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Using a membrane-driven diamond anvil cell and both ac magnetic susceptibility and electrical
resistivity measurements, we have characterized the superconducting phase diagram of elemental
barium to pressures as high as 65 GPa. We have determined the superconducting properties of
the recently discovered Ba-VI crystal structure, which can only be accessed via the application
of pressure at low temperature. We find that Ba-VI exhibits a maximum T

c
near 8 K, which is

substantially higher than the maximum T
c
found when pressure is applied at room temperature.

We discuss our results in terms of the implications for pressure induced superconductivity in other
elements exhibiting complex/modulated structures at high pressure. Finally, we highlight the po-
tential of cryogenic compression to reveal additional richness in previously explored high pressure
phase diagrams.
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INTRODUCTION

Experiments under applied high pressures have played
an important role in advancing our understanding of rela-
tionships between crystal structure and superconducting
properties [1, 2]. It is well known that the critical pres-
sures for structural transitions are sometimes strongly
temperature dependent [3] and therefore one must use
caution when comparing room temperature structural
information to trends in (usually low temperature) su-
perconducting critical temperatures [4]. Furthermore, in
some cases, the thermodynamic history of the sample
can strongly influence superconducting [5] and/or struc-
tural [6] properties. For example, if there is a kinetic bar-
rier for the transition to the stable phase, applying or re-
leasing pressure at low temperatures can lead to a crystal
structure persisting far outside of the range of pressures
for which it is thermodynamically stable [7]. An arguably
more dramatic manifestation of such effects can occur if a
barrier for the transition to the stable phase causes an en-
tirely new, metastable crystal structure to emerge. This
was recently found for elemental Ba metal, with the ob-
servation of a new, metastable structural phase (Ba-VI)
that only appears when pressure is applied at tempera-
tures below ∼ 100 K [8]. In this work we have determined
the superconducting properties of this newly discovered
phase of Ba. The superconducting properties of the al-
kaline earth elements (Be, Mg, Ca, Sr, Ba, Ra) are of
particular interest because Ca at high pressure exhibits
the highest superconducting critical temperature of any
of the elemental solids with Tc ∼ 21 − 29 K at pressures
above 200 GPa [9–12].

The room temperature crystal structures of Ba at
high pressure have been studied to pressures as high as
110 GPa [13–15]. These studies revealed structural phase

transitions from Ba-I (bcc) at ambient pressure to Ba-II
(hcp), Ba-IV, and Ba-V (hcp) at pressures of 5 GPa, 12
GPa, and 45 GPa, respectively. Early reports of a Ba-
“III” phase, existing between Ba-II and Ba-IV, appear
to have been refuted, though a new phase, also labeled
Ba-III may form in a very narrow temperature and pres-
sure range (∼ 5−7 GPa at ∼ 700−800 K) [15]. Ba-IV in
particular has received a great deal of attention because
of its extremely complex modulated “host-guest” struc-
tures, comprised of coexisting inter-penetrating, sub-
lattices [16]. The label “Ba-IV” actually refers to a series
of closely related structures (Ba-IVa through Ba-IVd)
built upon the same host-guest structural motif. It is
within the pressure range that Ba-IV exists that Ba ex-
hibits a maximum Tc value of ∼ 5 K at 18 GPa.
When Ba is compressed at temperatures below

∼ 100 K, a substantial energy barrier inhibits the
Ba(II→IV) transition and instead a new structure, de-
noted Ba-VI, appears [8]. Unlike complex Ba-IV, Ba-
VI adopts a rather simple orthorhombic structure. The
Ba-VI structure exists for pressures in the range of 12-
30 GPa at low temperature, and the structure appears
to be metastable, as evinced by the fact that on warming
above ∼ 100 K it transforms to Ba-IV. Figure 1a schemat-
ically represents the structural phase diagram reported in
Ref. [8].

We emphasize that Desgreniers et al. [8] found that Ba-
VI cannot be synthesized by cooling from Ba-IV. Previ-
ous studies of the superconducting properties of Ba have
nearly all been carried out by applying pressure at room
temperature, and then cooling at constant pressure, so
that the most widely reported and quoted Tc values cor-
respond to Ba-IV rather than Ba-VI [17–19]. There are
two exceptions. In the 1972 report of Il’ina et al. [20]
pressures up to 19 GPa were applied at 4.2 K, resulting
in critical temperatures about 0.5 K lower than found
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for room temperature pressure application. In 1989,
Bireckoven and Wittig [21, 22] described an experiment
in which they released pressure from 50 GPa at low tem-
peratures. They found that below 35 GPa, Tc began to
increase more rapidly, eventually reaching up to 7 K at
27 GPa. They attributed the higher critical temperature
to the metastability of Ba-V on pressure release. How-
ever, with the new structural information [8] one may
wonder if perhaps the increase in Tc was due to the for-
mation of Ba-VI.
In the present study, we have performed measurements

