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Equation of State and Phase Diagram of Solid He from Single-Crystal X-ray Diffraction
over a Large P-T Domain
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Single-crystal x-ray difraction has been performed on solid He from 1 to 58 GPa over the tempera-
ture range 46-400 K. The high-density properties of helium are pinned down: the hcp structure is
stable apart from an fcc loop along melting in between 15 K and around 285 K; comparison of the 304 K
hcp equation of state with a series of calculations demonstrates there are significant attractive many-
body interactions; and the thermal pressure has been measured between 95 and 304 K and it diAers from
self-consistent phonon calculations.

PACS numbers: 67.80.Gb, 61.10.Lx, 62.50.+p

The determination of the structural properties of He
has been a topic of continuous interest because of its
quantum nature, electronic simplicity, and astrophysical
relevance. At low pressure, solid He has been extensively
studied as a model system for strongly anharmonic solids
[1]. A related property is the existence of the fcc-hcp
phase transition that has been measured up to 1 GPa [21.
With the decrease of anharmonicity under pressure, the
hcp phase line [3,4] was predicted to curve back on the
pressure axis, fcc becoming the stable structure as in the
heavier rare gas solids. Recent advances in diamond-
anvil cell technology have enabled measurements of prop-
erties of He at very high pressure. The measurement of
the melting curve [5] suggested the possibility of other
phase transitions at high pressure. This behavior was also
examined in subsequent theoretical calculations [6-8].
Definitive answers to these questions can be obtained by
direct crystal structure determination, such as that pro-
vided by x-ray diA'raction. Mao et al. overcame the prob-
lem arising from both the extremely low scattering cross
section of helium atoms and the small volume of
diamond-cell samples at very high pressures [9]: They
found the hcp structure to be stable from 15 to 23 GPa at
ambient temperature, in contrast to theoretical predic-
tions. The present study was undertaken to complete the
determination of the phase diagram of He over a large
P-T domain and to examine the unusual behavior of He
in its very high-density states.

The method of measuring x-ray diflraction of ultralight
elements, such as He and H2, under high pressure in a di-
amond cell involves a combination of single-crystal and
energy-dispersive diA'raction techniques with synchrotron
polychromatic radiation. The room temperature tech-
nique is described elsewhere [9,10]. BrieAy, the cell is
centered on a g rotation stage that is fixed on a goniome-
ter head to provide m rotation. The Ge solid state detec-
tor measures reAections at a fixed 2e angle (in the
present measurements set to 20'). A peak is found in the

energy-dispersive x-ray spectrum when the diffraction
conditions are satisfied for a specific combination of g and
m. A novel system was designed to extend such measure-
ments to variable temperature. As described in detail
previously [11], it consists of a membrane diamond cell
for x ray and a helium flow cryostat with an in situ rota-
tor. Two design characteristics are crucial for the vari-
able temperature technique. First, the x-ray viewing an-
gle of both sides of the sample is kept as large as + 45 .
Second, during the co rotation of the cryostat and the g
rotation of the cell inside the cryostat, the eccentricity
was required to be less than 30 pm. The peaks could thus
be searched by an automatic step scanning of the rotation
angles g and m, the small eccentricity enabling the col-
limated x-ray beam (from 20 to 50 Itm square) always to
impinge on the sample. When a He diff'raction peak was
found during a typical operation, optimization of the
diffraction angles resulted in typically very high signal to
noise ratio. Single-crystal diA'raction of helium could be
distinguished from that of ruby and the diamond anvils
and from the polycrystalline diftraction of the stainless-
steel gasket by spatial resolution. The membrane dia-
mond cell was loaded in a high pressure vessel at room
temperature with high purity He gas (~ 99.99%). A
small ruby sphere (10 Itm in diameter) was put at the
edge of the sample chamber. Measurements were per-
formed on the X17C superconducting wiggler beam line
at the National Synchrotron Light Source (Brookhaven
National Laboratory) during four runs over a period of
two years. The uncertainty in the volume measurement,
estimated to be less than 0.4%, originates principally
from the uncertainty in the calibration of the 20 angle,
and to a lesser degree from the energy calibration of the
Ge detector and from centering of the reflections. Pres-
sures were measured in the hutch by ruby fluorescence
excited with a Cd laser using the quasihydrostatic ruby
scale [12] including variable temperature corrections
[13]. Fine adjustments and accurate measurements of
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pressure (hP = + 0. 1 GPa) and temperature (hT= + 0.5
K) could be performed inside the hutch without misalign-
ing the sample.

The structural properties of "He were explored over the
temperature range of 46-400 K and as a function of pres-
sure up to 58 GPa. Single crystals filling the whole sam-
ple chamber could be grown from the melt by isochoric
scans. Their dimensions were typically 200 pm in diame-
ter and 40 pm in thickness for pressures below 15 GPa
(using 550 pm culets) and 100 pm in diameter and 15
pm in thickness for reaching 60 GPa (using bevel dia-
monds with 200 pm central flat). Single crystals were
stabilized a few degrees below melting for x-ray charac-
terization. The resulting x-ray reflections were very
sharp (rocking angle in ru typically about 0.03'), indica-
tive of high quality crystals. The reflections were indexed
from their angular position and the d spacings. The g
and co positions of the reflections reachable within the an-
gular aperture of the cell were calculated from the orien-
tation matrix. The volume was determined from selected
d spacings.

