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ABSTRACT

The structural parameters of buergerite (ideally NaFe;B3AleSigOs0F) have been refined
using three-dimensional, single-crystal neutron diffraction data. The occupancy factors in
the cation sites have also been refined, and, in agreement with the X-ray results, a sub-
stitution of Fe into the 18¢ Al point position of space group R3m is found.

A difference synthesis resulted in the location of a hydrogen atom in the structure—
corresponding to the replacement of O by OH in one site of the FeOs octahedron about 8
percent of the time.

Because of the differences in scattering amplitudes, some of the bond distances have
been determined to slightly higher precision than in the X-ray determination. The final
R (F?) factor for 391 independent reflections is 0 034. The maximum error in the final dif-
ference synthesis is 0.4 fm A-4—about 1 percent of the maximum peak height in the ob-
served scattering density map. The position and thermal parameters agree extraordinarily
well with those of the X-ray study, and confirm the results of that work in detail; the pre-
cision of the atomic position determinations is about 0.003 A in both studies.

A comparison of neutron powder diffraction patterns at 300°K and at 4 2°K provides no
evidence for magnetic ordering or other structural change between these temperatures.

INTRODUCTION

Buergerite, a ferric tourmaline with the idealized formula NaFe;B;SigAliOs0F,
has been described by Mason, Donnay, and Hardie (1964) and by
Donnay, Ingamells, and Mason (1966). In a recent X-ray diffraction
study Barton (1969) found the crystal structure of buergerite to be very
similar to the dravite structure of Buerger, Burnham, and Peacor (1962).
An important result of the X-ray study is that some iron replaces alu-
minum in the 18¢ position of space group R3m, a substitution not de-
manded by the chemical analysis. The ratios of atomic scattering am-
plitudes for neutrons and X-rays differ; therefore a neutron difiraction
study should provide independent evidence of cation substitution. Fur-
thermore, neutron diffraction data are senstitive to the ordering of
unpaired electrons, and a report of the antiferromagnetic behavior of
buergerite (Tsang, Thorpe, Senftle, and Donnay, 1970) gave further
stimulus to the study reported in this paper.

! Research performed under the auspices of the U. S. Atomic Energy Commission.
2 Present address: Institut Max v. Laue-Paul Langevin, rue des Martyrs, 38 Grenoble,
France.
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CRYSTAL Dazra

The cell constants, density, and space group were taken as those found
in the X-ray study: ¢=15.869 A c=7.188A, p.=3.29 g cm™*, R3m.

EXPERIMENTAL

The crystalline material used in this investigation was kindly supplied by Dr. John S.
White of the U. S. National Museum (specimen R-12631), and was from the same locality
as the crystals studied in the investigations referenced above. The final formula adopted by
Barton on the basis of the chemical analysis and the x-ray structure determination is

Naz 16Ko 05Ca0.35 o 07) (M s.30Al2. 65 Jo 05) By 00(Alsg 32M1 570_Jo 11)
- (Si17 20B0 80) (Oss 550H, 39F0 08) F's 0o

with M =Feq 9511+ Tio o2s+Mgo aiz+Mng,o0s. This overall chemical composition was as-
sumed in the present study, and the distribution of the cations was essentially confirmed.

A doubly terminated prismatic crystal was chosen for data collection. The distance
between the two monohedra and between the three pairs of opposite prism faces (1010,
0110, 1120) were each equal to 1.90 mm. The crystal volume was 6.25 mm3. The crystal
was mounted with the [110] axis parallel to the ¢ axis of a four-circle goniometer at the
Brookhaven National Laboratory High Flux Beam Reactor. A monochromatic beam of
neutrons with wavelength 1.047 A was obtained by reflection from the (111) face of a single
crystal of copper; at this wave-length, the amount of second order contamination in the
beam is negligible.

Integrated intensities were obtained for reflections with (sing) /A <0.65 by a ¢-20 step
scan-method, with steps taken every 0.1 degree in 29. The length of the scan was a variable
function of scattering angle, chosen to obtain several background points at each end of the
scan. The data were reduced to squared structure amplitudes by background correction,
application of the Lorentz factor sin26, and correction for absorption (x=4.36 cm™). The
transmission factors varied from 0.46 to 0.52. Most reflections were observed twice; 822
separate (/ikl) values were obtained from 1644 measurements The agreement factors R
and R,, for the 585 multiply-observed reflections were 0.023 and 0.025.! Only seventeen of
these reflections deviated by more than 4o from the weighted mean.

