PHYSICAL REVIEW B VOLUME 56, NUMBER 10 1 SEPTEMBER 1997-I

ARTICLES

Equation of state of ice VIl up to 106 GPa
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Using angle-dispersive x-ray powder diffraction and image plate detector, the equations of stgbeasfoH
D,0 ice VII, corrected for deviatoric strain, were determined up to 106 GPa, and 60 GPa, respectively. Our
data were analyzed on the basis of the universal equation of state oféfiakfThis treatment indicates the
occurrence of two second- or higher-order phase transitions at about 15 and 66 GPa, in agreement with the
pressure ranges where the nature of the proton disorder is expected to ¢ISig3-18207)08034-X]

INTRODUCTION neling energy, small compared to the dipolar interaction,
may, however, play a role in the reordering of the short-

Although at low pressure the phase diagram of ice exhibrange order domains. Around 62 GP2 GPa for DO), the
its a rich polymorphisnt,above 2.1 GPa it simplifies down impossibility to order the system, even at zero temperature,

to On|y two solids: cubic ice V|Kspace grOUFP n3_m) with may be ascribed to the prOXimity of the proton double-well

two molecules per unit cell on site symmetKBm 23 and barrier's height to the proton zero-point energy. This causes
below 270 K, tetragonal ice Vii(space groud 4i/am0), the delocalization of the proton along the bond, preventing
with eight molecules per unit cell on site symmetmyn? Ice the stabilization of the ordered phase. From earlier theoreti-

VIl is a proton-disordered paraelectric solid, whereas iceCal computation by Schweizer and Stillingethis pressure

VIl is an antiferroelectric proton-ordered phase. The VII-W‘.";.S eshmattidt.amlénds??l?a .sz; gxtrag:tla?%ﬁnof I? reabnt

VIII transition line was recently determined by Raman initio computation by Silvi and Bessoet al. allows a

scattering® The T, vs p curve shows marked slope Changesbetter estimation at around 70 GPa. On further compression,
: c

. it is expected that this solid should lead to the symmetric
at about 15 and 60 GRa0 and 70 GPa for i), suggesting ordered phase, the so-called ice X, referred to in the follow-

three regimes for the order-disorder transform_ation, vyhi_cl]ng as ordered ice XCu,O structurg, in which the proton
may be correlated to the nature of the proton d|so_rder N iCGes at the midpoint between two oxygens. Schweizer and
VIl. Around 2.4 GPa, as shown by neutron diffraction gyjjinger found that the symmetric solid is obtained at 45
gnalyssz, ice VIl is orientationally disordered. Due to the Gpa where the proton density was found peaked at the bond
increase of the intermolecular forces with pressure, the rotasenter® vibrational spectroscopies are relevant methods to
tional tunneling is expected to decrease as observed for irtharacterize the behavior of ice at ultrahigh pressure. Pres-
stance in methareActually, a change of slope af, vspis  ently, no significant peak of ice X was found with Raman
found around 15 GPa, and on further compression the variaspectroscopy up to 130 GPapn the other hand, Aokét

tion of T is similar to what is found in H-bonded ferroelec- al.'* and Goncharowet al'* concluded from infrared spec-
tric compounds such as K#PO, 7 first, T, decreases lin- troscopy that ice X is reached around 60—62 GPa. This point
early with p, then at a critical pressure, which is about 62is discussed later on in connection with the proton ordering.
GPa for HO, it drops to 0 K. As shown by the Ising model  The expected phase transitions mentioned above and oc-
with a double-well proton potential, the linear regime is ac-curring at 15 and 60 GPa for B, which are very likely
counted for by the mere compression of the intermoleculasecond- or higher-order transformations, may have detect-
distancedq. o with constant covalent-bond lengtfrom the  able effects on the equation of sta®0S. In order to in-
following observations this regime would correspond to avestigate the possible existence of such effects, we have de-
quasistatic disorder(i) as a rule, the orientational disorder termined the EOS of ice VII up to 106 GPa using angular
observed at low pressure is expected to decrease as pressdigpersive powder diffractio@ADX) and high brilliance syn-
increasesyii) the linear regime is described by a Hamil- chrotron radiation. The equation of state of ice was already
tonian containing only a dipolar interactidising tern; in determined by Lit® Munro et al,*® and up to 128 GPa by
other words there is no need for a dynamical disorder term télemley et all’ In the latter work, only the 110 diffraction
determine the transition temperatufg. At T., the long- peak was observed using energy dispersive x-ray diffraction
range dipolar order of ice VIII disappears and, due to the icdEDX) and synchrotron radiation. Data of Hemley al.