Figure 1 shows the P-T range of crystals identified as
fcc and hcp. The fcc-hcp transition line was explored by
varying the P-T conditions. Starting from single crystals
of the fcc phase, the pressure was increased at constant
temperature at 64 and 247 K and the temperature
changed at constant pressure at 8 GPa. In each case, a
gradual decrease in the intensity of the followed fcc
reflections, belonging to the 111 and 200 classes, was ob-
served until they disappeared. Starting with the two hcp
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FIG. 1. Phase diagram of He. The large dots and large tri-

angles, respectively, correspond to single crystals of the hcp and
fcc structures, for which the orientation matrix was found. The
small symbols indicate the P-T points where the diffraction
peaks of these single crystals under varied thermodynamic con-
ditions could be measured. The dashed line is the hcp-fcc phase
line. The stars indicate the large volume optical measurements
of this transition [2]. The full line is the Simon melting equa-
tion [15].

single crystals characterized around 300 K, the tempera-
ture was first decreased to 200 K in one case and 100 K
in the other. The pressure was then decreased at constant
temperature; each time, the reflections were lost after a
large decrease of pressure. It should be noted that after
the total disappearance of the diA'raction peaks of the
parent single crystal (either hcp or fcc), no peak of the
product crystal could be found. We suggest that the sin-

gle crystals are broken at the fcc-hcp phase transition.
This contrasts with the behavior observed optically at low

pressures in large volume studies [14]. Starting from sin-

gle crystals of the hcp phase at 355 and 375 K, the tem-
perature was stabilized at 304 or 95 K and the pressure
was increased to 58 GPa; no significant weakening of the
hcp peaks was observed although the peaks broaden up to
a Aced of 0.4 . Solid He remained a single crystal up to
the maximum pressure.

In Fig. 1, the small triangles and the small dots indi-
cate the P-T points where diA'raction peaks of the fcc and
the hcp structures were measured. There exists a P-T re-
gion over which either fcc or hcp structures can be stabi-
lized, depending on the thermodynamic path used to
reach this state. We propose that strong hysteresis arises
from the martensitic mechanism of the fcc-hcp transfor-
mation, which involves motion of planes of atoms (e.g. ,
very likely through Shockley partial dislocation [2,14]).
Because of the hysteresis, precise determination of the
equilibrium transition line is difficult (especially in view

of the limitation on synchrotron beam time). Our best
estimate of the phase line is drawn in Fig. 1, which is

fully consistent with the optical determination of Franck
and Daniels [2]. The present study demonstrates that the
fcc domain is limited in a loop along melting in between
15 and 285 K (+ 15 K). Such a topology is very unusu-

al. The anomaly [5] reported on the melting curve of
He, although not seen in a subsequent investigation [15],

should thus correspond to the fcc-hcp-fluid triple point,
instead of the fcc-bcc-fluid one as suggested by earlier
calculations [6-8]. The hcp structure is stable along the
melting curve up to the highest temperature reached here
(400 K). This does not rule out the possible existence of
the bcc phase along melting at higher temperatures but it
places a lower bound on a possible hcp-bcc-fluid triple
point. Finally, the hcp structure is seen to be stable up to
58 GPa. This experimental phase diagram for "He
diAers from theoretical predictions. The growing impor-
tance of many-body interactions may be responsible for
stabilizing the hcp structure at high pressure [8]. The
hcp structure is stable in xenon at high pressure [16].
However, it is intriguing that such a hcp structure is not
observed in Ne [17], Ar [18], and Kr [19] solids at high

pressure since their many-body interactions, associated
with the deformation of the atomic electronic cloud,
should be even more important and of roughly the same
form in comparison to He.

The pressure variation of the lattice parameters of the
hcp structure at 304 K was measured in two diAerent
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runs. For each pressure, the volume was estimated from
at least three diffraction peaks [in one case indexed as
(010), (011), and (002) and in the other case as (110),
(111), (112), and (210)]. No systematic change with
pressure of the c/a ratio is detected, with values scattered
within ~0.005 around 1.630, close to the ideal value.
The measured volumes are compared in Fig. 2 with the
previous measurements of Mao er al. [9] and with four
calculated equations of states (EOS). The pressures cal-
culated using self-consistent phonon calculation [8] with
the HFD-B Aziz pair potential [20] are increasingly
higher with density than experimental data because the
growing importance of many-body interactions introduces
a softening in the equation of state. These many-body in-
teractions are implicitly included in the Ross- Young pair
potential [21] (fitted on shock experiments) which leads
to a better agreement with experiment, although it is in-

creasingly discrepant above 20 Gpa. Two models have
been proposed to take explicitly into account these
many-body interactions. In the first one [22], the soften-
ing of the pair potential is attributed to the contraction of
the electronic cloud of He atoms in the crystal field calcu-
lated by a Gordon-Kim Hartree-Fock method. In the
second [8], the deviation from the pair interaction is attri-
buted to the three-body interaction and its effect calculat-
ed by perturbation over the pair potential phonon calcula-
tion. These two theoretical calculations bound the experi-
mental data, neither being entirely satisfactory. The
pressure increasing difference between experiment and
the three-body calculation could suggest the need for
higher order terms in the multibody expansion of interac-
tion energy.

