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Abstract 
The lattice constants of powdered H20 and D 2 0  ice Ih 
were measured in the temperature range 10-265 K with 
synchrotron radiation to a precision of typically 0.003% 
in a and 0.007% in c. The c/a ratio remains almost 
constant with temperature, thus the thermal expansion is 
virtually isotropic. Below 73 K, one observes a negative 
thermal expansion for both light and heavy ice Ih. The 
temperature dependency of the thermal expansion at 
higher temperatures follows roughly that of the specific 
heat. Thus, the Griineisen function is negative at low 
temperatures and is slowly varying above 120K; the 
isotopic differences of the Griineisen function are smaller 
than previously assumed. 

I. Introduction 

The thermal expansion of ice Ih (space group: P63/mmc) 
has been measured repeatedly by dilatometric and X- 
ray techniques since the first experiments close to the 
melting point by Struve (1845). Jakob & Erk (1929) 
measured dilatometrically the thermal expansion down 
to temperatures of 20K on long polycrystalline ice 
cylinders and found a negative thermal expansion be- 
low 70 K. Early X-ray powder work did not cover the 
full temperature range (Barnes, 1929; Megaw, 1934; 
Vegard & Hillesund, 1942) and later work added only 
lattice constants at a few selected temperatures (Truby, 
1955; Blackman & Lisgarten, 1957). Lonsdale (1958) at- 
tempted a combination of the various data and concluded 
that ice Ih exhibits an increasingly anisotropic thermal 
expansion at decreasing temperatures. This unexpected 
result led LaPlaca & Post (1960) to a reinvestigation and 
to the discovery of anomalous behaviour near 120 K, 
which was attributed to precursors of an inhibited dis- 
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order-order transition. Later measurements by Brill & 
Tippe (1967) could not confirm this anomaly, while 
unpublished work by Haltenorth (1973) supported it 
in HF-doped samples. The negative thermal expansion 
found in the early dilatometric work was never confirmed 
by X-ray methods, but was corroborated in single-crystal 
experiments by Dantl (1962). Likewise, a temperature 
dependency of the c/a ratio (and thus an anisotropy 
of thermal expansion) was claimed by several authors, 
although never established unambiguously. Therefore, 
considerable uncertainties prevailed until recently. The 
situation was even worse for a quantitative assessment 
of the isotopic difference between normal and heavy 
ice Ih; the scarce and incoherent data did not permit 
any definite statement on the D20 lattice constants, 
except that they were considered larger than those of 
H20 (Lonsdale, 1958; Kuhs & Lehmann, 1986). Table 
1 gives an account of samples and techniques used, the 
temperature ranges covered and the precisions achieved 
in some of the earlier work. A reinvestigation therefore 
seemed appropriate also in view of an urgent need 
for lattice constant data for both H20 and D20 in 
order to elucidate structural differences between the 
isotopic compounds (Kuhs & Lehmann, 1987). High- 
resolution powder diffraction using synchrotron radiation 
was considered appropriate to clarify the situation. 

2. Experimental 

The lattice constants of ice Ih for H20 and D20 were 
measured at the synchrotron radiation laboratory, Hasy- 
lab at DESY/Hamburg, with the powder diffractometer 
in parallel beam geometry (Arnold et al., 1989). For 
relatively thick samples (as were the ice samples in our 
case), this geometry is especially well suited, because 
sample position and thickness do not affect the measured 
diffraction angles. In order to obtain a homogenous and 
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Table 1. Summary o f  experimental work 

Authors  Method  
Jacob & Erk (1929) Dilatometry 
Megaw (1934) X-ray 
LaPlaca & Post (1960) X-ray 
Dantl (1962) Dilatometry 
Brill & Tippe (1967) X-ray 
Haltenorth (1973) Neutron 
This work Synchrotron 

T range 
Sample (K) Isotopes 

Polycrystal 23-273 H 
SC 207 + 273 H,D 
Powder 93-263 H 
SC 21)-270 H,D 
Powder 13-193 H 
HF-doped SC 88-228 H 
Powder 10-265 H,D 

Precision 
(lattice const.)  