rule, is replaced by a short-range order in ice VII. The tun-were reanalyzed by Hama and Suitdahis work is discussed
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in the last section. In the present work a more powerful tech-

nigue than EDX was used: ADX combined with image plate 3’4- T e e
detectors allows the observation of a larger number of reflec: 33« - T
tions with more reliable intensities, hence leading to more [ % § 4000 | S 1 ]
accurate crystallographic and volume data. Several sets ¢ & % z B ]
data were collected at the European Synchrotron Radiatiot = 3.1 gror i I I 1 1
Facility (ESRF, Grenoble, Frangen H,O and BO, up to £ 50l SN A
106 GPa and 60 GPa, respectively. The 110, 200, and 21 % * 0 s 20 5 w0 3w
reflections were followed up to the highest pressures, allow- 8 29} '35; 2 (deg) .
ing us to perform deviatoric strain correction. Treatment of = sl Wi ]
the final data based on the EOS of Vilfesupports our © T %;i T

scheme on the evolution of the proton disorder nature, drawr 2.7 w 3 V¥ ¢
from the pressure dependence of the VII-Vlll transitiontem- -~ [ ., . . ., . . ., .,
peratureT... "0 10 20 30 40 50 60 70 8 90 100 110

pressure (GPa)
EXPERIMENT
FIG. 1. Cell parameter computed from varioikl diffraction

The high-pressure devices used in these experiments weliges; hollow circle: 110; filled circle: 111; hollow down triangle:
diamond anvil cell¥DAC) with two wide conical apertures 200; filled down triangle: 211; hollow square: 220; filled square:
on the symmetry axis of the system. Two different cell de-310; hollow up triangle: 222; filled up triangle: 321; inset;(H
signs were used(i) a membrane type DAGMDAC) de-  spectrum at 6.7 GPa with the Diacell DAC.
signed in our laborator§ with tungsten carbide seats and a
full (46) x-ray aperture of 56°(ii) a Diacell (DXR-5), with lower pressures, a greater number of reflections were ob-
beryllium seats, and maximum aperture of 90°. A prein-served. Below 10 GPa, 14 diffraction lines were collected
dented stainless-steel gasket confined the safimidiéstilled  using the Diacel(see inset in Fig. Y1 while five peaks were
H,O or 99.80% isotopic purity BD from Euriso-top(CEA,  observed with the MDAC up to 60 GPa. The 111 diffraction
France] into a 50um-diam hole. A small 5 um) ruby line, assigned to the hydrogen atoms, was followed up to 18
chip was placed into the hole fan situ pressure measure- GPa, where it became too faint to be observed. Moreover, on
ment according to the shift of the ruby luminesceRgdine, = some runs we could observe a slight splitting of the 110 peak
using the five-power lai* into a doublet, likely to be attributed to the combined effect