Driessen, van der Poll, and Silvera [23] have deter-
mined a very accurate EOS of He for volumes larger
than 6 cm /mole, based on the data in the literature and
their isochoric measurements. They tentatively extended
it to 2.5 cm /mole. The Mie-Gruneisen model was used
to fit the thermal pressure. This form for the thermal
pressure is in very good agreement up to 2.5 cm /mole
with our self-consistent phonon calculations using the
Ross-Young potential. Accordingly in Fig. 3 we have re-
duced all our pressure-volume data to T=O K, either in

the fcc or the hcp phase. The EOS of Driessen, van der
Poll, and Silvera (valid above 10 cm /mole) is in very
good agreement with the data above 6 cm /mole but the
agreement is less satisfactory at smaller volumes. This il-
lustrates that a third order Birch-Murnaghan form is not
suitable for a large domain of compression [24]. The
dashed line represents the Vinet function [25], which was
fitted with the present data by a three parameters adjust-
ment, giving Vo(cm /mole) =13.72, Ko(GPa)=0. 225,
and Ko(GPa)=7. 35. It reproduces experiment to within
5% from 8 to 2.5 cm /mole. However, such a form does
not represent the EOS of He over a larger volume
domain (the entire volume domain now investigated in

He is 21-2.5 cm /mole). It should be noted that below
20 Gpa the dispersion of the data corresponds almost to
the error bars and no volume difference between fcc and
hcp structures is detected. As seen below, the dispersion
of the reduced (T =0 K) data above 20 GPa can be attri-
buted to the nonphonon type thermal eAects at high pres-
sure.

The volume of hcp He versus pressure measured at 95
and 304 K are compared in Fig. 4. A thermal diff'erence
is clearly measurable (it is much greater than the experi-
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FIG. 2. Volume versus pressure data of hcp He at 304 K.
The dots indicate the present x-ray measurements and the tri-
angles are from Mao et al. [9]. Four calculated equations of
state are compared: self-consistent phonon calculations either
with the HFD-B pair potential (dash-dotted line), the Ross-
Young potential (full line), the HFD-B pair potential, plus
three-body interaction (dashed-stars line). The dashed-squares
line is a Gordon-Kim/Hartree-Fock calculation of LeSar [20].
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FIG. 3. Temperature reduced (T=0 K) equation of state of
solid He. The dots and triangles represent the data for the hcp
and fcc phases, respectively; the full line is the EOS of Dries-
sen, van der Poll, and Silvera [23]. The dashed line is the
Vinet form fit to the present data [Vo(cm 3/mole) =13.72;
Ko(GPa) =0.225; Ko(GPa) =7.35].
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FIG. 4. Comparison between the T=95 K and the T=304

K volume versus pressure data of hcp He. The T=95 K mea-
surements are indicated as triangles and the T=304 K ones as
circles; full and open symbols indicate two diA'erent experi-
ments. The full line is a fit of the 304 K data. The dashed line
is the expected EOS at 95 K obtained by adding the self-
consistent phonon thermal corrections to the EOS at 304 K.
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mental uncertainty which is of the order of the dispersion
of the data obtained from different runs). Furthermore,
the 95 K data were obtained on the same single crystal
during the same run (i.e. , with the same angle and energy
calibrations) as one of the 304 K data set. Three peaks
were followed [indexed as (110), (111),(112)]. The 304
K data can be fit very well with a third order po1ynomia1
in density, as shown in the figure. The 95 K EOS is cal-
culated by adding to the 304 K EOS the thermal pres-
sures determined from the self-consistent phonon calcula-
tion with the Ross- Young potential. Around 20 GPa, the
experimental thermal shift is in good agreement with the
calculated one but above, experiment increasingly differs
from calculation, being systematically larger. This dis-
crepancy cannot be attributed to the model, since a self-
consistent phonon calculation is expected to be accurate
[26], nor to the use of the assumed pair potential. Simi-
lar results are obtained using the Aziz HFD-B potential
or the pair potential adjusted on the 304 K EOS. We
suggest that the presence of strong many-body interac-
tions at high density gives rise to dynamical properties
that are not adequately described using pairwise interac-
tions (i.e., described at the self-consistent phonon level).
This behavior may be also related to the presence of
unusual quantum effects in dense helium inferred from
the recent finding of an abnormal isotopic shift on the
melting curve of He at high density [27]. This question
should continue to motivate further investigations of the
properties of dense low-Z solids. In this respect, the same
x-ray study on solid He should be very enlightening.
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