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Multisite Disordered Structure of Ice VIl to 20 GPa
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Neutron diffraction measurements on ice VIl and ice VIII at pressures up to 20 GPa provide direct
evidence of multisite disorder of both oxygen and deuterium atoms,i@ [@e VII, and give the
magnitudes of the site separations. An O-D distance and D-O-D angle closest to those found in
ice VIII are obtained with oxygen sites displaced aldigl) directions. Such displacements imply an
H-bond geometry significantly different from that found in ice VIII, and this may have implications for
the centering transition to ice X. [S0031-9007(98)07166-X]

PACS numbers: 62.50.+p, 33.15.Dj, 33.15.Fm, 61.12.Ld

Above 2 GPa, the phase diagram of ice simplifiessuch that the networks are oppositely polarized in an an-
to a high-temperature disordered phase VII and a lowtiferroelectric arrangement. In the standard description of
temperature ordered phase VIII with a predicted “sym-ice VII [7,9], the O atoms are dt, 1, + with the H atx, x, x
metric” ice, phase X, at very high pressures. From 2 tdx ~ 0.42)—and symmetry related positions. This will
~10 GPa, the transition temperatule between VIl and be referred to as the “single-site” model of ice VII. In
VIl is close to 273 K, but falls at higher pressures andother, “site-disordered” models, the atoms are disordered
reaches 0 K at-60 GPa [1]. Much recent work has fo- over sites displaced from the mean O and H positions.
cused on the transition to ice X, in which the protons of The two previous diffraction studies yielded very simi-
ice VIl are expected to become centered in the H bonddar results for ice VIII with an O-D distance of 0.97 A and
transforming ice from a molecular solid to a simple ox-a D-O-D angle of~105°, close to gas-phase values [7,8].
ide [2—6]. Optical studies show evidence of a transitionBut in ice VII, Kuhset al. [7] obtained a surprisingly short
to a “proton-disordered” ice X [2] at 60 GPa in@[3,4] O-D distance 0f~0.89 A in the single-site model, con-
and 70 GPa in BO [3]; recent calculations support this trary to the expectation that ice VIl is a disordered ana-
[6]. The transition to fully “proton-ordered” ice X—with log of ice VIII with essentially the same O-D distance.
a single central H potential well—has been located at presRefinement of an anharmonic model for the oxygen ther-
sures from~100 [4—6] to ~150 GPa[3]. Allworkonthe mal motion showed a bulging aloq$00) directions [10],
very high-pressure behavior of ice rests on a detailed chaso the authors proposed disordering over six sites, dis-
acterization of the ice VII structure. placeds ~ 0.1 A along(100) from the mean position at

The structures of ices VIl and VIII both contain two % % }—‘, as marked by the open circles in Fig. 1. The dashed
interpenetrating, tetrahedrally H-bonded networks [7—9]lines show how this allows the true O-D distance to be
Figure 1 is a schematic drawing of an oxygen atom surtonger than its apparent value (measured from the mean O
rounded by the four H positions allowed by symmetry inposition) and the true D-O-D angle to be less than 109.5
ice VIl—P, Q, R, andS—in a tetrahedral configuration.

In (cubic) ice VII, the molecules are orientationally disor- r’'s’ P

dered, and all four positions are 50% occupied on average Q q’ [111]

[7,9]. The inset reproduceB, Q, R, andS on a reduced [171] p’ 7
scale—Ilabelegh, ¢, r, ands—and shows the inverse con- P /s
figuration of H positions around one of the four neighbor- AN /
ing oxygen atoms in the same H-bonded network:—¢’, N v\

r', ands’. (p and p’ coalesce in ice X.) The neigh- 7
boring oxygens in the second network are in the direc- <
tions[1 1 1],[1 1 1],[11 1],and[1 1 1]. In (tetragonal) [111]

ice VIl the molecules become orientationally ordered and

the hydrogens occupy (100%) two of the positions around S [111]

