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H in rutile-type compounds: I. Single-crystal neutron and X-ray diffraction
study of H in rutile

R. JEFFREY SWOPE, JosePH R. SMYTH
Department of Geological Sciences, University of Colorado, Boulder, Colorado 80309-0250, U.S.A.

ALLEN C. LARSON
Manuel Lujan Neutron Scattering Center, Los Alamos National Laboratory, Los Alamos, New Mexico 87545, U.S.A.

ABSTRACT

The crystal structure of natural hydrous rutile from a mantle eclogite nodule has been
refined from single-crystal neutron diffraction data collected at 24 K. The chemical com-
position was 95.52 wt% TiO,, 0.74 wt% Fe,0,, 0.68 wt% Al,O,, 1.16 wt% Cr,0,, 1.86
wt% Nb,O;, and 0.04 wt% MnO, with approximately 13000 ppm OH-, as estimated by

IR spectroscopy.

The position of the H atom was located by examining the negative residuals in the
difference Fourier maps. The refined position is near the shared edge of the cation octa-
hedron at x/a = 0.42(1), y/b = 0.50(1), and z/c = 0 with a site occupancy of 2.7%, which
is consistent with the H concentration estimated by IR spectroscopy. The O-H bond
distance is 1.05 A and the OH vector is in the (001) plane, which is consistent with the
strong w-polarization of the OH absorption observed in the IR spectra.

Single-crystal X-ray data were collected from a synthetic anhydrous rutile crystal and a
hydrous rutile crystal from the same mantle nodule as the sample used in the neutron
study. The detailed X-ray structures of both rutiles were compared and no significant
differences were found; the a/c ratios and the O position were identical within error.
Therefore, we conclude that the addition of H into rutile for the purpose of charge-bal-
ancing excess 3+ cations does not significantly change the structure.

INTRODUCTION

Rossman and Smyth (1990) observed that several an-
hydrous mantle minerals incorporate relatively large
amounts of hydroxyl (OH-) into their structures. These
nominally anhydrous minerals may represent a signifi-
cant reservoir of H,O in the mantle (Bell and Rossman,
1992). The presence of H,O can have major effects on
phase transitions, including melting relations. Under-
standing the extent of these potential sources of H,O re-
quires knowledge of the extent and the mechanisms of
OH - substitution in various anhydrous mantle minerals.
Rutile, TiO,, is a common accessory phase in eclogite
and peridotite nodules brought to the surface from the
mantle in kimberlitic magmas. Infrared (IR) studies have
shown that mantle rutile can contain up to 24000 ppm
OH- (Rossman and Smyth, 1990). Also, rutile is iso-
structural with the high-pressure phase of SiO,, stisho-
vite, and may serve as its structural analogue. Recently,
Pawley et al. (1993) reported up to 500 ppm OH- in Al-
bearing stishovite.

The purpose of this study is to determine the location
of H in rutile and to understand the mechanism of its
incorporation into the crystral structure. The crystal
structure of natural hydrous rutile from a mantle nodule
was refined using single-crystal neutron diffraction data.
Neutron diffraction data were used to determine the pre-
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cise location of H in rutile because H strongly scatters
neutrons and only weakly scatters X-rays. The H position
was determined by examining the negative residuals in
the difference Fourier maps. The refined position lies just
off the shared edge of the cation octahedron at x/a =
0.42(1), y/b = 0.50(1), and z/c = 0. Additionally, single-
crystal X-ray data were collected from a synthetic anhy-
drous rutile crystal and a crystal from our hydrous mantle
rutile. The X-ray data were collected to compare the
structural details of anhydrous and hydrous rutile. No
significant differences were found in the structural details
of these two refinements.

EXPERIMENTAL METHODS
Neutron diffraction

A single crystal of rutile, approximately 1.0 mm in di-
ameter, was separated from a mantle eclogite nodule. The
nodule came from a kimberlitic diatreme at the Roberts
Victor Mine, South Africa. Polarized IR studies by
Rossman and Smyth (1990) indicate that the rutile in these
nodules contains 13000 ppm OH~. They reported a sharp
absorption peak at 3290 cm~! that is strongly polarized
in the w optical plane, indicating that the OH vector lies
approximately in the (001) plane. Microprobe analysis
shows the chemical composition to be 95.52 wt% TiO,,
0.74 wt% Fe,0,, 0.68 wt% Al,O,, 1.16 wt% Cr,0,, 1.86
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TasLE 1. Neutron and X-ray experimental details for hydrous mantle rutile and synthetic rutile