The intensities for the 822 (kkl) values were now averaged over sets of symmetry-
equivalent reflections to obtain 397 independent reflections. The values of R and R, for
this averaging were 0.024 and 0.025; no departure from Laue symmetry 3m was suggested.
For the subsequent analysis, each reflection was assigned an estimated standard deviation
which was the highest of the following three values: (1) the counting statistical error, (2)
the standard deviation of the mean as estimated from the agreement between equivalent
reflections, (3) five percent of F2%.

STRUCTURE REFINEMENT

Initial least squares refinement of all position parameters, anisotropic
thermal parameters, an isotropic extinction parameter (Zachariasen,
1967), a scale factor, and atomic scattering lengths for all positions ex-

VR =X R — BRG] [ S B
hkl,j

bkl.j
R = [ 2w
hkLj

with the weights w;=1/0 being determined by Poisson counting statistics

1/2
F(hkl) — F2(hkl) |2 / > F,.‘*(hkl):'

hklLj
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TABLE 1. NEUTRON SCATTERING LENGTHS IN 1072 cm
FOR THE ELEMENTS IN BUERGERITE
Those values with standard deviations in parentheses were refined in this study,
and mean values are based on the chemical composition given by Barton.

Atom Atomic Number
Na 1 0.351
K 19 0.37
Ca 20 0.49
u(Na site) 0.361
Fe 26 0.95
Ti 22 —0.34
Mg 12 0.52
Mn 25 —0.36
u(M) 0.898
Al 13 0.35
B 5 0.540 (9)
(0] 8 0.577
F 0.55
H 1 —0.378
Fe site 0.763 (11)
Al site 0.385 (7)

cept the 18¢ Al position (which was normalized to agree with Barton’s
results) indicated that the chemical composition given by Barton and
the neutron scattering lengths given in Table 1 are indeed satisfactory.
In subsequent refinements, most scattering lengths were fixed at their
theoretical values. Exceptions were made for the 18¢ Al position and the
9p Fe position; the scattering lengths at these positions were varied to
obtain an independent estimate of the (Al, Fe) replacement found by
Barton.! The boron scattering length was also refined, inasmuch as it is
not as well characterized by previous crystallographic studies. The O(1)
site was assumed to be entirely F; the scattering lengths for F and O are
nearly equal, and a moderate substitution of O for F would not affect
the results.

Refinement of position, thermal, scale, and extinction parameters
along with the three scattering lengths reduced the value of R and R,
(both based on F2) to 0.036 and 0.061. The standard deviation of an
observation of unit weight (S) was 1.276. Observed and difference scat-
tering density syntheses were calculated at this stage. Peak helghts in
the observed map ranged from 44.96 fm- A3 for Fe to 21.25 fm- A3 for

1 The restraint on the 18¢ Al scattering length in the previous refinement does not affect
the results of the final refinement; effectively, in the final refinements, normalization was
made to the scattering factor for oxygen, which is well known
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Na (one Fermi or femtometer (fm) = 10" m). Figure 1 shows a section
of this map in a plane near the plane of the BO; triangle. The maximum
peak heights in the difference map were 0.42 fm-A—%, and there were
many peaks nearly this high scattered uniformly throughout the cell.
Thus the noise level may be taken as about 0.4 fm-A—*, Negative peaks
(see Figure 2), which will correspond to hydrogen atoms, were found
above this noise level at only two chemically reasonable positions (about
1 A from oxygen sites) and not too close to other atoms. The largest peak
occurred at (—0.13, 4-0.13, 0.39) with a density of —0.99 fm:A~3; this
is approximately 1/°X from O(3) along the O(3) —0(5) line. A second
peak with a den51ty of —0.59 fm-A— was found at (0.00, 0.00, —0.12).
This is about 1 A from the 0(1) =T site. A peak with a density of —0.61
fm-A—* was found about 1 A from B and 1.8 A from Os; a peak with
density —0.55 fm-A—* was found at about 1 A from O(5) but at 1.8 A
from Si; three other peaks with densities between 0.40 and 0.48 fm-A—?
were either too close to Fe or a long distance from any atom; all these
peaks were judged to be either noise or diffraction ripple from the heavy
atoms. Least squares refinement of the positions and occupancy factors
for the two reasonable hydrogen atom sites led to occupancies of 0.083(11)
for H(03) in a 95 position and 0.006(20) for H(F) in a 3a position. Thus
the refinement would seem to indicate essentially no hydrogen in the
latter position. After the final cycles of least squares refinement including
only the H(03) hydrogen atom, a final difference synthesis now had its
largest peak at the position (0, 0, —0.14) with a density of —0.5 fm-A-3,
but there was a steady gradation of noise peaks falling off from this
level. Although charge-balance considerations (Donnay, 1970) suggest
significant hydrogen occupancies in both positions, the ionic disorder in
both the Nat and F~ positions on the three-fold axis (as evidenced by
the high thermal parameters) may also smear out the hydrogen atom
so that it is not quite distinguishable from the noise in the difference
synthesis, and the occupancy factor for this atom becomes poorly de-
termined. The amount of H in the H(03) site corresponds to 0.75(10)
H atoms per unit cell. The chemical analysis suggests a total hydrogen
content of 1.4; thus at least hall of the hydrogen in the cell is in the
form of OH at the O(3) position, and is located such that a weak hydro-
gen bond occurs between Oz and Os. The geometrical parameters of this
hydrogen bond are O3—H 0.94(5), H ... Qs 2.46(5), ZOs—H ... Oy
155°(2).t