up to ∼ 65 GPa using a membrane driven diamond anvil
cell which allows pressure changes at low temperature.
In order to unmask the superconducting properties of
Ba-VI we have used a combination of ac magnetic sus-
ceptibility (ACS) measurements, which are sensitive to
the superconductivity of the bulk phase, and electrical
resistivity measurements, which are sensitive the super-
conductivity of small amounts of minority phase. We
find that Ba-VI exhibits a maximum Tc near 8 K, which
is significantly higher that the highest value reported for
Ba-IV (5 K). We have also performed ACS measurements
of the pressure dependence of Tc for Ba-V in the vicinity
of the Ba(V→VI) transition by unloading pressure at low
temperature. We find no evidence for the substantial Tc

enhancement in metastable Ba-V suggested by Bireck-
oven and Wittig [21, 22]. Together with Ba, a number of
other elements exhibit complex crystal structures with
commensurate or incommensurate modulations at high
pressure [23] and we discuss what our results might imply
for the superconducting phase diagrams of such systems.

METHODS

Pieces of Ba with typical dimensions around 100µm×

100µm × 10µm were cut from a large piece of 5N pu-
rity Ba. The sample was cut and loaded into the dia-
mond anvil cell inside of a nitrogen-filled purified glove-
box. The measurements were made in an OmniDAC
gas membrane-driven diamond anvil cell from Almax-
EasyLab. The cell was placed inside a custom, continu-
ous flow cryostat built by Oxford instruments. A fiber
entering the top of the cryostat via a feed-through and
windows on the bottom of the cryostat provide optical
access to the cell. The pressure was determined using ei-
ther the fluorescence of the R1 peak of small ruby chips
placed next to the sample [24] or from the Raman signal
from the anvil [25]. The gas membrane and optical ac-
cess allows us to change and measure pressure in situ at
low temperatures.
Resistivity was measured by using a designer dia-

mond anvil with eight symmetrically positioned, de-
posited tungsten microprobes encapsulated in high qual-
ity homo-epitaxial diamond [26]. This diamond had a
culet of approximately 180 µm. Solid steatite was used
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FIG. 1. (a) Schematic structural phase diagram for Ba based
on Ref. [8]. (b) Phase diagram indicating superconducting
critical temperature versus pressure. The solid black line in-
dicates T

c
as determined by previous measurements in which

pressure was varied at room temperature [17–19]. The T
c
of

Ba-VI (black circles) reaches substantially higher values than
any of the other structures of Ba. Further details of each
measurement run are summarized in Table I.

as pressure medium. Resistance was measured in a four
probe arrangement using Keithley 6221 and Keithley
2182a configured for “delta mode.” From the resistance,
R we estimated the sample resistivity using the Van der
Pauw equation: ρ = (πtR/ ln 2), where t is the estimated
thickness of the sample [27]. Given the uncertainty in the
sample thickness, the estimated resistivity is accurate to
within about a factor of two. We have not attempted to
account for the effect of changes in the sample thickness
with pressure on the resistivity estimate.

The AC magnetic susceptibility measurements were
performed using a balanced primary/secondary coil sys-
tem [28]. The primary provides a root mean square field
of ∼ 3 gauss at 1000 Hz. The coils are connected to two
Stanford Research SRS830 lock-in amplifiers measuring
at both the first and the third harmonic of the excitation
frequency [29]. The detection coil is connected through a
Stanford Research SR554 transformer/preamplifier. The
third harmonic measurement is useful because it is less
affected by background changes unrelated to the super-
conducting transition than the first harmonic signal. Sev-
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Run Type Measurement sequence

Run A
(◆,◇)

χ Measurements up to ∼ 49 GPa performed
while applying pressure at room tempera-
ture (filled diamond). Unloading measure-
ments performed while maintaining T ≲

10 K (open diamond).
Run B
(⭑,⭐)

χ Measurements up to ∼ 63 GPa performed
while applying pressure at room tempera-
ture (filled star). Unloading measurements
performed while maintaining T ≲ 10 K
(open star).

Run C
(●,⊗)

ρ Pressure increased to 8 GPa at room tem-
perature and then cooled. Further measure-
ments performed during pressure applica-
tion below 10 K (filled circle). At the high-
est pressure, the sample was “annealed” at
50 K for three hours before re-measuring at
the same pressure (circle with cross).

TABLE I. Summary of the different sets of measurements.
The symbols in the leftmost column correspond to the sym-
bols used in the phase diagram presented in Fig. 1. The
column labeled “Type” indicates whether resistivity (ρ) or
AC magnetic susceptibility (χ) was measured. “Measure-
ment sequence” indicates the path that was taken through
temperature-pressure phase space.

eral different resistivity or ACS experiments were per-
formed while taking different paths through the pressure-
temperature phase space. Table I summarizes the differ-
ent experiments that were performed.

