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We investigate the phase diagram of lithium at temperatures of 200 K to 400 K, to pressures over
100 GPa using X-ray diffraction in diamond anvil cells, covering the region in which the melting
curve is disputed. To overcome degradation of the diamond anvils by dense lithium we utilize a
rapid compression scheme taking advantage of the high flux available at modern synchrotrons. Our
results show the hR1 and cI16 phases to be stable to higher temperature than previously reported.
The melting minima of lithium is found to be close to room temperature between 40 GPa and
60 GPa, below which the solid is crystalline. Analysis of the stability fields of the cI16 and oC88
phases suggest the existence of a triple point between these and an undetermined solid phase at
60 GPa between 220 K and 255 K.

The application of pressure transforms lithium from
a prototypical simple metal to a complex system in
which valence-core interactions cause a variety of remark-
able behaviors. In recent years considerable experimen-
tal and theoretical effort has gone into understanding
the structural properties and phase transitions of dense
lithium. Theoretical studies have predicted a variety of
low-coordination and low-symmetry structures, and elec-
tron localisation driven by increasing density [1–4]. At
low temperatures, experiments have revealed remarkable
changes in the nature of lithium including superconduc-
tivity [5, 6], metal-to-semiconductor transitions [7] and
the observation of highly complex low symmetry phases
with up to 88 atoms per unit cell [8]. Even the ground
state of lithium at zero pressure was unknown until a re-
cent study showed it to be fcc; the previously reported
9R phase was determined to be a metastable, partially
disordered, state [9, 10].

At ambient conditions lithium is a bcc metal. This
transforms to fcc at 7.5 GPa at 298 K [11, 12]. When
cooled and further compressed this was found to un-
dergo transitions to the lower symmetry hR1 and cI16
phases at 39 GPa and 42 GPa, respectively, at 180 K [13].
At higher pressures the low temperature phase diagram
of lithium was greatly extended with the discovery of
the extremely complex oC88, oC40 and oC24 phases to
120 GPa [8].

The melting curve of lithium is known to have a max-
ima around 550 K and 10 GPa [14, 15]. All the alkali met-
als have a local maximum in their melting curves followed
by a pronounced minimum at higher pressures [16–18].
This minimum is accompanied by the onset of complex,
low symmetry phases [19, 20]. Such low symmetry phases
have been observed in lithium [8], but the temperature of
the melting minimum and role of quantum effects therein
remain disputed [8, 14, 21–23].

There is a lack of experimental data on lithium at high
P-T conditions due to the difficulties associated with its
containment [15]. In diamond cell studies this is partic-

ularly problematic at temperatures above 200 K where
lithium degrades the diamond anvils at pressures greater
than about 20 GPa [11, 12, 14]. As such, only two studies
claim to have experimentally determined the location of
the melting minimum of lithium. The first, by Guillaume
et al., [8] finds the minimum to be at 190 K between
40 GPa and 60 GPa by observing loss of X-ray diffraction
indicative of loss of crystallinity. Such temperature con-
ditions are low enough to significantly extend the lifespan
of diamond anvils in contact with dense lithium. A later
study [14] used lithium fluoride or alumina to protect the
diamond anvils and found the melting minimum to be
at 306 K and 44 GPa by resistivity measurements. They
suggest the discrepancy could be resolved if the lithium
below the melting curve were in an amorphous state.

The melting curve of lithium has also been investigated
by first-principals theoretical studies. Tamblyn et al. [21]
finds a minimum between 250 K and 300 K at 65 GPa,
while Hernández et al. [22] finds the slope remains nega-
tive to 50 GPa where they report a melting temperature
of 270 K. Both are in closer agreement with the experi-
mental results obtained via resistivity measurements [14].
However, Elatresh et al. [23] find much closer agreement
with the melting curve of Guillaume et al. with melt-
ing predicted around 200 K between 40 GPa and 60 GPa
when quantum corrections are included.

In this study, we take advantage of the high X-ray flux
available at modern synchrotrons to allow faster com-
pression than is traditional in diamond anvil cell stud-
ies. This allowed the experiment to be conducted on a
shorter timescale than that of lithium induced diamond
anvil failure, and so X-ray diffraction on dense lithium
could be performed to higher P-T conditions than previ-
ously achieved. It is likely that this method will be useful
in the study of other materials which are damaging to di-
amond anvils under extreme conditions.