" Hamilton and Ibers (1968) have given the geometrical criterion for a hydrogen bond
as the existence of a heavy atom-hydrogen atom contact at least 0.2 A less than the sum of
the van der Walls radii. (The last sentence in section 1.7 of this reference is unfortunately
garbled.) Thus this would not be a hydrogen bond by the Hamilton-Ibers criterion. This is
in agreement with the charge balance considerations of Donnay (1970).
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A final cycle of least squares refinement, varying all parameters for
the heavy atoms, but keeping an isotropic thermal parameter fixed at
2.4 A? for H(O3), resulted in the structural parameters of Tables 2 and 3.

The observed and calculated values of F? are presented in Table 4.

TABLE 2. POSITIONAL PARAMETERS IN BUERGERITE

Neutron parameters on first line, x-ray on second. Standard deviations in parentheses.

Atom

Na (3a)

B (95)

Fe (9b)

Si (18¢)

Al (18¢)

0(1)=F (3a)

0(2) (9b)

0(3) (9b)

O (99)

O(5) (9b)

0(6) (18¢)

O(7) (18¢)

0(8) (18¢)

H (9b)

0
0

0.11001 (9)
0.10992 (25)

—0.06614 (8)
—0.06660 (4)

0.19171 (17)
0.19156 (4)

0.29925 (19)
0.29880 (4)

0
0

0.06042 (9)
0.06056 (15)

—0.13205 (10)
—0.13225 (17)

0.09463 (9)
0.09478 (15)

—0.09117 (11)
—0.09129 (16)

0.19320 (13)
0 19314 (11)

0.28708 (12)
0.28670 (10)

0.20925 (13)
0.20894 (10)

—0.1313 (19)

0.19087 (17)
0.19065 (4)

0.25919 (18)
0.25887 (4)

0.18712 (12)
0.18680 (11)

0.28392 (11)
0.28580 (10)

0.26971 (12)
0.26941 (10)

—X

0.21186 (139)

0.21338

0.45172
0.45182

0.62217
0.62072

0
0

0.60450
0.60437

0.76850
0.76698

0.48532
0.48607

0.52026
0.52094

0 07612
0 07532

0.08362
0.08388

0.77538
0.77481

0.07513
0.07445

0.43868
0.43778

0.3889

(41)

(50)
(46)

(48)
(10)

(54
(10)

(14)
(1)

(5%
(29)

(48)
(30)

(50)
(28)

(52)
(28)

(41)
(18)

(44)

(18)

(43)
(20)

(712)



108 A. TIPPE AND WALTER HAMILTON

TasLE 3. THERMAL PARAMETERS* FOR BUERGERITE
Neutrons on first line, X-rays on second, standard deviations in parentheses

B2 B3 B
325 (29) Bu 720 (163) 3 Bu 0 0
302 (14) Bu 1172 (58) 3 6u 0 0
59 (12) Bu 340 (50) 3311 18 (10) — B3
62 (16) Bu 263 (40) 38 (10) 5(17) —Bus
Fe 103 (9) B 585 (46) 15 (7 87 (8 — B
72 (3) Bu 544 (10) 3 (2 87 4 —Bus
63 (12) 62 (11) 204 (44) 29 9 — 5017 =347
40 (2) 38 (2) 152 (8) 18 (2) 34 —8 (4
Al 63 (15) 58(14) 233 (50) 14 (10) — 7(20) 41 (19)
64 (2) 86 (3) 286 (9) 2 -7 35 4
o) =F 192 (15) Bu 359 (85) 3 Bn 0 0
378 (24) Bu 328 (66) 36u 0 0
0(2) 9 Bu 415 (43) 77 (10) 9 9 —B
103 (14) Bun 516 (36) 77 (8) 9 (14) —Bi
03) 67 (9) Bu 381 (49) — 4(10) —11(10) — B
82 (12) Bn 367 (33) 14 (8) 8 (15) —B3
o 86 (9) Bu 356 (47) 33(10) —20(Q10) —Bus
93 (13) Bu 330 (33) 33 (8 — 5015 —Bu
0(5) 95 (8) Bu 298 (41) 15100 — 3 (9 ~ B
95 (13) Bu 330 (32) 24 (8) —12(15) —Bus
0(6) 71 (8) 79 (8) 202 (28) 22 (6) 1(13) — 6(12)
88 (6) 73 (6) 274 (20) 32 (5) 5100 — 2 (9
o(7) 61 (8) 47 (9) 315 (30) 12 (6) 1(13) —21(13)
81 (6) 69 (6) 237 (20) 28 (5) —17 (9 ~—23 9
0(8) 39 9 96 (8) 411 (31) 26 (7) 32 (13) 52 (13)
62 (5) 87 (6) 381 (22) 40 ) —1 9 23 (9)