Synchrotron radiation, with its high intensity and low of preferred orientation and deviatoric stress; such a combi-
beam divergence, is required for this I&vmaterial. High  nation would also stand for the larger value of the cell pa-
pressure powder diffraction was performed in an anglefameter computed from the 200 diffraction line, which can-
dispersive mode at the ESRF on beam line ID9, using a larggot be accounted for by only using E@) (see below.
area (34400 mn?) image plate. The monochromatic ~ The cell parameter of the cubic lattice was computed from
x-ray beam §~ 0.4 A) , parallel to the symmetry axis of the eachhkl (Muller indiceg diffraction line. Error on the cell
DAC, was collimated down to 5050 um? and cleaned up parameter, estimated only from the precision onttké dif-
close to the cell using fine slits to avoid gasket signal. Duringraction line position, depends on the pressure range: at 20,
exposure times, the cell was rocked througt8°® in order to 80, and 100 GPa, it is-0.002, +0.005, and=0.01 A, re-
improve the crystallite averaging, the limited range of 3°spectively. However, systematic differences between the
being chosen to avoid diamond reflections. At room temperacomputed cell parameters were obsergee Fig. 1. These
ture, four runs were performed with,8, up to a maximum systematic differences are ascribed to the presence of a
pressure of 106 GPa, and two runs withk) up to 60 GPa. uniaxial stress componetSC) t along the loading direc-
A silicon powder standard was used to determine the wavelion, caused by the compression systerff This USC has to
length and sample-to-plate distance. be taken into account to obtain the corrected value of the cell

parameter under the hydrostatic presspig,, given by

RESULTS AND DATA TREATMENT Phydr=Pmeas— %t, (1)
Data were collected on image plates in about 1 h. The . :
two-dimensional powder rings were integrated into a con-Where. Pmeas IS the measured pressure determmed _from the
ventional profile(shown at 7 GPa in inset in Fig) through ruby line. The USC was calculated from our diffraction data

programsPLATYPUS? or FIT2D.%® Indexation of the peaks using Eqs(2), (3), and(4) given below, which were derived

was consistent with the primitive cubic lattice. The recordeuby Singh and Balasingh for cubic syste?ﬁ;ln our-geom-
intensities were observed to be uniform around the powde?t.ry’ te”“.ed p.arallel gec_)mgtry, the load direction coinciding
fings, indicating that the quality of the powder was good_W|th the direction of the |nC|denf£ x-ray l?eam, the cell param-
However, a slight preferred orientation effect along [the0] eter computed from &k refiection is given by

direction was found, as indicated by the comparison of the
relative intensities of the peaks with a simulation performed
using progranFuLLPROF?* The x-ray aperture of our mem- +S(1-3sirfeg)T], 2
brane DAC permitted us to follow the 110, 200, and 211

diffraction lines of the ice VII cubic lattice up to 106 GPa. At with

Ahk1= Anyar+tagl S11+ (S12— S11)COS O
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TABLE |. Values of the parameteis, andB in Egs.(Al) and

40 i ' ' ' ' ' T (A2) derived from the fit of our data for ice VII 0 and DO (B,
2 ] taken from Shimizwet al?).
gg n | | Birch-Murnaghan Vinet
QE) F 1 By (GPa 14.9+0.8 14.9:0.8
=2 . B 5.4+0.1 6.2-0.1
o 1 ag (A) 3.451+0.008  3.42%0.008
B § Mean relative errofGPa 1.60 1.86
3= . I 1 Maximum relative erro(GP3a 5.22 5.91
= 4
gl 20 40 60 80 100 120 DISCUSSION
pressure (GPa) The corrected volume vs hydrostatic pressure was first

fitted to a Birch-Murnaghan EO&ee Appendix using for
FIG. 2. Corrected unit cell volume vs correctétydrostatic  the isothermal bulk modulus at zero pressure the vBjief -
pressure; circles: jO; triangles: DO; solid line: least square fitto 14.9 GPa derived from the elastic coefficients of Shimizu
a Birch-Murnaghan EOSR,=14.9 GPa taken from Shimizt al et al. 2 The fitted parameters wer), the first pressure
fitted parametersB)=>5.4 anda,=3.45 A); dashed line: Hemley derivative of the bulk modulus, ara, the cell parameter at
et al. data. For clarity reasons, error bar on the pressure is indicategero pressure; the results of the fit are given in Table I. We
only on the last data point; the error on the pressure depends on thfyte that the valud, of 14.9 GPa is well below the 23.7
range: at 10, 40, 100 GPa, it i50.5, +2 and +10 GPa, respec- GPa value proposed by Hemley al. from their x-ray data.
tively; the error on the volume is inferior, or equal at high pressure f this latter value of 23.7 GPa is used, the fit of our data

