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) Neutron-diffraction measurements are reported on a strain-free polycrystalline deuterium sample with a
J =1 concentration x =0.46 between 0.20 and 14.0 K. The lattice remains simple hcp down to the lowest
temperature studied. No new reflections or changes in diffuse scattering are observed as the sample is
cooled. The molar volume has been determined from the lattice constants. Our results are consistent with
measurements of C and (8P/8T)y. Our diffraction data showed no evidence for a transition to a glassy
phase at T'=0.5 K as suggested by the NMR experiments.

The existence of a ‘‘quadrupolar glass’’ phase in solid hy-
drogen (H;) and deuterium (D,;) has been the subject of
much debate.! This phase is proposed to exist for J=1
concentrations, x, below x =0.55, and temperatures below
0.5 K. H; has a simple hexagonal-close-packed (hcp) struc-
ture in this range;? diffraction work to date on D, has been
only at higher temperatures.** The hcp structure is un-

favorable to orientational ordering of the J =1 molecules,®”

through their electric quadrupole quadrupole (EQQ) interac-
tion, and frustrates the formation of a long-range high-
symmetry ordered phase. It has been proposed that the
J =1 molecules, unable to order and reduce their orienta-
tional interaction energy, form a ‘‘quadrupolar glass’’ phase,
similar to the Edwards-Anderson spin-glass phase’ for di-
poles. )

The evidence for the existence of a quadrupolar glass
phase comes almost exclusively from NMR.® A peak in the
relaxation rate and a broadening of the absorption line are
observed at temperatures below 0.5 K for 0.3 <x <0.5.
These are taken as indicators of the formation of a glass
phase and used to define the transition temperature. Heat-
capacity measurements on solid H, (Refs. 7 and 8) below 1
K show anomalous behavior while similar measurements on
D, (Refs. 7, 9, and 10) show only smooth behavior. Mea-
surements of the pressure, which yields (9P/97T)y, show
only smooth behavior below 1 K for both H, (Refs. 11 and
12) and D, (Ref. 13). Heat capacity and (3P/9T )y mea-
surements, in both H, and D,, show a broad anomaly at
2-3 K for intermediate J = 1 concentrations.

To gain further insight into the possible existence of the
quadrupolar glass phase we have carried out a neutron-
diffraction study of solid deuterium. Neutron diffraction is
sensitive to the orientational ordering of the J =1 molecule,
and long- and short-range order may be observed through
superlattice peaks or diffuse scattering, respectively. Deu-
terium (rather than H;) was chosen for its small incoherent
cross section, which minimizes the background scattering,
and for its much slower conversion rate. The slower con-
version, and resultant smaller self-heating, make it possible
to perform experiments at nearly constant J =1 concentra-
tion that last days, instead of hours as for H,; it also simpli-
fies the problem of heat removal from the sample.

We report here the first detailed measuremerit of the tem-
perature dependence of the molar volume for D, at inter-
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mediate J =1 concentrations. This work was carried out us-
ing the special environment powder diffractometer (SEPD)
at the intense pulsed neutron source at Argonne National
Laboratory. This is a time-of-flight powder-diffraction in-
strument with a resolution of Ad/d =0.005 for a fixed 90°
scattering angle. Knowledge of the Bragg line shape from
calibration samples allows the peak center to be determined
accurately and gives an overall accuracy of 50 ppm for lat-
tice constants. The D, sample was contained in a vanadium
can (5.4 cm longx0.83 cmdiameter), with copper wires at
the top and a copper plug at the bottom, both thermally an-
chored to the mixing chamber of a dilution refrigerator.
Only the time-focused 90° detector banks of the SEPD were
used, so that the aluminum radiation shields could be
masked with cadmium and a diffraction pattern from only
the D, sample could be obtained.