each oxygen atom [7,8]. If they occugyandQ (p and R

g n the mset), they are at' ands’ around the neighbor- FIG. 1. Tetrahedral configuration of the hydrogen positions
ing oxygen in the same network. The other network theryround an oxygen atom in ice VIl and V. Details are
has hydrogens at the and s and p’ and ¢’ positions—  discussed in the text. O-site displacements are exaggerated.
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However, it proved impossible to refidefreely [7]. Since  background, and atomic thermal motion parameters—
its magnitude is only-0.1 A, that is unsurprising with data using the single-site model for ice VII. The (anisotropic) D
to a resolution of~0.7 A, but it is then difficult to un- thermal motion is constrained by the site symmetry to have
derstand why the anharmonic model refined; that and thpst two independent componentsinice VII: one parallel to
multisite model are equivalent within the resolution of O-D, U;(D), and one perpendiculat], (D). To simplify
the data. Also, Kuhst al.[7] found that when the comparisons between the two phases, this constraint was
O-D distance was allowed to vary freely, it increased toalso applied to ice VIII, and did not significantly alter the
1.016(2) A—a significant overcorrection [9]. results or worsen the fit. A single isotropic parameter
The time-of-flight data of Jorgensen and Worlton U, (O) was used for the O atom.
yielded a larger—but still significantly reduced—value The refined values of the thermal-motion parameters are
of 0.943(2) A for O-D in the single-site model of ice VIl plotted in Fig. 2. There is a clear step @D064(5) A?
[9]. They, too, could not obtain any improvement in thein the average value af/;s,(O) at T. for the sample at
fit with a (100) disorder model for the O atom. However, 5 GPa, and a step of abo004(1) A% in U, (D), while
they found evidence for site disordering of the D atom that/;(D) is unchanged within error. (The second sample
increases the O-D distance to 0.96 A, but at the expensgave the same results within 1 esd.) The thermal motion
of improbable D-O-D angles of 982100.7, and 114.0  of the D atom *“rides” on that of the O atom, and so
[9]. Kuhs et al.also recognized that the D atom may the lack of change inJ;(D) suggests that there is no
be site disordered, but could not distinguish this fromsignificant change in the true thermal motion of either
anharmonicity of thermal motion [7]. atom. The steps iMJi,(O) and U, (D) can then be
Thus, although site disordering of some form appearinterpreted as direct evidence of multisite disorder of both
necessary to account for the reproducibly low value othe O and the D atoms in ice VII, and the magnitudes
the apparent O-D distance in ice VII, there is, as yet, nof the site displacemen®(O) and y(D) can be obtained
clear direct evidence for it, and tlidetailednature of this by refinement of the ice VII data sets with all the atomic
key structure remains unknown. It would be very difficult thermal parameters fixed at their mean values in ice VIIlI.
to obtain data with sufficient resolution to determine siteSeveral different displacement directions were explored,
separations<0.2 A reliably, and so we have adopted a and all gave the same mean values of 0.135(10) A for
different approach of studying the atomic thermal motion.6 and 0.09(3) A fory. (These are similar to the values
Disordering over displaced sites would be expected tmbtained in Refs. [7] and [9] but cannot be compared
appear as an apparent additional component of thermdirectly because of differences in the models used.) To
motion in the single-site model. The results reported in thigoroceed further, it is necessary to test the various possible
Letter reveal evidence of this kind for site disordering ofdirections of displacement for both O and D to find which
both the O and the D atoms, but with the O atoms displacegroduce the most plausible molecular geometry, on the
along(111) rather than(100). expectation that the true O-D bond length and D-O-D angle
Powder diffraction data were collected on the POLARISIin ice VIl are close to the values found in ice VIII [7,9].
station of the UK pulsed neutron source, ISIS, using the Several different displacement directions were exam-
Paris-Edinburgh cell [11]. Samples of deuterated wateimed. For the O atoms, these are the 6-fold sites along
[12] from EURISO-TOP were loaded as previously de-(100), shown by open circles in Fig. 1; the 4-fold sites
scribed [13], except that the cell was cooled after sealing
at low pressure and then compressed at 240 k3dGPa,

so as to use the transitions in the range 0—2 GPa to pro- 3'5_ U,(D) i ]

duce a good, random powder. The temperature and pres-  ~ 30 o S
sure were then raised well into the ice VIl field,-a290 K '«fo‘ 2.5 o 0 T

and a pressure measured as 5.1 GPafromtheice Vlilequa- T 20+ y,D) » b A A
tion of state [14]. Samples made this way showed less S 15 LS )

than 5% variation in intensities with the angle around the g 2.0 ¢
incident-beam direction. Below 13 GPa, there isB) K a U.(0) * 3 ¥ #
hysteresis T, [1], and this was exploited to obtain data % 154

from the two phases at overlapping temperatures in the se- c ® ®

guence: 288 (ice VII), 273 (VII), 270.5 (VIII), 274 (V1II), 101k ok )