Lithium was compressed isothermally from around
15 GPa to anvil failure at 220 K, 255 K, 275 K, 320 K,
360 K, and 400 K at a rate of 0.2 to 1 GPa s−1. Melting
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FIG. 1. Phase diagram of lithium. Filled circles show data
points collected in this study, with orange circles indicating
crystallinity, evidenced by Bragg diffraction, but with incon-
clusive indexing. Crosses and open symbols show melting
points determined by other studies. Phase boundaries marked
with solid lines take into account data from both this and
other studies [8, 10–15, 18, 24, 25]. Grey dashed lines for the
oC88, oC40 and oC24 phases are from ref. [8]. The dotted
boundary of cI16 near 60 GPa and 230 K indicates the prob-
able location of a triple point, with an uncharacterised phase
between cI16 and the melt in blue. On isobaric cooling at
low pressure the bcc to fcc transition does not occur, instead
the metastable 9R state forms from bcc-lithium at lower tem-
perature, as indicated by the striped region and black dotted
line [10]. All boundaries below 50 K are extrapolated.

was determined by the abrupt loss of diffraction peaks
upon compression. Recrystallization was observed at
67 GPa in the 320 K run, indicated by the abrupt reemer-
gence of diffraction peaks. We observe no evidence of
melting at or below 275 K. Indeed, in the region of P-T
space where melting has been previously reported by this
criteria [8] we unambiguously find hR1 and cI16 lithium,
with both phases being found to be stable to higher tem-
peratures than previously reported. A phase diagram
taking into account our new observations, as well as data
from other studies, is shown in Figure 1.

High pressures were generated using diamond anvil
cells equipped with Boehler-Almax type anvils [26] with
150 µm culets beveled to 300 µm at 8◦. Rhenium gaskets
of 250 µm initial thickness were pre-indented to ∼16 µm
and 80 µm sample holes were cut using both laser drilling
and electrical discharge machining.

Lithium of natural isotopic composition (99.9 % pu-
rity, Alfa Aesar) was loaded in a high purity argon atmo-
sphere. A few flakes of powdered tungsten were added
as a pressure marker as this is known not to react with
lithium at pressures below 36 GPa [12]. We observe no
indication of reactivity at higher pressures in this study.

FIG. 2. Pressure vs time for the six runs. Stars indicate where
compression was paused to realign the sample, the dagger in-
dicates where the rate of pressure increase on the membrane
was dropped during the 320 K run. The much higher com-
pression rate than is customary leads to a much shorter ex-
perimental duration and allows data to be collected before
the lithium degrades the diamond anvils.

The very small quantity of tungsten persisted to the high-
est pressures and the measured structures and volumes of
lithium at lower pressure agree with existing literature;
except where expressly noted, for example the higher
temperature stability of the hR1 phase. The pressure
was determined via the equation of state of tungsten
[27]. X-ray diffraction was performed at Advanced Pho-
ton Source (APS) HP-CAT ID-B using 0.4066 Å radia-
tion.

Samples were cooled using a cryostat or heated us-
ing an external resistive ring heater. Temperatures were
measured with a band B1 silicon diode below room tem-
perature and a type K thermocouple above. In both cases
the temperature uncertainty is 2 K. Force was applied to
the cells using a gas membrane. Initially the cells were
statically pre-compressed to between 15 GPa and 20 GPa
before pressure was rapidly ramped at between 0.2 and
1 GPa s−1 until anvil failure. A plot of pressure vs time
is shown in Figure 2. Typically, both anvils failed catas-
trophically, but three where recovered with only super-
ficial cracks. Inspection of these under a polarising mi-
croscope revealed no evidence of lithium damage to the
culets. Data were collected continually using a Pilatus
1MF detector with 995 ms exposures at 1 Hz. In all cases
at low pressure, where it is well understood, the lithium
showed no evidence of contamination and followed the
established phase progressions. Runs were terminated if
contamination was detected or when pressure dropped
with increasing membrane load indicating anvil failure.

Lithium scatters X-rays very weakly making data anal-
ysis challenging. This is exacerbated by the necessar-
ily short collection times needed to overcome lithium
degradation of the anvils using the rapid compression
technique employed here. At high pressure the quality
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of the powder deteriorates, particularly at phase transi-
tions, and ultimately the lithium forms single, or very
few, crystals with isolated diffraction spots rather than
rings. These are extremely weak and difficult to distin-
guish from other features, for example scattering from
beamline components, cryostat windows and detector
artefacts.