(%) 

0.05 
0.01 

0.01 
0.002 
0.003 in a 
0.007 in c 

finely ground powder of ice Ih, the sample must be 
prepared below 270 K and kept below this temperature 
during the transfer to the cryostat. Thus, the preparation 
was performed at a temperature of ca 220 K in a partly 
covered nitrogen-cooled polystyrene box standing near 
the diffractometer. The nitrogen atmosphere prevented 
the condensation of water from the air, and the manip- 
ulations were performed with gloves. A drop of water 
(H20: doubly distilled and degassed; D20:99.9 atom% 
from Aldrich Chemical Co.) was syringed on top of a 
precooled fiat teflon plate and splashed by a pistil. With 
a precooled mortar, the ice sheets obtained were easily 
ground to a fine powder, which was mixed with the 
NBS-standard powder of silicon (640b). The powdered 
sample was placed into the precooled holder between 
two polyethylene foils. At the same time, the head of 
the opened cryostat (Ihringer & Kuester, 1993) was 
cooled by boiling nitrogen, kept in a special insulating 
box placed around the cryostat head. This allowed the 
setting of the sample holder to its assigned position and 
to assemble the cryostat without melting the sample. 

Three silicon and 11 ice reflections were measured at 
scattering angles between 18 and 62 ° in the temperature 
range 265-10 K at intervals of 15 K with the following 
conditions: stepsize (20) 0.004 for the 100 and 101 
reflections, 0.006 for intermediate scattering angles and 
0.008 for the 300 and 213 reflections; typically, 15 
steps per reflection, 10 000 cts in monitor corresponding 
to 2-8 s acquisition time per step; DORIS operation 
with injection to 80 mA every 3-4 h. The calibrated 
wavelength was 1.2873/~ at the beginning and 1.2884/~ 
at the end of the data collection; a correction for this 
variation is described below. The reflections chosen (see 
Table 2) had no overlap with other reflections; their peak 
shapes were in good agreement with a Gaussian. To 
obtain a good thermal contact with the sample during 
the measurements, the cryostat sample chamber was 
filled with helium gas at a pressure of ca 100 Torr. 
The amount of helium entering the ice lattice at this 
pressure is negligible (Kahane, Klinger & Philippe, 
1969). The temperature was controlled to within < 0.5 K. 
After the data collection with a stepwise cooling down 
to 10 K, the sample was remeasured at 250 K to check 
the diffractometer and sample settings; no significant 
deviations from the first set of data obtained prior to 

Table 2. Measured ice Ih and silicon reflections at 
250 K 

hkl 20 (H20)  F W H M  20 (DzO) F W H M  
1 100 18.8765 (I) 0.0210 (2) 18.8632 (1) 0.0225 (2) 
2 101 21.4189 (1) 0.0155 (2) 21.4028 (1) 0.0177 (3) 
3 si, 111 23.6364 (3) 0.0227 (7) 23.6378 (4) 0.0210 (8) 
4 102 27.7393 (1) 0.0193 (3) 27.7182 (2) 0.0207 (4) 
5 !10 33.0547 (2) 0.0292 (4) 33.0320 (4) 0.0335 (7) 
6 103 36.0375 (3) 0.0374 (6) 36.0129 (4) 0.0390 (7) 
7 020 38.3631 (4) 0.0418 (8) 38.3421 (6) 0.0459 (12) 
8 202 43.7107(9) 0.0624(21) 43.6751(11) 0.0613(25) 
9 Si, 311 46.2463 (4) 0.0785 (9) 46.2558 (7) 0.0799 (15) 
10 203 49.7352 (8) 0.0760 (17) 49.6973 (10) 0.0725 (25) 
11 210 51.5609 (19) 0.0920 (54) 51.5188 (14) 0.0879 (36) 
12 300 59.0899 (21) 0.0999 (64) 59.0673 (18) 0.1042 (44) 
13 213 61.0359 (43) 0.1410 (99) 61.0085 (22) 0.1284 (76) 
14 Si, 331 62.1681 (20) 0.1333 (72) 62.1825 (22) 0.1406 (55) 

cooling were detected; a final data set was collected at 
265 K. 

