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Upton, New York 11973.

Ansrracr

The structural parameters of buergerite (ideally NaFe3B3A16Si6O30F) 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 18c A'1 point position of space group R3ru is found.

A difierence synthesis resulted in the location of a hydrogen atom in the structure-
corresponding to the replacement of O by OII in one site of the FeO6 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 (.Fe) factor for 391 independent reflections is 0034. The maximum error in the final dif-
ference st'nthesis is 0.4 fm A-a-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 300oK and at 4 2oK provides no
evidence for magnetic ordering or other structural change between these temperatures.

INrnonucrrorr

Buergerite, a ferric tourmaline with the idealized formula NaFeaBsSio,AloOroF,
has been described by Mason, Donnay, and Hardie (1964) and by
Donnay, fngamells, and Mason (1966). In a recent X-ray difiraction
study Barton (1969) found the crvstal 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 18c position of space group R3nL, a substitution not de-
manded by the chemical analysis. The ratios of atomic scattering am-
plitudes for neutrons and X-rays difier; therefore a neutron diffraction
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.

1 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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Cnvsrar. Dere

The cell constants, density, and^ space group^ were taken as those found
in the X-ray study:  a: t5.869 A,  c :7.188A, p* :3.29 g crn-} ,  R3m.

Exprntunutet

The crystalline materiai 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 crystais studied in the investigationsreferenced above. The finalformula adopted by

Barton on the basis of the chemical analysis and the x-ray structure determination is

Naz ,gKo orCao.rnlo oz)  (Mo.:oAlz.aslo or)Bs oo(Alre szMr rz lo r r )
' (Si rz:oBo so)(Oss rsOHr rsFo os)Fr oo.

with M:Feosr-|Tioozs*Mgoor:*Mno,oos. 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,

01f0, 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 tlre

Brookhaven National Laboratory High Ftux Beam Reactor. A monochromatic beam of

neutrons with wavelength 1.047 A u'as obtained by reflection from the (111) face of a single

crystal of copper; at this waveJength, the amount of second order contamination in the

beam is negligible.

Integrated intensities were obtained for reflections with (sin0),zl<0.65 by a 0-20 step

scan-method, with steps taken every 0.1 degree in 20. The length of the scan was a variable

{unction of scattering angle, chosen to obtain several background points at each end of the

scan. The data'n'ere reduced to squared structure amplitudes by background correction,

application of the Lorentz factor sin2d, and correction for absorption (p:4.36 cm-). The

transmission factors varied from 0.46 to 0.52. Most reflections were observed twice; 822

separate (lthl) vahes were obtained from 1644 measurements The agreement factors R

and R, for the 585 multiply-observed reflections were 0.023 and 0.025.1 Only seventeen of

these reflections deviated by more than 4o from the weighted mean.

The intensities for the 822 (hhl) valttes 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 3zc was suggested.

For the subsequent anal1rsi5, each reflection was assigned an estirnated 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.

Srnucrunp RBlrNBlrBwr

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

' ir :,P, I n,,1nnt1 - F.r(hht)i / *zr\

n, :  [P,,,1t,, ,g,nr: 
- F,,(hkt)|,  f

1;,2(hkl,)

L.r,,n(hhr)f'''

rvith the weights ,i:l/o:2 being delermined by Poisson counting statistics
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T.q.elp 1. NnurnoN ScerranrNe Lr'Ncrns rn 10-12 cu

loR Tr{E ElrurNts rN BUERGERTTE

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

103

Na

K
Ca

p(Na site)
Fe
Ti
Mg
Mn

p(M)
AI

B

o
I

H
Fe site
Al site

1 l
19
20

26
22
t2
25

I J

0 .  351
0 .  37
0.49
0 .361
0.  95

-0.34
0.  52

-  0 .36
0.898
0 .  35

0. s40 (e)

0 .577

- 0.378
0.763 (11)
0.38s (7)

8
o

1

cept the 18c AI 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 18c AI position and the

9D Fe position; the scattering lengths at these positions were varied to

obtain an independent estimate of the (Al, Fe) replacement found by

Barton.l The boron scattering length was also refined, inasmuch as it is

not as weII 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 heights in

the observed map ranged ftorn 44.96 fm ' A-s f or Fe to 2t.25 fm' A-' f or

I The restraint on the 18c Al scattering length in the previous refinement does not afiect

the results of the final refinement; effectively, in the final refinements, normalization was