to the symbol diameter. provides B,=4.8+0.1, anda,=3.373-0.008 A, with a
mean relative error of 1.81 GPa and a maximum relative
S=511—S12— 3Saa (3)  error of 5.5 GPa. However, the large difference between 23.7

and 14.9 has only a weak influence on our calculations; e.g.,
if we impose the value of 23.7 GPa f&;,, the computed
h2k?+h212+ k22 uniaxial stress differs by- 5% and the corrected cell param-
= (h2+ K2+ 12)2 4 eter v_ariation is less than 0.02%. Moreover, the value of 14.9
GPa is well within the range of bulk moduli obtained for
other phases of ic&3! Compared to the Hemlest al. data,
wherea;, represents the experimental cell parameter for theur results show a more compressible behavior in the 10-40
hkl reflection, a,,q, the cell parameter under hydrostatic GPa range, and a stiffer one above 80 GPa. However, their
conditions,a, is the cell parameter at zero pressure whichdata were uncorrected for deviatoric strain; if a B8¢e Eq.
was taken as 3.44 A from Hemley al;*’ s are the elastic (1)] correction on the pressure is applied to the Hemley data,
compliances, anddg the corresponding Bragg angle. To the difference between thdicorrected EOS and ours is less
computet, the pressure dependence of the compliances or aharked. In Table IB} anda, are also given when using a
the elastic coefficients has to be known. The recent results ofinet EOS(see Appendix The pressure dependence of our
Shimizu and co-workef&2° performed up to 7 GPa for both volume data appears to be regular and apparently does not
H,O and DO were used, and a linear pressure dependencghow any sign suggesting phase transitions in the expected
of the elastic coefficients up to 106 GPa was assumed. Thenges. To proceed further, we followed the treatment de-
incompressibility coefficienB being a linear combination of rived by Vinetet al.*? and used by Hama and Suitdor ice
the elastic coefficients for a cubic material VII. This treatment is based on the fact that in the system of
(B=(cq1+2c15)/3), this latter assumption involved a linear coordinates IfH(x)) vs (1—Xx), wherex=a/a, and
pressure dependence Bf which is usually assumed. The
error on the deviatoric strain correction ag is discussed in px
the following section. H(x)= 3(1-x)’
Using the various diffraction lines, Eq2) was fitted at
each pressure withanday, 4, as parameters. Thus the USC the Vinet EOS, in the absence of phase transition, must be
and the hydrostatic cell parameter were obtained as functiorlear. The plot of our data in this system of coordinates is
of pressure. Within the scatter of the computed points, theresented in Fig. 3 for $0. Three linear regimes are clearly
USC was found to have a linear pressure dependence: in tlubserved. Slope changes occur aroundx® 0.095 and
whole pressure rangé,was found around 10% of the mea- 1—x=0.20, i.e., 12 GPa and 66 GPa, respectivelyOData
sured pressure. The computed cell volun&p,y(,r)3 as a are being processed, and first results would indicate a shift in
function of the hydrostatic pressure is plotted in Fig. 2. Thepressure of about 5 GPa in the lower region and of about 15
difference between the corrected and uncorrected volume i8Pa in the upper region. This behavior, together with the
about 1%. Figure 2 shows a very good agreement betweesmooth variation observed in Fig. 2 as well as in Fig. 3
the various runs; no isotope-related difference was observedhere the turns are not very sharp, supports the existence of
within the present experimental accuracy. second- or higher-order phase transitions, as inferred by the