449

Neutron; natural

X-ray; natural

X-ray; synthetic

Space group P4,/mnm
Unit cell dimensions
a(A) 4.587(2)
c(A) 2.954(2)*
V(A3 62.15(6)"
alc 1.554
Crystal dimensions (mm) 1.2x1.0x 08
Radiation neutrons (A = 0.5-5 A)
Temperature (K) 24
Collection limits
hkl restriction (+h, +k, +1)
Range (sin 6/A) (A-") 1.50
No. of obs. (F > 30) 940
Data averaging none
Laue group
R,
No. unique refl. 246
Isotropic extinction parameter
Refinement
R, (%) 0.101
No. of parameters 22

P4,/mnm P4,/mnm
4.5940(2) 4.5922(2)
2.9586(2) 2.9574(2)

62.441(1) 62.367(1)
1.5528 1.5528

0.1 x 0.1 x 0.1 0.1 x 0.1 x 0.1

MoKu MoKa

300 300

h=0 h=0

1.08 1.08
1500 1495
4/m2/m2/m 4/m2/m2/m
0.025 0.021
201 200
0.018(5) 0.42(2)
0.016 0.014
1 10

* Unit cell dimensions are extrapolated from X-ray diffraction cell dimensions taken at various temperatures from 300-150 K.

wt% Nb,O;, and 0.04 wt% MnO. X-ray diffraction pre-
cession photos were taken to rule out twinning and the
presence of inclusions.

The crystal was taken to the Los Alamos Neutron Scat-
tering Center (LANSCE) at Los Alamos National Labo-
ratory where it was mounted and optically centered on
the single-crystal diffractometer equipped with an Air
Products Company Displex refrigerator, model 201. At
LANSCE, neutrons are produced by bombarding a W
target with a 70-uamp, 20-Hz beam of 800-MeV protons
bunched into pulses of 300 ns. The 20-MeV peak spec-
trum of neutrons produced are then moderated with H,O
to thermal energies. Thus, each pulse has a Maxwellian
distribution of neutron energies that peaks at about 1 A
from the room-temperature moderator. For our experi-
ment, neutron wavelengths in the range 0.5-5.0 A were
used. The wavelength of the incident neutron spectra can
be determined by the de Broglie relation E = hc/A.

The detector on the single-crystal diffractometer at
LANSCE is a square (25 cm on a side) two-dimensional
position-sensitive *H-filled proportional counter of the
Borkowski-Kopp (1978) design. The x-y position and
time-of-flight (TOF), which is the time from the neutron’s
generation to its detection, are recorded for every neutron
detected. The TOF defines the neutron velocity and is
directly proportional to its wavelength. The instrument
design allows for the collection of a volume of reciprocal
space at each setting of the crystal. During the experi-
ment, the crystal remains in a static position for a few
hours while one histogram of data is collected. The ex-
posure time, which is dependent on crystal size and neu-
tron-source brightness, is adjusted to obtain adequate
counting statistics. Then, the crystal is moved to a new
orientation, and the next histogram of data is collected.
For rutile, ten histograms were collected to cover the de-
sired portion of reciprocal space, the positive octant rang-

ing to (sin §)/A = 1.50 A-'. The data were collected at 24
K to minimize thermal motion. The instrument was cal-
ibrated using data collected from a corundum crystal, a
= 4.766, ¢ = 12.996 A at 298 K. The pertinent details
for the neutron data collection are listed in Table 1.
The TOF neutron data were corrected for background
and dead time in the detector circuitry and then inte-
grated to yield the set of observed intensities. These ob-
served intensities were corrected for variations in the in-
cident spectra with wavelength. The intensity data from
the individual histograms were placed on a common scale
using the count in an incident beam 2**U fission monitor.
The data reduction and structure refinement were carried
out using GSAS (General Structure Analysis System, Lar-
son and Von Dreele, 1990), a package of crystallographic
and statistical programs designed for reduction of con-
stant wavelength X-ray and TOF neutron diffraction data
(single crystal or powder) and structure refinement using
the reduced data. The initial values of the atomic posi-
tions for this refinement were taken from Shintani et al.
(1975). Initially, a scale factor was refined to scale all of
the histograms of data. Then, the O position, isotropic
displacement factors, and the cation-site occupancy were
allowed to vary. Because neutrons are scattered by atomic
nuclei, which act as point scatterers, the scattering length
of an atom does not vary with d value. Thus, the scatter-
ing length for a site is the weighted linear sum of the
scattering lengths of the atoms occupying that site. The
cation-site occupancy, defined as (1 — x)Ti and xFe, was
varied to optimize scattering length at the cation site.
Next, a separate scale factor for two of the ten unique
histograms of data was varied separately from the scale
factor for the other histograms. Finally, the displacement
factors were made anisotropic. At this point, difference
Fourier sections were calculated and examined for nega-
tive peaks at an appropriate distance from O (0.8-1.2 A).
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TaBLE 2. Atomic positions and displacement parameters for the rutile refinements