3. Data analysis 

The measured profiles of all 14 reflections were fitted by 
a Gaussian without asymmetry correction; the weighted 
profile R-values were typically 0.08. The obtained line 
positions and their standard deviations were used to 
calculate the lattice constants of H20 and D20 for 
all temperatures (see Table 3). It turned out to be 
essential to correct for the wavelength changes caused 
by thermal expansion of the monochromator crystals 
and/or by changes in the incident beam position dur- 
ing the measurements. Therefore, the line positions of 
ice Ih were calibrated for each temperature using the 
silicon reflections. For the calibration at temperatures 
above 190 K, an equation given by Okada & Tokumaru 
(1984) was used; below 190 K the calibration was carded 
out using the experimental expansivity data of Lyon, 
Salinger & Swenson (1977). 

The lattice constants of ice Ih versus temperature 
are shown in Figs. 1 and 2. At all temperatures, the 
D20 lattice constants are significantly larger than those 
for H20. Below 75 K, a negative thermal expansion 
coefficient is detected for both isotopes. The c/a ratio 
shows no significant variation with temperature. Fig. 3 
exhibits the temperature dependency of the volume of 
the unit cell. Physics requires a vanishing expansivity at 
0 K (limr-+0 K ~ = 0) and a horizontal tangent at 0 K 
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Table 3. Lattice constants of H20 and D20  ice Ih 

No.  T (K) a (H20)  c (H20)  a ( D 2 0 )  c (D20)  
18 265 4.52141 (20) 7.36163 (59) 4.52662 (42) 7.36882 (134) 
19 250 4.51842 (46) 7.35556 (138) 4.52243 (44) 7.36265 (152) 
1 250 4.51808 (1 i) 7.35612 (34) 4.52154 (10) 7.36270 (32) 
2 235 4.51480 (14) 7.35027 (50) 4.51805 (28) 7.35575 (90) 
3 220 4.51168 (17) 7.34472 (65) 4.51455 (13) 7.35084 (39) 
4 205 4.50877 (10) 7.34109 (42) 4.51144 (13) 7.34596 (43) 
5 190 4.50632 (09) 7.33722 (33) 4.50833 (14) 7.34123 (42) 
6 175 4.50416 (26) 7.33317 (93) 4.50571 (20) 7.33692 (64) 
7 160 4.50209 (22) 7.32959 (82) 4.50354 (22) 7.33343 (65) 
8 145 4.50020 (12) 7.32678 (44) 4.50145 (15) 7.33028 (45) 
9 130 4.49880 (14) 7.32397 (54) 4.50012 (9) 7.32674 (28) 
10 !15 4.49753 (15) 7.32194 (52) 4.49857 (20) 7.32502 (60) 
11 100 4.49664 (16) 7.32044 (58) 4.49766 (24) 7.32284 (68) 
12 85 4.49613 (14) 7.31976(56) 4.49721 (20) 7.32201 (59) 
13 70 4.49587 (12) 7.31985 (54) 4.49689 (34) 7.32265 (118) 
14 55 4.49638 (19) 7.32003 (63) 4.49729 (21) 7.32157 (64) 
15 40 4.49671 (25) 7.32049 (89) 4.49774 (23) 7.32264 (70) 
16 25 4.49674 (19) 7.32052 (70) 4.49804 (21) 7.32292 (66) 
17 10 4.49693 (22) 7.32109 (74) 4.49819 (17) 7.32348 (53) 

(limr---~0 K 6a/6T = 0), thus in the polynomial to fit the 
volume at all experimental temperatures 

V(T) = Ao + AzT + AzT2... + AsT8; (1) 

the coefficients A I and A2 had to be zero; the final non- 
zero coefficients are given in Table 4. Fig. 4 shows the 
linear thermal expansivity coefficient a = (1/3)/3, with 
the volume expansivity/3 given as 

/3 = ( 1 / V ) ( O V / O T )  (2) 

and being calculated for H 2 0  and D 2 0  by inserting 
the polynomial expression (1) and its derivative into 
(2). The unit-cell volume at the melting point was 
deduced from the literature values of the mass density 
[H20:0.91671 Mg m -3 (Ginnings & Corruccini, 1947); 
O 2 0 : 1 . 0 1 4 7 5  Mg m -3 (Timmermans, Hennaut-Roland 
& Rozental, 1936)]. Below 100 K, a is similar for H20 
and D20; above 100 K, the thermal expansivity becomes 
increasingly larger for D 2 0 .  