To overcome the weak signal, individual frames of
the diffraction patterns were combined and then earlier
frames collected at slightly lower pressure were used as a
background subtraction. The total number of frames col-
lected varied from 60 to 300 depending on the duration of
the run, see Figure 2. To extract the signal arising from
lithium, frames n to n+ 4 are summed and frames n− 9
to n−5 subtracted. This accounts for changes in the cell
background with increasing pressure. It also allows deter-
mination of which features arise from the lithium sample
as the angle of diffraction from these will monotonically
increase with pressure. In this way, extremely weak re-
flections from lithium could still be fitted while features
not due to the lithium sample could be rejected. It is
possible that features from lithium coinciding with re-
flections from the tungsten pressure marker and rhenium
gasket would not be detectable, however the difference in
their compressibilities means that the overlap would only
persist over a small pressure range.

Compressions were performed at 220 K, 255 K, 275 K,
320 K, 360 K, and 400 K, as shown in Figure 1. These ef-
fectively cover the disputed region of the phase diagram
where there is little structural data available. The hR1
phase is observed to be stable to higher temperature than
previously reported [8] with an upper temperature limit
of stability between 255 K and 275 K at 41 GPa. Ad-
ditionally we observe cI16 lithium between 44 GPa and
60 GPa at 220 K, a higher temperature than has been pre-
viously observed, refining its upper temperature bound-
ary. Integrated patterns and fits of both phases are shown
in Figure 3, along with P-V data for cI16 lithium. This is
fitted to a Vinet equation of state with B0 = 14.0(7) GPa
and B

′

0 = 2.99(13) for V0 fixed at the zero pressure bcc

value of 21.6225 Å
3
. These values are similar to other

equations of state and P-V data for lithium [8, 11, 12].

At higher pressures, cryogenic lithium adopts a variety
of complex structures which have been investigated using
single crystal diffraction [8]. Even with rapid compres-
sion employed in this study the samples formed single
(or very few) crystals at higher pressure. However, the
much longer times required to rotate the sample in the
X-ray beam to collect a single crystal dataset would re-
sult in anvil failure due to lithium attack and are not
possible in conjunction with rapid compression. As a re-
sult, only a limited subset of the reflections which occur
at the particular angle the crystal formed with respect
to the incident beam are observed. The diffraction spots
can be traced as a function of pressure, as shown in Fig-

FIG. 3. Top: integrated powder pattern of hR1 lithium at
255 K and 44 GPa. Data (black) with LeBail fit (blue) and
residual (below). Tics indicate possible hR1 and tungsten
peaks as marked. The unintegrated pattern (inset) is the
difference of five frames before and after transformation to
the higher pressure phase with negative values suppressed.
Middle: a similar plot for cI16 lithium. Diamond and tung-
sten peaks were masked before integration. Additional inset
shows pressure vs volume data for cI16 lithium. Bottom, left
and centre: Patterns prepared as above at 53 GPa in the re-
gion between cI16 and the melt, red circles indicate lithium
diffraction. Right: angles of observed peaks and the possi-
ble reflections of various phases. Reflections observed are not
compatible with cI16, while oC88 has a very large number of
potential reflections which makes indexing ambiguous. Two
candidates from theoretical studies, C2 [4, 28] and Pbca [3, 4]
are also shown. Pbca shows the best fit of all structures tried.
X-ray diffraction was carried out using 0.4066 Å radiation.

ure 4. To distinguish the very weak features arising from
the compressed lithium from artefacts successive frames
were compared as described above and only those reflec-
tions which appeared on successive frames, and which
increased in diffracted angle under compression are con-
sidered. Further those arising from non-sample cell com-
ponents such as the gasket and pressure marker are omit-
ted for clarity.
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FIG. 4. Observed d-spacings of diffraction peaks between 0.9 Å and 2.3 Å from high pressure lithium. Lines linking points
imply that they occur at the same detector location shot to shot and are identified as the same reflection. Pale blue lines
indicate the first four diffraction lines of tungsten [27]. Red vertical lines indicate maximum pressure of a run. Data for higher
d-spacings are presented in the supplemental materials.

The presence of Bragg diffraction shows that the
lithium is crystalline under these conditions. However,
the data are not sufficient to unambiguously assign a
structure. In all cases the observed peaks are compatible
with the known [8] oC88 or oC40 depending on pres-
sure, though it should be noted that these low symmetry
structures with large unit cells have a great many possi-
ble reflections which make such a fit inconclusive.