made to the scattering factor for oxygen, which is weil known
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Na (one Fermi or femtometer (f-):10-15 m). Figure l shows a section
of this map in a plane near the plane of the B03 triangle. The maximum
peak heights in the difference map were O.42 Im.A-r, 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-r. Negative peaks
(see Figure 2), which wil l 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. ihe largest peak
occurred at  ( -0.13,  +0.13,0.39)  wi th a densi ry  of  -0.99 t - .4-af  th is
is approximately 1A from O(3) along the O(3)-O(5) l ine. A second
peak wi th a densi ty  of  -0.59 fm.A-t  was found at  (0.00,0.00,  -0.12) .
This is about 1 A from the O(1) = F site. A peak with a density of -0.61
fm.A- t  was  found  abou t  1A  f ro *  B  and  l . 8A  f rom Oa ;  a  peak  w i th
densi ty  -0.55 fm.A-a was found at  about  1A f rom O(5)  but  at  1.gA
from Si; three other peaks with densities between 0.40 and 0.48 fm.A-3
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 0.0S3(11)
for H(03) in a 9b position and 0.006(20) for H(F) in a 3o 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
)argest peak at the position (0, 0, - 0.14) with a density of - 0.5 fm. A-t,
but there was a steady gradation of noise peaks falling ofi from this
Ievel. Although charge-balance considerations (Donnay, l97O) suggest
significant hydrogen occupancies in both positions, the ionic disorder in
both the Na+ 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 ol I.4; thus at least half of the hydrogen in the cell is in the
form of OH at the O(3) position, and is Iocated such that a weak hydro-
gen bond occurs between Oa and Os. The geometrical parameters of this
h y d r o g e n  b o n d  a r e  O a - H  0 . 9 4 ( 5 ) ,  H . . .  O s  2 . 4 6 ( 5 ) ,  l O 3 - H . . .  O s
155 ' (2 ) .1

r Hamilton and rbers (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-rbers 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 6.xed at

2.4 A2 lor H(O3), resulted in the structural parameters of Tables 2 and 3'

The observed and calculated values of F2 atepresented in Table 4'

T,c,sl,n 2. PosrTloNar, Pen,quetBns tr Buntcnnrrr

-"",."" p"t-tt"r"t. fryf 
t9

Atom

107

Na (3o)

B (e6)

Fe (9b)

Si  (18c)

Al  (18c)

o(1):F (3o)

o(2) (eb)

o(3) (e6)

o(4) (eb)

o(s) (eb)

O(6) (18c)

o(7) (18c)

o(8) (18c)

H (eb)

0
0

0.11001 (9)
0.10992 (2s)

-0.06614 (8)
-0.06660 (4)

0 .1e171  (17 )
0.19156 (4)

0.2e925 (r9)
0.29880 (4)

0
0

0.06&2 (e)
0.06056 (1s)

-0.13205 (10)
-0.r322s (17)

0.09463 (9)
0.09478 (1s)

-0 .09117  (11 )
-0.0912e (16)

0.1e320 (13)
o 19314 (11)

o.28708 (12)
0.28670 (10)

o. 20925 (13)
0.20894 (10)

-0.1313 (19)

0
0

0.19087 (17)
0.19065 (4)

o.2se19 (18)
0.2s887 (4)

0
0

- r

_ T

- x

- r

- f i

o.r8712 (12)
0.18680 (11)

0.28s92 (r1)
0.28580 (10)

0.2697 | (12)
0.26941 (10)

- x

0.21186 (139)
0 .21338 (41)

0.45172
.0. 45182

0.62217
0.62072

0
0

0.60450 (s4)
0.60437 (10)

0.768s0 (74)
0.76698 (s1)

0. 48532
0.48607

0.52026
o.52094

0 07612
0 07532

0.08362
0.08388

0.77538 (41)
0.77481 (18)

0.07513 (44)
0.07445 (18)

0.43868 (43)
0.43778 (2o)

0.3889 (72)

(s0)
(46)

(48)
(10)

- x

- {

- T

- f i

/<r\
(2e)

(48)
(30)

(s0)
(28)

(s2)
(28)
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Tarlr,n 3. Tnenvar- Penennlrnsu FoR BuERGERITE
Neutrons on first line, X-rays on second, standard deviations in parentheses

Atz At Aza

Fe

325 (29) gr 720 (t63) i a,,
3O2 (14) 0,r 1172 (58) i a,,

s9 (12) a,, 340 (50) 33 (11)
62 (16) 0r 263 (40) 33 (10)

103 (e) ar s8s (46) 15 (7)
72 (3) 0t 544 (10) 3 (2)

63 (r2) 62 (rr) 294 (44) 2e (e)
40 (2) 38 (2) rs2 (8) 18 (2)

63 (1s) 58 (14) 233 (s0) 14 (10)
64 (2) 86 (3) 286 (e) 34 (2)

0r 359 (85) t 0,'
Fr 328 (66) i al

(8) 202 (28) 22 (6)
(6) 274 Q0) 32 (5t

(9) 315 (30) t2 (6)
(6) 237 (20) 28 (s)

(8) 4rr (31) 26 (7)
(6) 38r (.22) 40 (s)

18 (10) -a,t

.5 (17) -$u

87 (8) -t3n

87 (4) -as

- s (17) -34 (r7)
3 ( 4 )  - 8 ( 4 )

- 7 (20) 4r (re)
- 7 (+) 3s (4)

9 (9) -9,2

9 (14) -an

- 11 (10) -B,s

8 (1s) -an

-20 (10) -r lr t
-  s (1s) -9n

- 3 (9) -0's
- 12 (15) *0,s

1 ( 1 3 )  -  6 ( 1 2 )
s (10)  -  2  (e )