* Dehye-Waller factor is exp { =D _i.; i)

The final values of R and R, (based on F?) are 0.034 and 0.056. The
value of S, the standard deviation of an observation of unit weight, Is
1.164. The values of ¢ assigned as discussed above are also tabulated in
Table 4.
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11 653 33 629 K H  F051G G
0 2083 104 2063 0 1 2R7A 144 3215
3 3716 186 3797 o 4 04 21 350
6 223 12 237 0 7 721 38 719
9 1240 82 1138 0 1C 2642 132 2527
12 1826 91 1839 1 2 271 14 274
11232 52 1100 1 5 623 31 639
4 39 58 3C5 1 & 759 38 792
7 704 35 708 2 ¢ 3T 17T 338
10 624 312 6295 2 3 380 30 371
2 187 22 381 2 & 21% 1l 215
5 3150 157 3173 3 1 25t 13 240
B 2291 115 2197 3 4 2198 11C 2208
11 2062 103 193¢ 371232 62 1165
0 135 12 13 31C THC 38 Tes
3 162 23 112 4 5 522 28 539
& 2175 109 2195 5 ¢ 188 14 18D
9593 33 443 5 & 254R 132 2616
FO SIG £ L 73 36 &5 6 1 1L 119
202 10 217 & 729 38 749 6 & 1114 56 1127
850 &8 722 T 832 42 @09 6 7 622 42 620
366 18 349 2 1134 57 1092 7 2 1330 67 1371
462 23 asl 5 S9T 30 &lk 7 5 493 25 519
369 18 343 8 172 18 214 B 0 258 17 253
1637 82 1754 0 119% &2 1127 8 3 342 41 34T
196 10 176 3 2127 106 2126 9 & 413 27 48}
261 26 228 & 1997 100 1902 C 2 44 15 99
871 34 643 11835 52 oIl 1 0 734 35 699
1021 51 1000 4 262 19 231
226 21 251 2 82 107 646 1= 8
1851 93 1935 0 830 &1 T1¢
377 20 403 1 398 20 382 K W FOSIG  FC
803 30 631 02 1568 T8 1554
387 94 458 (Y 0 51791 o¢ 132}
510 26 540 0 8 49 29 505
324 16 321 W FO 516 FC 1 6 141 26 269
821 4i 789 011562 57811092 2 L 295 14 267
231 12 237 1 86 9 97 3 2 326 18 312
1394 70 1406 & 518 29 986 3 5 A52 65 8S7
893 45 904 9 275 14 278 4 3 5699 275 5442
5178 259 5350 12 1370 69 1287 4 b 146R 71 1424
1478 T4 1480 L 386 19 394 S 1 2082 loe 2080
1117 82 1115 4 433 22 40T 5 4 2417 120 2341
750 37 720 7 187 17 1A3 6 2 673 34 634
5519 276 5515 10 1452 73 1456
693 35 693 2 89 51 729 Le 9
690 15 7140 s 274 14 270
271 14 275 0 1591 80 1681 K W FGSIG  FC
1346 87 1279 31209 60 1234 0 C 4599 230 &4l5
476 29 571 6 228 29 207 © 31939 97 1031
116 6 1ol 9 1329 &6 1313 1 41185 59 11Cs
3236 1562 3468 11122 56 1051 3 ¢ 525 27 539
227 19 211 4 1320 b6 1328 4 1 3337 152 3094