4. Discussion 

Bulk density, lattice constants and expansivity data of 
ice Ih have been measured repeatedly with results often 
differing by multiples of the e.s.d.'s. Systematic errors 
must be the cause of these discrepancies and it is likely 
that they originate in the experimental techniques as well 
as in the samples used. A discussion of the effects of 
aging, ordering phenomena, impurities and cracks on 
the volume-temperature data is beyond the scope of this 
paper and a critical assessment of possible systematic 
errors in the published data is almost impossible. With 
this disclaimer in mind, a discussion of our results is 
thus attempted. 

The lattice constants obtained for light and heavy ice 
Ih show very similar behaviour as a function of tem- 
perature. The isotopic differences are highly significant 

and are somewhat larger than the values obtained from 
the single-crystal data by Megaw (1934). The lattice 
constants of D20 are larger by a factor of 1.0010(2) 
at 250K, with decreasing differences at lower tem- 
peratures; below 70 K, the factor remains constant at 
a value of 1.0003 (1). The c/a ratio shows very little 
temperature variation; the only feature is a slight increase 
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Fig. 1. Lattice constant a of ice lh between 10 and 265 K. 
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Table 4. Coefficients and quality of polynomial fit to 
the unit-cell volume data* 

H 2 0  D 2 0  
Ao 128.215 (16) 128.332 (15) 
A3 - !.31 (26) x 10 -6 - 2 . 2 6  (65) x 10 6 
A4 2.48 (52) x 10 -s 5.16 (1.77) x 10 s 
A.~ - 1.61 (38) x 10 -~° -4 .58  (1.91) x 10 -~° 
A6 4.61 (1.26) x 10 -13 2.09 (I.01) x 10 t~ 
A7 - 4 . 9 7  (1.52) x 10 -16 --4.86 (2.64) x 10 ~5 
A, 0 4.57 (2.69) x 10-~s 
) 2 6.91 6.12 

* U n c e r t a i n t i e s  in p a r e n t h e s e s  c o r r e s p o n d  to 9 0 %  c o n f i d e n c e  

level.  

for D20 above 70 K and a corresponding slightly larger 
c/a value for D20 compared with H20 [1.62806 (9) for 
H20 and 1.62828 (12) for D20 in the range 70-250 K]. 
There is no doubt that the c/a ratio is smaller than the 
theoretical value of 1.63299 for homogeneous packing. 
Using the extensive structural data (Kuhs & Lehmann, 
1986, 1987), the deformation of the ideal packing is 
identified as a deviation of the O- -O O angles from 
their tetrahedral values; the O O O angles are wider 
when two of the O atoms are in the hexagonal plane, 
leading to a slight contraction along the c-axis. The 
time-space averaged O O distances along and oblique 
to the c-axis are identical for each compound within 
the limit of error; however, there is a slight increase 
of the O---O distance on going from H20 to D20, an 
increase which is commensurate with the increase in 
lattice constants. It should be mentioned that the isotope 
ratio of the molar volume of ice (V,~,D20/Vm,H~O) close 
to the melting point (273 K) is smaller than in the 
liquid phase at 277 K (1.0033 and 1.0061, respectively). 
This means that compared with the situation in ice Ih, 
the atomic arrangement of D20 water becomes more 
open than that of H20 water. This is consistent with 
the generally accepted picture that the arrangement of 
water molecules in heavy water is more 'structured' (has 
a smaller width of the distribution of hydrogen-bond 
distances and angles, as well as fewer broken hydrogen 
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Fig. 4 .  Linear  thermal expansivi ty  coefficient of  ice Ih calculated from 
the po lynomia l  fits. 

bonds) than in normal water (Kuharsky & Rossky, 1985; 
Root, Egelstaff & Hime, 1986). A similar quantum effect 
exists not only in water, but also in (the orientationally 
disordered) ice Ih, although on a smaller scale (Kuhs 
& Lehmann, 1987). The increased difference in molar 
volume for H20 and D20 on going from the solid to the 
liquid phase should then be attributed to a relative loss 
of structure due to quantum effects in H20 compared 
with D20. 