280 (VIII), 283 (VII), 278 (VII), and 265 K (VIII). Simi- ' 2éo 2&5 2;0 2;5 80 285 29
lar data were also collected from another sample at 3.3 GPa T(K)

and temperatures of 286 (VII), 272 (VII), 258 (VIII), and

271.5 K (VIIl). The data were corrected for attenuationFIG. 2. Temperature dependence of the thermal motion of

[15] and used for structure refinement with the progranf(’)f X]'é' t(vc\’/gecnosmygtr’fe"ﬁt)sagfdﬂ']‘;e(}th(esrci’lh'r?] St%?rtr)T?la?) n?(t)t%gpa

GSAS[16]. . . i (squares) and/; (triangles), and the isotropic oxygen thermal
All atomic coordinates not fixed by symmetry were motion U;,,(0). Solid (open) stars show th&;.,(O) values
refined, along with the lattice constants, and peak shapeptained from a second sample at 3.3 GPa.
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along(111), one of which is shown as a filled circle in 02 I

Fig. 1; the other set of 4-fold sites alodgj1 1); and the i e
12-fold sites along110), shown as a filled square in Fig. 1. 1007 !

For the D atoms, they are 3-fold sites, X2{part around °§o.gs- . 10 { i j <
{111), at (x + u,x,x), (x,x + u,x), and (x,x,x + u), Sl $1 18 ¢

with u = y/(~/2a); another set of 3-fold sites &k — { { f <110>
u,x,x), etc.; and 6-fold sites, BCapart around111), at 0947 } s

(x + v,x — v,x)withv = v/(J/6a), etc. The displace- 092-— . i T — T
ments of the D atoms are perpendicular to the O-D bond, 25202 T(Kz)g" =