RESULTS

A phase diagram summarizing our results is presented
in Figure 1b. Runs A and B were aimed primarily at clar-
ifying the superconducting properties of Ba-V. In these
experiments pressure was increased at room tempera-
ture to pressures above 45 GPa, where the Ba(IV→V)
transition occurs. For both set of measurements, dur-
ing loading, the sample was cooled to low temperature
several times and Tc was measured. Once the maximum
pressure was reached, the sample was annealed at room
temperature for at least 6 hours before cooling in order
to help ensure complete transformation of the sample to
Ba-V. The sample was then cooled to low temperature
and maintained below ∼ 10 K while subsequent measure-
ments of Tc were taken during unloading.

Figure 2 presents a representative sample of our mag-
netic susceptibility data from Run A. The data shown
correspond to measurements taken while unloading pres-
sure at low temperature. Superconducting transitions
are clearly visible both as drops in the real part of the
susceptibility (χ

′
) and peaks in the imaginary part of the

susceptibility (χ
′′
). From the geometry of the coil sys-

tem, the approximate size and shape of the sample, and
the calculated demagnetization factor for the sample [30],

FIG. 2. Real (a) and imaginary (b) part of the magnetic
susceptibility for Run A while unloading the pressure below 10
K. Each curve has been offset by a constant value for clarity.
The size of the transitions are consistent with the estimated
jump for a full shielding indicated by the scale bar at the
bottom left of the figure.

we arrive at an estimate that full shielding should give a
transition of about 75 nV in χ

′
. Our susceptibility data

are thus consistent with bulk superconductivity. The Tc

values plotted in Fig. 1b have been taken from the mid-
point of the χ

′
transition, and the error bar represents

the 20%-80% transition width.

The susceptibility data from Runs A and B shows that
Tc varies smoothly with pressure across the Ba(IV→V)
transition with no discernible change in the slope
dTc/dP . In Run A, we reduced the pressure to 25 GPa
at low temperature, which is lower that the critical pres-
sure for the Ba(V→VI) transition (30 GPa), yet we found
that Tc vs pressure agreed closely with the data obtained
during room temperature loading [31]. The similarity of
the room temperature loading and low temperature un-
loading curves across the Ba(V→VI) transition suggests
that either 1. Ba-IV, Ba-V, and Ba-VI all have nearly the
same Tc in the vicinity of 30 GPa, or 2. on unloading at
low temperature the Ba(V→VI) transition does not oc-
cur immediately so that the sample remains in the Ba-VI
structure to pressures below 30 GPa. We note that Des-
greniers et al. [8] did not seem to explore whether there
is any hysteresis in the Ba(V→VI) transition. Below, we
will see that Run C suggests that the latter of the two
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above possibilities is probably correct.
In Run C, we measured electrical resistivity and ap-

proached the Ba-VI structure from the low pressure side.
An initial pressure of ∼ 8 GPa was applied at room tem-
perature and then the sample was cooled to low temper-
ature. At this point the sample is expected to be the Ba-
II structure. Subsequent pressure increases were carried
out while the temperature was kept below 10 K, which
should drive the sample across the Ba(II→VI) transition.
Figure 3a shows the electrical resistivity versus tempera-
ture for several different pressures. At 10 and 11 GPa we
observed no trace of superconductivity down to ∼ 3 K.
Broad, incomplete superconducting transitions first ap-
pear at 14 GPa and the transitions become complete
(reaching effectively zero resistance) for pressures at and
above 18 GPa. The transition remains broad to 20 GPa
and then suddenly becomes much sharper at higher pres-
sures. Remarkably, we find that Tc increases to ∼ 8 K
by 30 GPa, which is about 60% higher than the highest
Tc observed in previous measurements in which pressure
was applied at room temperature.
Above 30 GPa, which is the critical pressure for the

Ba(VI→V) transition, Tc saturates at 8 K and remains
roughly constant up to 40 GPa. The fact that Tc does
not immediately drop to the values expected for Ba-
V (4-5 K) at pressures above 30 GPa suggest that the
Ba(VI→V) transition is sluggish at these low tempera-
tures. We note that since Tc was measured via resistiv-
ity, it is possible that part of the sample has converted
to Ba-V, while enough Ba-VI remains to allow a super-
current to percolate through the sample. This scenario
is supported by the lower panel of Fig. 3, which shows
the resistivity versus pressure measured at 10 K. The
resistivity increases sharply with pressure in the Ba-VI
region. At 30-34 GPa the resistivity appears to satu-
rate. At still higher pressures the resistivity begins to
drop. At 40 GPa, we raised the temperature to 50 K and
annealed the sample for three hours before cooling back
down to re-measure. After this annealing process, the
resistivity dropped sharply by a factor of two (crossed
circle in Fig. 3b), and the superconducting transition
dropped by about half a kelvin and became substantially
broader. These observations support the conclusion that
the pressure-driven Ba(VI→V) transition is not immedi-
ate when the sample is maintained at low temperatures.