x/a yib z/c k U, Uy, U,, Uss U Us Usy
Neutron (24 K) (hydrous mantie)
Ti* 0 0 0 1.0 0.0006(5) 0.0006(4) 0.0006(4) 0.0005(5) —0.0009(4) 0 0
o} 0.3045(1) 0.3045(1) 0 1.0 0.0029(3) 0.0028(2) 0.0028(2) 0.0030(3) —0.0015(2) 0 0
H 0.42(1) 0.50(1) 0 0.027(3) 0.450
X-ray (300 K) (hydrous mantle)
T 0 0 0 0.91(5) 0.0063(2) 0.0072(3) 0.0072(3) 0.0045(3) —0.00008(3) 0 0
Al 4] 0 0 0.08(9) 0.0063(2) 0.0072(3) 0.0072(3) 0.0045(3) —0.00008(3) 0 0
Nb 0 0 0 0.01 0.0063(2) 0.0072(3) 0.0072(3) 0.0045(3) —0.00008(3) 0 0
Cr 0 0 0 0.01 0.0063(2) 0.0072(3) 0.0072(3) 0.0045(3) —0.00008(3) 0 0
o 0.30495(6) 0.30495(6) 0 1.0 0.00528(7) 0.0057(1) 0.0057(1) 0.0044(11) —0.00211(1) 0 0
X-ray (300 K) (syn. anhydrous)
Ti 0 0 0 0.992(5) 0.00622(4) 0.00682(8) 0.00682(8) 0.00500(7) —0.00012(4) 0 0
o} 0.30496(8) 0.30496(8) 0 1.0 0.00518(8) 0.0054(1) 0.0054(1) 0.0047(1) —0.00163(15) 0 0
Note: Ti* represents all octahedrally coordinated cations (Ti 0.96, Nb 0.011, Cr 0.012, Al 0.011, Fe 0.008, Mg 0.003), Ti' = (Ti + Fe) and Al' = (Al
+ Mg).

Each appropriate negative peak was tested by inclusion
in the model as a possible H position. Only one of the
positions tested maintained a reasonable site occupancy
and distance from Q; this H position was retained in the
final model, which converged with an R, = 0.101 as com-
pared to an R, = 0.104 for the same model without H.
The atomic positions and displacement parameters are
listed in Table 2. Selected bond distances and angles are
listed in Table 3. The unit cell dimensions obtained from
the neutron diffraction data were used only for determi-
nation of diffraction peak locations in the integration. The
unit cell dimensions used for all other calculations were
obtained by exploration of X-ray cell dimensions mea-
sured at various temperatures from 24 to —150 °C. Figure
1 shows the X-ray unit cells and the original and adjusted
neutron unit cell dimensions.

X-ray diffraction

X-ray data were obtained from small (100 gm in di-
ameter) equant rutile crystals: one synthetic, nominally
anhydrous rutile crystal (with only 60 ppm OH~-) sup-
plied by G. R. Rossman, and one hydrous rutile crystal
from the same mantle nodule as the neutron sample. The
crystals were mounted on a Siemens four-circle diffrac-
tometer equipped with a rotating Mo target, an 18-kW
generator, and a graphite monochromator. Unit cell di-

TasLe3. Selected interatomic distances and angles for the rutile
refinements

X-ray (300 K)
Syn. anhydrous

Neutron (24 K)
hydrous mantle

X-ray (300 K)
hydrous mantle

Ti*-0 1.9763(1) 1.9812(6) 1.9805(8)
0 1.9467(1) 1.9479(6) 1.9470(8)
0-0 2.5373(2) 2.535(1) 2.533(1)
0 3.3212(2) 3.326(1) 3.325(1)
H 1.05(4)
H 1.56(4)
OH---0 154.3(3)

Note: Ti* represents all octahedrally coordinated cations (Ti 0.96, Nb
0.011, Cr 0.012, Al 0.011, Fe 0.008, Mg 0.003).