The observation of crystalline lithium in the region be-
tween 40 GPa and 60 GPa between 220 K and 275 K dis-
agrees with the prior X-ray diffraction study in this re-
gion [8] which reports loss of diffraction around 45 GPa
and 220 K. Under these conditions the hR1 and cI16
phases are observed here. Observation of crystalline
diffraction also excludes an amorphous state below the
melt. A possible explanation for the discrepancy is that
of the P-T path followed. It is known that the phase
adopted by lithium is P-T path dependent and that it
can form disordered metastable states at low temperature
[10]. One prior melting study observed slow recrystaliza-
tion in this regime [14].

It is also noteworthy that the peaks observed at pres-
sures beyond the hR1 and fcc phases at 255 K and 275 K,
respectively, are not compatible with cI16 lithium, see
Figure 3. This suggests that a different phase is favored
by temperature and cI16 does not border the melt as
was previously assumed [8, 21, 22]. Combined with prior
data on the cI16 to oC88 transition at low temperature
[8, 24] there appears to be a rather sharp angle in stabil-
ity field of cI16 lithium indicative of a triple point near
60 GPa, see Figure 1. If this is the case, it implies that
the intermediate phase between cI16 and the melt is not

oC88 and is a new, uncharacterised, phase of lithium.
The angles of the observed peaks at 53 GPa and 255 K
and 275 K, as well as those of cI16, oC88 and two phases
predicted by theory, C2 [4, 28] and Pbca [3, 4] are shown
in Figure 3.

At a temperature of 320 K, melting is detected from the
fcc phase at 38 GPa by the abrupt loss of diffraction from
the sample. Effort was made to extract liquid diffraction
signal but, not unexpectedly, it is too weak to be dis-
tinguished from the background. On compression of the
liquid, recrystallization is observed at 67 GPa indicating
the melting curve has a positive slope by this pressure.
As with the low temperature runs this forms a single
crystal. The observed peaks are shown in Figure 4, and
may be fitted to either the oC88 or oC40 phases known
experimentally [8]. They are also compatible with the C2
phase predicted by theory [4, 28]. Compression at 360 K
and 400 K resulted in the sudden loss of fcc diffraction at
32 GPa and 28 GPa, respectively. Recrystallization was
not observed below the maximum pressures in either run.

The melting curve of lithium is shown in Figure 1,
along with points from other studies. It has a minimum
between 275 K and 320 K. This is in far better agreement
with the melt curve reported via resistivity measurements
[14] than those of the previous diffraction study [8]. No
evidence of an amorphous phase is observed below the
melting curve on isothermal compression. The melting
curve has also been approached theoretically using first
principles molecular dynamics simulations. Tamblyn et
al. [21] find a qualitatively similar minimum to that re-
ported here, though at somewhat higher pressures. The
melting curve of Hernández et al. [22] is very close to that



5

reported here below 40 GPa, though the suggested con-
version from fcc to bcc prior to melting is not observed.
Elatresh et al. predict lower melting temperatures be-
tween 40 GPa and 60 GPa than are measured here.

The success of compressing rapidly to overcome
lithium degradation of the anvils is striking and has al-
lowed X-ray diffraction data to be collected at higher
pressures and temperatures than is possible with tradi-
tional methods. Indeed, to the authors’ knowledge no
high temperature diffraction has previously been per-
formed on lithium in a diamond anvil cell. The advent of
X-ray free electron lasers [29] offers particular promise for
this technique, as their increased flux and pulsed nature
are ideally suited to pushing for even higher compression
rates. This is a promising route to explore the lithium
melt curve and high-temperature phases in the megabar
regime.

In conclusion we have demonstrated that fast compres-
sion allows lithium to be studied under conditions previ-
ously prohibited by diamond anvil degradation. Isother-
mal compression to high pressures was performed at var-
ious temperatures between 220 K and 400 K investigating
the disputed melting region. An updated phase diagram
is presented revealing the hR1 and cI16 phases to be sta-
ble to higher temperatures than previously thought. The
melt curve is found to have a minimum between 275 K
and 320 K around 50 GPa with no ‘cold melting’ or amor-
phous solid below the melt curve under the conditions
and P-T paths studied. The melting curve results and
suggested triple point above 220 K at 60 GPa will serve
as a test and motivation for theoretical investigations.
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