1 (13) -21 (rs)
- r7 (e)  -2s (e)

32 (r3) s2 (13)
- 1 ( e )  2 3 ( 9 )

0
0

0
0

0
0

0
0

AI

o(1):rr

o(2)

o(3)

o(4)

o(s)

o(6)

o(7)

o(8)

1e2 (rs)
378 (24)

71 (8)
88 (6)

61 (8)
81 (6)

3e (e)
62 (s)

99 (e) 0u 41s (4s) 77 (r0)
103 (14) ar 516 (36) 77 (8)

67 (e) Br 381 (4e) - 4 (10)
82 (r2) ar 367 (33) 14 (8)

86 (9) at ss6 (47) 33 (10)
93 (13) Ar 330 (33) 33 (8)

9s (8) Fr 298 (4r) 15 (10)
9s (13) Ar 330 (32) 24 (8)

79
73

A J

69

96
d /

" Debve-Waller factor is exp l-11,; hih;B,il

The final values of R and R, (based on F2) 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 o assigned as discussed above are also tabulated in
Table 4.
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Coupanrsox or X-nev eNo NBurnoN RBsurrs

The agreement between the X-ray and neutron parameters is quite

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 r parameter of the Fe position

P,-P*:9.90046(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

t  t l l  !a  t t f

6  2 2 t  t 2  2 a '

2 t6r 22 tal
r  t l t 0  l t r  l l r 3

I  162 2 !  l l2

!  2  l 2 1  1 0 6  2 l ? 5

I  I  1 2 2  t 5  l 0 5 r

2 0 2  t o  2 l t

2 t t  t 2  a t 1

I t l r  r 2  l t l S

5 t 0  f c

l ta  252r

I t  2 t 5

l l c  2 2 c t

t l  2 5 '

S I G  F C

l a  ! 1 2

1 2 0  2 t . l

1 2 2 1 t
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Tasm 5. Soun BoNo-Lewcru CoupanrsoNs BnrwuBN THE NEurRoN
eNo X-nay Smrnrrs ol Burr.crrrre

Neutrons X-rays

BOs

si6or8

FeOa

si-o(4)
si-o(s)
si-o(6)
si-o(7)

B-O(2)
B-O(8)
o(8)-o(2)
o(8)-o(8)

Fe-O(1)
Ite-O(2)
Fe-o(3)
Fe-O(6)

r .623 Q)A
1 .628 (3)
1  .616 (3 )
1 .60s (3)

1 .384 (2)
1 .367 (2 )
2.s86 (.2)
2.36r (4)

2. 100 (3)
2.003 (2)
1 .9s4  (2 )
r.ee4 (2)

r .620 Q)L
r.626 13)
1.620 (2)
r .602 (2)

1.37e (4)
I s64 (4)
2.37e (3)
2.3s6 (3)

2. r r r  (4)
2 003 (2)
r.e42 (3)
r.989 (2)

0"(F) ,  Po-p*:0.19(3) .  The value of  lP*-P"1, /o exceeded 2o ior  4 of .
the 28 position parameters and for 10 of the 59 thermal parameters. The
values oI 2(A/c)' were 81.88 and 145.95 which may be tested as 12 with
28 and 59 degrees of freedom. Both values are signifi.cant-even if the
Iarge contributions of the two parameters cited above are omitted. Thus,
there are small systematic differences between the two determinations;
these are not however chemi.cally 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.

Tno M-Ar. DrsrnreurroN

The values of the scattering lengths refined for the 18c Al and the 9D
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 AI
in the unit cell; (M), the total number of M atoms in the unit cell; *, the
number of Al atoms in 18c; and 1, the number oI M atorns in 18c.We mav
write the following equations:
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Taela 6. DrstnrgutroN or ,11 nNo Ar, Bnrwrnn rnt 9b nnn 18c PorNr PosmoNs

X-rays

Al 18c
M l8c
AI 9b
M 9 b

.936 (13)

.064 (13)

.2st (26)

.74e (26)

.er2s (23)

.087s (23)

.2961 (2s)

.2s1 (26)

0.35r  *  0 .898v :  18 '0 .835 :  6 .930 + 0.13

0.3s[ (Al )  - ' ]  +  0.ses(0.414(Al )  -  y)  - -  e .0.763:6.867 + 0. i0 .

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

(AD : te.rr(z2)
(M) = 0.414(Al)  :  7.e1(8)

for a total oI 27 .0 atoms and no vacancies in either point position'

r  :  16 .85(23)

y  :  r . rSQa)

The population in 9b is accordingly

L l z . zoM t . tE .

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. It 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; hisgb M occupancy changed from 0.78 to 0.70 on revision of the

chemical analysis.

Mecrqprrc SrnucrunB

Magnetic susceptibility measurements (Tsang, Thorpe, Senftle, and

Donnay, 1970) indicate that buergerite has an exchange constant

J/h:7.5"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 80 K.
We have measured neutron-diffraction powder pattens of buergerite at

295oK and 4.2oK. 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-
chdelocal spin ordering of the type proposed by Donnay et al,.
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