mensions were calculated from the least-squares refine-
ment of 35 high-angle reflections, ranging in 26 from 70—
80°. Variable speed continuous -20 scans were used with
the scan rate restricted to 2—20 °/min for the anhydrous
and 15-30 °/min for the hydrous rutile. A hemisphere of
intensity data was collected for each crystal out to (sin
#)/x = 1.08 with the generator operating at 50 kV and
250 mA. For the anhydrous rutile, 1495 reflections (in-
cluding standards) were measured, of which 200 with in-
tensities 20 above the background were unique. For the
hydrous rutile, 1501 refiections (including standards) were
collected, of which 201 with intensities 2¢ above the
background were unique. The details of the X-ray data
collections are given in Table 1.

The data collected for the anhydrous and the hydrous
crystals were corrected for background and then integrat-
ed to yield a set of observed intensities for each. The
intensity data were corrected for Lorentz and polarization
effects. An analytical absorption correction failed to im-
prove the final R in either model probably because both
crystals are equant and small. Therefore, an absorption
correction was not used. The structure refinements were
carried out using SHELLXTL (Siemens, 1989). The ini-
tial atom positions and displacement parameters were
taken from Shintani et al. (1975). Site occupancies of Ti'
= (Ti + Fe) and Al' = (Al + Mg) were allowed to vary;
however, Nb and Cr were fixed to agree with the chem-
istry obtained from microprobe analysis. Initially, the scale
factor and the O position were varied. Isotropic displace-
ment factors and an extinction parameter were then add-
ed. Finally, the displacement factors were made aniso-
tropic resulting in a final R = 0.014 for the anhydrous
and R = 0.016 for the hydrous rutile. The atom positions
and displacement parameters for both refinements are
listed in Table 2. Selected bond lengths and angles are
listed in Table 3.

DISCUSSION

The rutile structure (Fig. 2) is composed of distorted
cation octahedra interconnected by the sharing of corner
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Fig. 1. X-ray (squares) and neutron (circles) cell parameters
measured at various temperatures (a = solid, ¢ = open). The cell
parameters at —250 °C (triangles) are simple linear extrapola-
tions through the X-ray cell edges at —50 and —150 °C. The
uncertainties in these parameters are large enough to accom-
modate any reasonable nonlinearity owing to diminished ther-
mal expansion at low temperature.

and edge O atoms. Each octahedron is elongated along
an axis passing through opposite corners, resulting in two
longer and four shorter cation-O bonds. The octahedra
share edges to form octahedral chains, which run parallel
to the ¢ axis. Within a chain, each octahedron is posi-
tioned with its long axis perpendicular to the length of
the chain. Each chain is linked to four adjacent chains by
sharing corner O atoms. Adjacent chains are shifted %2 ¢
and rotated 90° around the c axis (chain axis) relative to
each other. This arrangement leaves O in trigonal planar
coordination with respect to cations, with one longer and
two shorter cation-O bond distances. The O-O distance
along the shared edge within the chain is much shorter
than the unshared edges of the octahedra.

Rutile commonly contains small amounts of H, which
serve to charge-balance an excess of 3+ cations not com-
pensated by 5+ cations. Hammer and Beran (1991) ex-
amined variations in the OH~ concentrations of rutiles
from various geological environments. The H,O+ con-
centration estimated from IR spectra ranged from 0.04
to 0.21 wt%. All samples showed a sharp absorption fea-
ture at 3280 cm~!. Hammer and Beran (1991) concluded
that OH~ concentrations in rutile are predominantly a
function of the activity of the hydrous components during
crystallization; OH- concentrations only weakly correlate
with the concentration of excess 3+ cations because ex-
cess 3+ cations can also be compensated by structural
defects. Vlassopoulos et al. (1993) also examined natu-
rally occurring rutiles using IR spectroscopy. They inves-
tigated the role of H in rutile in comparison with other
impurities and also concluded that H is present to com-
pensate for 3+ cations (Cr, Fe, V, Al) that are only par-
tially compensated by 5+ cations (Nb, Ta). Additionally,

Fig. 2. Polyhedral representation of the rutile structure show-
ing the position of the H atoms (circles) slightly off the shared
octahedral edge. Approximately 2% of the O atoms in the struc-
ture are OH -, thus all four H positions would never be occupied
simultaneously. Only H positions completely within the unit cell
are shown.

they discussed the possibility of using rutile as a geohy-
grometer.

