalous-
dispersion correction causes B,, values for Si and Al to
decrease slightly. (8) Provided that correct scattering
curves are assigned and that the tetrahedral population is
1.0, variations in displacement parameters obtained from
various models are either systematic or only of minor
significance.

REFERENCES CITED

Becker, P., and Coppens, P. (1974) Extinction within the limit of validity
of the Darwin transfer equation. 1. General formalism from primary
and secondary extinction and their application to spherical crystals.
Acta Crystallographica, A30, 129-147.

Bloss, F.D. (1981) The spindle stage: Principles and practice. Cambridge
University Press, Cambridge, England.

Dunitz, J.D., Schomaker, V., and Trueblood, K.N. (1988) Interpretation
of atomic displacement parameters from diffraction studies of crystals.
Journal of Physical Chemistry, 92, 856-867.

Enraf Nonius. (1983) Structure determination package (SDP). Enraf No-
nius, Delft, Netherlands.

Ferguson, R.B., Traill, R.J., and Taylor, W.H. (1958) The crystal struc-
tures of low-temperature and high-temperature albite. Acta Crystallo-
graphica, 11, 331-348.

Hamilton, W.C. (1959) On the isotropic temperature factor equivalent to
a given anisotropic temperature factor. Acta Crystallographica, 12, 609-
610.

Harlow, G.E., and Brown, G.E. (1980) Low albite: An X-ray and neutron
diffraction study. American Mineralogist, 65, 986-995.

Hirshfeld, F.L. (1976) Can X-ray data distinguish bonding effects from
vibrational smearing. Acta Crystallographica, A32, 239-244.

Johnson, C.K. (1976) ORTEP II: A Fortran thermal-ellipsoid plot pro-
gram for crystal structure illustrations. ORNL-5138, U.S. Department
of Commerce, National Technical Information Service.

Kunz, M., and Armbruster, Th. (1990) Difference displacement parame-
ters in alkali feldspars: Effects of (Si,Al) order-disorder. American Min-
eralogist, 75, 000-000.

Ribbe, P.H., Megaw, H.D., Taylor, W.H., Ferguson, R.B., and Traill, R.J.
(1969) The albite structures. Acta Crystallographica, B27, 1503-1518.

Rose, G. (1865) Ueber die Kristallform des Albits von dem Roc-tourné
und von Bonhomme in Savoyen und des Albits im Allgemeinen. Pog-
gendorffs Annalen der Physik and Chemie, 125, 457-468.

Schomaker, V., and Marsh, R.E. (1983) On evaluating the standard de-
viation of U, Acta Crystallographica, A39, 819-820.

Smith, J.V., Artioli, G. and Kvick, A. (1986) Low albite, NaAlSi,Oy
Neutron diffraction study of crystal structure at 13 K. American Min-
eralogist, 71, 727-733.

Su, S.C., Ribbe, P.C., Bloss, F. D., and Goldsmith, J.R. (1986) Optical
properties of single-crystals in the order-disorder series of low albite—
high albite. American Mineralogist, 71, 1384-1392.

Wenk, H.-R., and Kroll, H. (1984) Analyses of P1, 11, and CI plagioclase
structures. Bulletin de Minéralogie, 107, 467-487.

Winter, J.K., Ghose, S., and Okamura, F.P. (1977) A high temperature
study of the thermal expansion and the anisotropy of the sodium atom
in low albite. American Mineralogist, 62, 921-931.

Zachariasen, W.H. (1969) Concluding remarks. Acta Crystallographica,
A25, 276.

Zucker, U_H., Perenthaler, E., Kuhs, W.F., Bachmann, W.F., and Schulz,
H. (1983) Prometheus, a program system for investigation of anhar-
monic vibrations in crystals. Journal of Applied Crystallography, 16,
358.

MANUSCRIPT RECEIVED SEPTEMBER 14, 1988
MANUSCRIPT ACCEPTED SEPTEMBER 7, 1989