2

®



5784 E. WOLANIN et al. 56
Py — called in the Introduction, the proton density is expected to
I have only one maximum at the center of the O-O distance,
aal i and this latter transformation should lead to a symmetric
’ ordered phase of cuprite structure. The zone found above 66
[ GPa(Fig. 3 is very likely the disordered form of the sym-
42 ] metric phase, with the delocalized proton statistically cen-
tered between two oxygens. At this point it is useful to recall
§ 40 T the dynamical properties of the expected ordered ice X com-
I i T pared to what is observed with Raman and infrared spec-
£ 38 7 troscopies above 60 GPa. In ice KCu,O structure,
i ; 43m(T4) oxygen site symmetry and 3(D3q) hydrogen
36 T site symmetry, one triply degenerate Raman active mode
i 1 Fag and two triply degenerate infrared active modéigg are
34 ¥ . . . 7 expected* The Raman mode is due solely to the oxygen
[ " 1 " M

sublattice vibration, whereas the infrared modes are due to
both hydrogen and oxygen sublattices vibratidtransla-
1-x tional and distortional'® Starting from ordered ice VIII, the
_ F,4 mode originates from the translational lattice vibrations
FIG. 3. PlotIH(x)) vs (1—x) [see Eqgs(S) and(A2)] forice  and theF,, modes from the stretching vibratiorifor the
VI H;0 at room temperature; line: manual fit. translational motionand from the bending and librational

. _vibrations(for the distortional motion The experimental ob-
analysis of the pressure dependence of the VII-VIIl transitionseryations are the following:

temperature. The pressure range being separated into three 1) on increasing pressure on ice VIl from 20 GPa, the

zones, we fit each one with a Vinet EOS, with the startingjattice and stretching Raman active mode intensities were
point taken at the transition pressyre The Vinet EOsee  found to progressively decrease with a broadening of the

0,02 006 0,10 0,4 0,8 022 0,26

Eq. (A2)] is then expressed as stretching modé®*? A strong broadening of the infrared
stretching peak is also observEdAbove 50 GPa up to 130
3Bo(1—X) 5, GPa, the upper limit of our investigation, no significant Ra-
(e pt:TeXF[E(Bo_ D(1=x)], 6)  man peak was foun®f2in particular theF ,; mode was not
observed.
wherex=ala,, anda, is the lattice parameter at. Results (2) Raman investigation of the phase diagram has shown

of these fits are given in Table Il. Due to the few number ofthat ice VIII, the ordered form of ice VII, vanished above a
’ it 4,12
points left in each zone, error margins 8¢ are relatively critical pressure close to 62 GRa2 GPa for [O).

large. The paramete®, and B, increase significantly with . (3) According to the infrared investigations th? digtor—
pressure; specifically it is worth recalling thag, which is tional F1, mode was observed from 60 GPa, the vibrational

3 .
representative of the nature of the interatomic poteﬁ?iﬂi, mode from 90 GPa’ However, locations of the occurrence

. . ) of these modes are not accurate because investigations were
expected to increase at high pressure. Hama and Suito, ?ﬁ_

ving the same tvpe of treatment to the data of Hemle erformed from 700 cm?® and the respective vs p curves
PyIng yp ) on the extrapolations of the translational and librational
et al,, concluded that phase changes occurred at 40 and rﬁ des of ice ViI(or VIII)
GPa. Performing the same treatment on the Hemley data, we :

found a slope change around 70 GPa; on the other hand, the 4 T.he.Flu mOdeS are very .broad; narrowing and in-
clfease in intensity of the distortional mode occur from 65

lower pressure featur.e Is not clearly appargnt. Wwe mus_t Stre%fpa' the same behavior is observed for the translational
also that the conclusions of Hama and Suito, concerning the = "

> ) .2 "'mode above 90 GPA.
suggested phase transition sequence ice-Vlisymmetric The infrared measuremehts* demonstrate that a trans-
ice — proton disordered symmetric ice, are very likely not

correct. Assuming a symmetrical double-well potential forformatlon around 60 GP470 GPa for GO) occurs. The