Johnson et al. (1968) used energy calculations to iden-
tify two possible sites for H in rutile: (12,0,0) and ('2,%,0).
These calculations indicate that the (Y2,%,0) position is
energetically favored. However, the difference between
the energies calculated for the sites was too small to be
definitive. Additionally, Johnson et al. (1968) calculated
the vibrational energy levels for a proton in a double-well
potential for the two possible H positions and compared
them with IR spectra. They concluded that ('2,0,0) was
the most likely position for H. Andersson et al. (1973,
1974) and Ohlsen and Shen (1974) investigated Fe-doped
rutile containing H using electron spin resonance (ESR)
and IR spectroscopy. They concluded that H located at
('2,0,0) is consistent with their results.

In rutile, strong w-polarization of the sharp IR absorp-
tion, first reported by Soffer (1961), results from O-H
stretching and indicates that the OH vector is approxi-
mately in the (001) plane. In the (001) plane there are
two possible sites for H, one near (%2,0,0) and another
near ('2,'%2,0). Beran and Zemann (1971) concluded, on
the basis of polarized IR results and in part on the cor-
relation of the O-H---O bond distance with the wave
number of the O-H stretching mode (Nakamoto et al.,
1955), that H probably resides near the (%2,0,0) position.
Figure 3, adapted from Nakamoto et al. (1955), shows
that the absorption feature for a straight O-H---O bond
distance of 2.8 A occurs at a wave number of 3280 cm~!.
In the (001) plane of rutile the O-O distance across the
(¥,0,0) position is 3.33 A, whereas it is only 2.53 A across
the (*2,%,0) position. If the O-H- - -O bond were straight
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Fig. 3. O-H stretching frequency » vs. O-O distance for O-H
---O bonds after Nakamoto et al. (1955). Points B and C are for
nonlinear O-H- - - O bonds, whereas all other points are for linear
O-H---O bonds.

in rutile, the OH~ absorption frequency corresponding to
a straight H bond of 2.53 A would be much lower than
the observed 3280 cm~!, suggesting that H sits near the
('2,0,0) position. However, according to Nakamoto et al.
(1955), bending the O-H: - -O bond dramatically increas-
es the O-H stretching frequency for any particular O-H
---O distance (shown by points B and C in Fig. 3), sug-
gesting that (Y2,%,0) might also be a viable position for H.

In this study of hydrous mantle rutile, the H position
at x/a = 0.42(1), y/b = 0.50(1), and z/c = 0 with an O-H
bond distance of 1.05 A and a site occupancy of 2.7%
was located and refined using single-crystal neutron data.
The difference Fourier maps were carefully examined for
negative scattering from H near (%2,0,0), but no such fea-
ture was found. The limited concentration of H, the small
size of the crystal, and the limited collection time com-
bined to make the H position difficult to locate in the
Fourier maps. However, the H position refined with good
precision, with a site occupancy in agreement with the IR
estimates of H concentration, and including H in the
structure model reduced the model R. Moreover, the re-
fined OH- vector is in the (001) plane, which is consistent
with the strong w-polarization of the IR absorption. The
neutron refinement shows that the O-H- - -O bond is bent
with an angle of 154.3°, allowing for a higher O-H stretch-
ing frequency than would be predicted considering the
short O-H---O bond distance of 2.53 A. Additionally,
the refined H position seems reasonable on the basis of
crystal-chemical considerations because H located close
to the shared edge should partially mitigate the O-O re-
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pulsion across that edge. Our results do not rule out the
possibility that other H positions with smaller site occu-
pancies exist in rutile; however, they do indicate that x/
a = 0.42(1), y/b = 0.50(1), and z/c = 0 is the dominant
H position in hydrous mantle rutile at atmospheric pres-
sures. Stishovite (SiO,) is isostructural with rutile, has
been shown to contain H, and has an even shorter shared
edge (Pawley et al., 1993). Therefore, it seems reasonable
to expect that the H position in stishovite is also located
near the shared edge in the (001) plane.

The structural details of the X-ray refinements in Ta-
bles 1, 2, and 3 show no significant differences; the O
position, the bond angles, and the a/c ratio are the same
within error. The displacement factors are also virtually
the same for both refinements. The only difference be-
tween the two refinements is that the hydrous rutile has
slightly larger unit cell dimensions than the anhydrous
rutile. This simply reflects the presence of larger cations
(such as Fe) in the hydrous rutile. Apparently the addi-
tion of small amounts of structurally bound H to the
rutile does not significantly affect the structural details.
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