The solid sample was grown from the liquid, at vapor
pressure, and formed a polycrystalline sample judged from
the Bragg line shape to be strain free. The initial /=1 con-
centration of the gas used to form the sample was x =0.49
and the final concentration was x = 0.43, giving a mean con-
centration X =0.46 and a conversion rate k =0.01/h, in
good agreement with the accepted rate in the solid.!* Four-
teen Bragg peaks were observed, each of which was
separately fit to the line-shape function!® to obtain d spac-
ings. Lattice constants a and c¢ at each temperature were
then obtained by weighted least-squares fit to the d spacings.
The c/a ratio was found to be constant, within experimental
uncertainties, and equal to 1.6322 £0.0002. The molar
volume, obtained from a and c, is shown in Fig. 1. The
data points were taken in random order as a function of
temperature, and found to be repeatable, indicating that
there is little hysteresis, at least above 2 K. Our values for
this molar volume are in good agreement with those of Yar-
nell, Mills, and Schuch?® and comparable to the values of
Schuch and Mills* and Mucher, Harris, White, and Erick-
son. !¢

We do not observe any deviations from the simple hcp
lattice structure; thus the possibility that the sample under-
goes an hcp-fce transition at this concentration can be ruled
out for T > 0.2 K. No new reflections, indicating long-
range order, or increase in diffuse scattering, indicating
short-range order, are observed at any temperature. We
conclude that (a) a low-symmetry ordered state does not oc-
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FIG. 1. Molar volume vs temperature: (a) 0.2-14 K; (b) 0.2-5.5K.

cur on the hexagonal lattice (calculations of the diffraction
pattern for any of the proposed ordered hexagonal ground
states!’ indicate they would be easily visible with SEPD
under our conditions), and (b) that no significant amount
of short-range order exists.

The volume thermal expansion 8 may be related to the
(8P/8T)y measurements of Ramm, Meyer, and Mills"®

through the compressibility. Rather than numerically dif-

ferentiating our results, which would lead to unacceptably
large errors, we numerically integrate the (8P/8T), data,
which are more precise. We then obtain

Ky 7 iy ’
V(T)=7fr,(ap/§r)ydr +V () )

where the isothermal compressibility Kr has been assumed’

temperature independent over the range of the (3P/dT)y
data (0.3-4.2 K), which is a good approximation. Using the
compressibility from the equation of state of Driessen,
deWall, and Silvera!® we can directly compare our results to
the (3P/dT)y measurements of Ramm et al.'* A compar-
ison of the molar volume and integrated (9P/dT)y, is
shown in Fig. 2. Within experimental uncertainties we find
that Eq. (1) is satisfied from 0.3-4.2 K. Thus, our results
are thermodynamically consistent with those of Ramm
etal. !’

The heat capacity may also be related to the volume ther-
mal expansion using a Gruneisen picture. In this case

vKr
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The integral in Eq. (3) may be calculated using the constant
volume heat capacity of Grenier and White!® in the tem-
perature range 1.5-10 K. The integrated heat capacity mul-
tiplied by yKr, where y =3.5, is compared to the molar
volume in Fig. 2.

‘At temperatures below S K we find a temperature-
independent Gruneisen constant from Eq. (3). We find
vy=23.5%0.5, in good agreement with the accepted value of
3.66 (Ref. 13). The total Gruneisen constant measured
here is the sum of a lattice contribution (2.0 £0.1) (Ref.
13) and a quadrupolar contribution (-§—). From our mka-

surements, we find no indication of a temperature-
dependent y below 6 K.

At temperatures above 6 K a significant difference
develops between our direct volume measurements and the
integrated heat capacity, which is larger (Fig. 2). At least
part of this can be attributed to temperature variation of K,
which decreases with increasing temperature. In addition,
variation of the lattice contribution to y is to be expected as
modes other than the long wavelength modes responsible
for the low-temperature specific heat become important.
From a preliminary assessment of these effects, we con-
clude that our measurements are consistent with the heat-
capacity measurements.

In conclusion, we find that the D, lattice is hcp at all tem-
peratures and that there is no evidence of any rotational or-
dering of the quadrupolar moments at low temperatures.
Our results are consistent with both Cy and (3P/dT)y
measurements indicating the system is always in thermo-
dynamic equilibrium over a time scale of 12 h, the duration
of the shortest of these experiments. The anomalous
behavior at 2-3 K observed by (8P/d8T)y and Cy is also
seen in our results. This is presumably due to depopulation
of the rotational sublevels.!® No evidence is found, either
in our diffraction measurements, or in the heat capacity and
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(dP/dT)y measurements, of the transition at 0.5 K as ob-
served by NMR. ‘
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