and so do not affect its length significantly. This makes it
reasonable to simplify the presentation by omitting detailézlr?-tﬁ-m Leem\?l‘ﬁf?gfeaﬁgﬁﬁ“igg”&ﬁ f?)tr ?hg':ii Ol‘; tgi(tae?n_gdglond
Of the D-atom displaced s!tes—e.g., they are not ShOWﬂAI o)gand for site-disordered models with O-ator% displacements
Fig. 1. However, the D displacements do affect the D-Oong (100) (A), (111) (), and(110) (¥). The dashed line
D angle significantly, and this is the basis for the choice okhows the mean O-D distance in ice VIII.
the D sites as described below. Refinements of the ice VI
data sets at 5 GPa were carried out with the O and D ther-
mal motion fixed to the mean values found in ice VIII— This confirmed that the discrimination between theo)
Uio OV gy (D)V, and U, (D)V"'—and using as and(111) models is robust. It would require AU(O)
structural models each of the twelve combinations of thdess thar.3 X 102 A? to obtain an O-D 0f~0.97 A for
four O and three D displacement directions. This procethe (100) model, compared with observed values of over
dure provides unbiased estimates of the molecular geom&-6 X 10~ A2 in both samples (Fig. 2). This difference
try given by all twelve models for each observed data setis much larger than any likely error in attenuation cor-
Possible molecular configurations can be identified byections or in the adoption df/;,,(O)V!!! as an estimate
choosing the combination of O and D sites that give theof the true ice VII thermal motion. Also, the mean O-D
O-D distance and D-O-D angle closest to the mean valuedistances of 1.010(7) A and 1.016(10) A obtained for the
for ice VIII (0.970 A and 107.3in our refinements). For (100) model with our two samples are consistent with the
example, the O site at the apex of the dashed lines in Fig. 1.016(7) A reported by Kuhst al. [7]. Thus diffraction
is about 1.01 A from D sites aP and Q (Fig. 1), and studies clearly andonsistentlyshow that th&100) model
two of the 3-fold (x — u, x,x) sites atP and Q give a requires an implausibly large increase in O-Drat The
D-O-D angle of about 107 This is the best fit to the discrimination between th@ 11) and(110) models is less
ice VIII molecular dimensions that can be achieved withcertain (see Fig. 3), bufl11) is clearly preferred at the
any combination based on O displacements al¢h®)).  mean observed U(O) value 0f0.0064(5) A2. Moreover,
A similar analysis for O sites alon@l10) gives a best as Fig. 3 shows, the displacement directions are certainly
fit of 0.95 A for O-D, with an angle of 105using two  between(111) and(110), rather than betweefi11) and
of the 6-fold D sites. The closest fit with sites along(100). In fact, tests reveal that the directions must be
(111) is poor—0.90 A for O-D, with an angle of 108  within ~15° of (111) to retain an O-D distance within
But sites displaced along(111)—for example, the one 0.01 A of the ice VIII value. While displacements close
shown as a filled circle in Fig. 1, linked to two of the 3- to but not exactly along111) cannot be ruled out111)
fold (x + u, x, x) D sites atP andQ —give 0.977(7) Afor directions give the most plausible geometry and the lowest
O-D and 107(1) for D-O-D averaged over the four data number of configurations. In the discussion that follows,
sets in ice VII, remarkably close to the ice VIII values the(100) and{111) models will be taken as representative
above. The(111) model clearly qllows the molecular of structures in which the O-atom displacements are along
geometry—both O-D and the D-O-D angle—to remainthese principal directions or closer to them thagitt0).
constant within error through the transition. The 3.3 GPa The (100) and (111) models predict significantly
data lead to the same conclusions. different H bonding. In the(100) model, the possible
Figure 3 shows the individual O-D distances obtainedH-bonded Q.. O distances at 5 GPa are one of 2.833 A
from this analysis for each of the data sets at 5 GPaand two of 2.839 A [17]—all very close to the ice VIII
along with results for ice VIIl_and the single-site model bond length of 2.834 A. But, the possible contacts for
of ice VII. (The poorly fitting(1 1 1) model is excluded.) the (111) model are 2.75 A, 2.92 A, and 2.93 A [18],
The single-site model reproduces the apparent shorteninghich are all~0.1 A shorter or~0.1 A longer than in
of O-D found in the earlier studies [7,9]. ice VIII. Such changes in H bond length are not small;
The magnitude ofs, and hence of O-D, depends 0.1 A is ~20% of the total change in Q. O from 2 GPa
critically on the difference,AU(O), between the ob- to centering [2]. (An @D...O distance~0.1 A different
served Uiso(O) in ice VII and Uis,(O)V!, taken as from ice VIII might appear to conflict with the small
1.18 X 1072 A% (see Fig. 2) in obtaining the results changes in both the vibron and lattice mode frequencies
in Fig. 3. The sensitivity toAU(O) was explored by at7.[19]. However, none of the lattice modes studied to
repeating the analysis with different valueslgf,(O)V!!!.  data is a probe solely of the-D...O bonds [20]. And
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the vibron frequency is a probe of the entire close environtwo different lengths has never been considered and raises
ment and hence responds to other interactions in additionew possibilities. The range between ice VII and fully
to the bonded D..O distance. Comparison of vibron centered ice X—fron~70 to ~100 GPa [4—6] or more
frequencies at constant-D. .. O in different ices [19,21] [3]—could represent a mixed intermediate state in which
suggests that the -O...0O bond length is not the only proton disorder [5,6] progressively develops in bonds of
significant factor in determining the vibron frequency.) Indifferent lengths. Although the difference in bond length
addition to the difference in H bond length from ice VIII, may be reduced from-0.2 A as centering is approached,
the need to construct an H-bond network that satisfieas little as~0.06 A could account for a-30 GPa range at
the ice rules implies that ice VII must contain a mixture the pressures concerned.
of both the ~2.75 A and ~2.93 A H bond lengths. We thank W.F. Kuhs for helpful discussions of his
Thus, oxygen displacements along or close{td1)  work in Ref. [7] and D.D. Klug and I. M. Morrison for
imply a short-range structure quite unlike that of ice VIII. their insights into the vibrational spectroscopy of ice. Our
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