) . o - intensity variations of thé-;,, modes(point 4) are relevant
the proton, the potential barrier decreases with increasin . ; o :
i o bservations for the location and the characteristics of this
pressure, thus favoring first the delocalization of the proto

alona the O-O axis. as shown by the sudden decrease rf':\nsformation. The broadening of the Raman and the infra-
9 ¥ y red stretching peaks on approaching the transition from be-

T.(p) in the phase diagram. On further compression, as "€ow and the absence of Raman peaks around 60 @6iat
1) indicate the evolution to a disordered solid; the evolution
of the infrared peaks above this pressure domain confirms
that feature and suggests a progressive ordering on further
compression(point 4). The transformation to a disordered

solid at ~60 GPa is consistent with the limit of stability

TABLE IlI. Values of the parameterB, and B; in Eq. (A2)
derived from the fit of our data for ice VII in each zone of Fig).

0-13 GPa 13-66 GPa~66 GPa

B, (GPa 27.8+14 974 260+ 20 found for ice VIII, suggesting a delocalization of the proton
B 28+0.4 3.0:0.3 7.3+1.8 site (point 2.*%12The statement given by Aolét al. that
Mean relative errofGPa 0.3 1.0 0.6 ordered ice X is reached at 60 GPa relies on the change of
Maximum relative erro(GPa 0.9 21 1.2 sign of the stretching frequency pressure dependence; actu-

ally the translational mode is observed around 90 GPa, not
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around 60 GPa. In contrast to Adi al, Goncharowet al,'*  to disclose three pressure domains; higher-order phase trans-

from the behavior of the translational and distortional modedormations occur very likely around 12 and 66 GPa. Accord-
beyond 100 GPa, concluded that the ordered s(@idtic  ing to recent investigations, we have checked that on deu-
symmetric bondsmay occur around 150 GPa. teration these transitions shift to 18 and 82 GPa, respectively,
The transformation to ordered ice X through the sequencehich correspond to the pressure ranges where the proton
ice VII — disordered ice X— ordered ice X, as suggested disorder is expected to modify, as found from the analysis of
above, is also supported by the comparison wittHQ-O  the pressure dependence of the VII-VIII transition tempera-
systems at ambient. For O-O distanas, varying from 3 ture. The present results in the region above 60 GPa appear
to 2.44 A, the OH...Obond in those systems evolves from to be consistent with the infrared investigations in the
a proton double-well potential with a localized proton to amegabar range.
proton ordered symmetric bond. The intermediate state be-
tween these two configurations corresponds, for O-O dis-

r ) APPENDIX
tance around 2.52 A, to a proton disordered system with a

double minimunt® The isotopic ratio, which is around 1.35
for largedg.o, exhibits a minimum fodg.o ~ 2.52 A and
then increases to 1.4 forg.o ~ 2.44 A. A comparison with
the expected isotopic ratio of ice ¥k, suggests that the
single-well potential may be reached .o ~ 2.32 A; that

The Birch-Murnaghan and Vinet equations of state are
respectively given by

is, for pressure around 90 GPa. This is very likely a lower

boundary for the pressure of transformation to the ordered

symmetric ice'?

CONCLUSION

The equation of state of ice VII (JD) has been deter-

mined up to 106 GPa. Deviatoric strain corrections indicated
that the experimental pressure is overestimated by about 3%

p=§BoX’5(1—X’2) ;(56—4)(1—x2)—1}, (A1)
3Bo(l_x) 3 ’
= ———&X E(Bo—l)(l—x) , (A2)
X
with

a

X: .

ap

in the whole pressure range, while the correction on the lat-

tice parameter, depending on th&l index, may reach 1%.
The analysis of our data with the Vinet al. EOS allowed us

and whereB, and B}, are the bulk modulus at zero pressure
and its pressure derivative.
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