The linear thermal expansion coefficients show a 
remarkable temperature dependency. Below 73 K, one 
observes a negative thermal expansion for H20 and 
D20, in reasonable agreement with the work by Jakob 
& Erk (1929); the zero-expansivity temperature quoted 
by Dantl (1962) is located slightly lower at 63 K. A 
comparison with selected literature data is given in Fig. 
5. Topologically similar tetrahedrally bonded structures, 
such as ZnS (Adenstedt, 1936), Si and InSb (Gib- 
bons, 1958) or GaAs, ZnSe and Ge (Novikova, 1961), 
show similar behaviour. Lattice dynamical models have 
been developed for diamond, silicon and other III-V 
compounds to explain this effect in terms of a neg- 
ative Grtineisen parameter of the transversal-acoustic 
phonons near the Brillouin-zone boundary (Blackman, 
1958; Haruna, Maeta, Ohashi & Koike, 1986; Biernacki 
& Scheffler, 1989; Xu, Wang, Chan & Ho, 1991). A 
detailed lattice dynamical study for ice Ih, which could 
explain its negative thermal expansion, has not yet been 
performed; thus, the mode(s) causing the effect is(are) 
not identified. However, the similarity of the expansivity 
of light and heavy ice Ih at low temperature, together 
with the temperature range in which the negative expan- 
sion coefficients prevail, clearly suggests (a) translational 
mode(s) as the cause. 
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Fig. 5. Compar is ion  o f  li terature data on the l inear thermal expansivi ty  
coefficient for H 2 0  ice Ih. Note that the data  by Haltenorth were 
obtained on a HF-doped  crystal.  Al though doping is known to have a 
very small  effect on the lattice constants at 227 K (Truby, 1955), its 
effect on the expansivi ty  is not known exactly.  
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The expansivity data at higher temperatures show 
some further interesting features; for H20, the slope is 
steep up to approximately 140 K, followed by a flatter 
part up to approximately 200 K and a final steeper part 
up to the melting point. D20  exhibits increasingly larger 
expansion coefficients with increasing temperature, with 
the flatter part of the curve shifted to higher temperatures 
and the final steep part setting in at 240 K. The entries 
close to the melting point must be considered with some 
caution as the lattice constant data in this region show 
somewhat  larger errors. There is a close correlation 
of  the H20  expansivity data with the specific heat 
measured by Giauque & Stout (1936). Using a simple 
quasiharmonic model, one may calculate the Griineisen 
function from the volume thermal expansion /3, the 
adiabatic bulk modulus K, the specific heat Cp and the 
molar  volume V,, as 

" / c ( T )  = ( ~ K V m ) / C p .  (3) 

The D20  specific heat data were taken from Long & 
Kemp (1936). The adiabatic bulk modulus is calculated 
from the elastic constant data of Dantl (1968) for H20  
and Mitzdorf  & Helmreich (1971) for D20  according to 

K = ( c 1 1 + c 1 2 + 2 c 3 3 - 4 c 1 3 ) / [ c 3 3 ( c 1 1 + c 1 2 ) - 2 c 2 1 3 ] .  (4) 

It should be mentioned that the elastic constant data 
were determined only in the temperature range above 
133K, introducing a slight uncertainity for the low- 
temperature values of  the Griineisen function. The spe- 
cific heat at higher temperatures follows roughly the 
expansivity pattern, thus the calculated Griineisen func- 
tion shows a flatter part above approximately 120K 
with a final increase on approaching the melting point 
(see Fig. 6) and only small differences between light 
and heavy ice. The isotopic differences are definitely 
smaller than those deduced from the tentative values of 
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Fig. 6. Griineisen function of ice Ih calculated between 40 and 250 K. 

the individual Griineisen functions given by Leadbetter 
(1965), obtained under the assumption of  vanishing 
isotopic differences for expansivity and compressibility. 

It is intriguing that the absolute magnitude and the 
temperature dependency of -yG is very similar to that 
found in other tetrahedrally coordinated compounds 
(Collins & White,  1964), corroborating the analogies 
invoked in the discussion of the negative thermal 
expansion at low temperatures. 
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