207 10 219

COMPARISON OF X-RAY AND NEUTRON RESULTS

The agreement between the X-ray and neutron parameters is qulte
good. The precision of both determinations is about 0.002-0.004 A for
most interatomic distances. The most significant position parameter
difference between the two studies is in the » parameter of the Fe position
P,— P,=0.00046(9), but this difference is less than 0.01 A. The agree-
ment between the thermal parameters is also satisfactory, although as is
usual with neutron/X-ray comparisons the discrepancy is greater for
the thermal parameters (Hamilton, 1969). The largest deviation is for
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TaBLE 5. SoME Bonp-LENGTH COMPARISONS BETWEEN THE NEUTRON
AND X-RAY STUDIES OF BUERGERITE

Neutrons X-rays
Si-0(4) 1.623 (2)A 1.620 (2)A
Si-0(5) 1.628 (3) 1.626 (3)
Si-0(6) 1.616 (3) 1.620 (2)
Si-0(7) 1.605 (3) 1.602 (2)
BO;
B-0(2) 1.384 (2) 1.379 (4)
B-0O(8) 1.367 (2) 1 364 (4)
0(8)-0(2) 2.386 (2) 2.379 (3)
0(8)-0(8) 2.361 (4) 2.356 (3)
FeO(;
Fe-0(1) 2.100 (3) 2.111 (4)
Fe-0(2) 2.003 (2) 2 003 (2)
Fe-0(3) 1.954 (2) 1.942 (3)
Fe-0(6) 1.994 (2) 1.989 (2)

Bu(F), Po—Px=0.19(3). The value of | Px—P,| /o exceeded 20 for 4 of
the 28 position parameters and for 10 of the 59 thermal parameters. The
values of Z(A/c)? were 81.88 and 145.95 which may be tested as x* with
28 and 59 degrees of freedom. Both values are significant—even if the
large contributions of the two parameters cited above are omitted. Thus,
there are small systematic differences between the two determinations;
these are not however chemically significant.

Comparison of some bond lengths, as further examples of the good
agreement between the two studies, are presented in Table 5a. We con-
clude that there are no essential differences in geometry between the
two studies.

TaE M-AL DISTRIBUTION

The values of the scattering lengths refined for the 18¢ Al and the 95
Fe point positions provide values for the occupancy factors of the ions
in these sites. Some uncertainty in the chemical analysis reported by
Barton (possibly due to occluded SiO;) should not affect the Fe/Al ratio,
although it does affect the total amount of either. We therefore adopt
as parameters to be determined: (Al), the total number of atoms of Al
in the unit cell; (M), the total number of M atoms in the unit cell; %, the
number of Al atoms in 18¢; and y, the number of M atoms in 18¢.We may
write the following equations:
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TaBLE 6. DIsTRIBUTION OF M AND AL BETWEEN THE 95 AND 18¢ POINT POSITIONS

X-rays
Al 18¢ .936 (13) 19125 (23)
M 18¢ .064 (13) 0875 (23)
Al 98 .251 (26) .2961 (23)
M 9% .749 (26) .251 (26)

0.35x 4+ 0.898y = 18-0.835 = 6.930 + 0.13
0.35[(Al) — x] 4+ 0.898(0.414(Al) — y) = 9-0.763 = 6.867 + 0.10.

(The M /Al ratio from the chemical analysis is 0.414.) Solution of these
equations gives the following results:

(Al) = 19.11(22)
(M) = 0.414(Al) = 7.91(8)
for a total of 27.0 atoms and no vacancies in either point position.
x = 16.85(23)
y = 1.15(24)

The population in 95 is accordingly
A12.26M6.74 .

These values agree, within two standard deviations, with the values de-
‘termined by Barton. The percentage occupancies are given in Table 6.
The agreement is again reasonable. Tt should be noted that Barton’s
quoted standard deviations do not take into account the considerable
uncertainties in these values due to the uncertainties of the chemical
analysis; his 95 M occupancy changed from 0.78 to 0.70 on revision of the
chemical analysis.

MAGNETIC STRUCTURE

Magnetic susceptibility measurements (Tsang, Thorpe, Senftle, and
Donnay, 1970) indicate that buergerite has an exchange constant
J/k=1.5°K. Donnay et al. (1967) have suggested that antiferromagnetic
ordering in tourmalines could consist of a trigonal arrangement of spins
on iron atoms lying in the mirror plane. X-ray data indicate no struc-
tural transition down to 8° K.

We have measured neutron-diffraction powder pattens of buergerite at
295°K and 4.2°K. The patterns are essentially identical (Figure 3). No
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new peaks appear, and there are no significant changes in the intensity
of any peaks. We conclude that there is no significant long range mag-
netic order in buergerite down to 4.2°K. Such order should give rise to
appreciable changes in scattered neutron intensity in the Bragg peaks.
The observation that there is no change in this intensity does not pre-
clude local spin ordering of the type proposed by Donnay et al.
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