DISCUSSION

Using first principles calculations, Desgreniers et al. es-
timated Tc = 3.6 K at 16.2 GPa for the Ba-VI structure.
This value matches our results quite well - we found a
resistive onset temperature of about 3.5 K at 16.5 GPa.
It does not seem that these calculations have been car-
ried out at different pressures within the Ba-VI structure
and it would be interesting to see if theory reproduces

FIG. 3. (a) Run C resistivity data taken while increasing the
pressure at 10 K so as to enter the Ba-VI state. Superconduc-
tivity was observed beginning at 14 GPa with an incomplete
transition above 2 K. The critical temperature peaked slightly
above 8 K at 30 GPa. At 40 GPa the sample was annealed for
3 hours at 50 K, resulting in a slight drop in T

c
and broadening

of the transition. (b) Resistivity at 10 K versus pressure for
Run C. The resistivity dropped by factor of ∼ 2 after anneal-
ing at 50 K. The changes in the magnitude of the resistivity
and superconducting transition after annealing suggest that
the sample has partially converted to Ba-V.

the positive dTc/dP trend that we have observed here.
Another theoretical effort addressed the Ba-V structure
and computed values of Tc ranging from 7.8 K to 9.5 K at
45 GPa [32]. This is somewhat higher than the Tc ∼ 3.5 K
that we have observed at this pressure, however, the
slope dTc/dP they compute (∼ 0.1 K/GPa) is roughly
equal to what we find for the Ba-V in the pressure range
30-65 GPa. The complexity of the Ba-IV crystal struc-
ture apparently makes first principles superconducting
parameter computation intractable without the use of
structural approximations.

Trends in the superconducting and structural behav-
ior of the alkaline earths, as well as many other elements,
can be understood in terms of pressure-induced transfer
of sp-electrons into d-states [2]. At ambient pressure, Be
is marginally superconducting with a Tc of only 26 mK,
and none of the other alkaline earths are superconduct-
ing. Under high pressure, the light alkaline earth ele-
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ments (Be and Mg) do not show any enhancement of
superconductivity, while the heavy alkaline earths (Ca,
Sr, and Ba) all become superconducting. This difference
in behavior derives from the fact that Be and Mg have
no nearby d-states, while Ca, Sr and Ba do. As pressure
increases, the s-electrons in Ca, Sr, and Ba transfer into
d-bands so that these elements become transition-metal-
like at high pressure. The substantial density of states
at the Fermi-level due to these d states is favorable for
superconductivity. Across the heavy alkaline earths, su-
perconductivity only seems to appear when the number
of d electrons, Nd, exceeds ∼ 0.92 [33]. In addition, the
appearance of complex modulated structures in the alka-
line earths has been connected with the near completion
s → d transfer [16]. The completion of s → d trans-
fer, the onset of superconductivity, and the appearance
of modulated structures all occur at progressively higher
pressures going from Ba, to Sr, to Ca [2]. Barium at lower
pressures can thus be considered as a close analogue of
Sr and Ca at higher pressures.

The present results show that a significant Tc enhance-
ment can be obtained by avoiding the complex modulated
Ba-IV structure. Why might this be, and what does this
imply for the superconducting phase diagrams of Ca, Sr,
and other elements exhibiting pressure-induced complex
modulated crystal structures? The modulated structures
that appear in several elements have been attributed to
the formation of a charge density wave (CDW) [34–36].
A synonymous interpretation views these structures as
deriving from Fermi-surface/Brillouin-zone interactions
that lead to the opening of pseudo-gap at the Fermi
level [37–39]. Both CDW/pseudo-gap states and su-
perconductivity rely on a modification of the density of
states at the Fermi-level, and this can result in a compe-
tition between the two phases such that suppressing the
CDW/pseudo-gap leads to an enhancement of Tc [40].
Among the elemental solids, S is one of the prototypes
for this behavior: The increase of Tc in the complex S-
IV structure has been related the suppression and then
destruction of a CDW [34, 41]. In the case of U, the
suppression of several CDW transitions correlates with a
maximum in the Tc vs pressure curve [23, 42, 43]. For P,
calculations involving a commensurate approximation of
the incommensurate P-IV structure indicate a suppres-
sion of Tc in the modulated structure compared to nearby
simple cubic and simple hexagonal structures [44]. The
Tc suppression was attributed to a lowering of the den-
sity of states due to the modulation. A similar scenario
may be at play for Ba such that the Tc of Ba-IV is sup-
pressed due to the presence of a pseudo-gap. On the
other hand, Loa et al. [16] performed electronic struc-
ture calculations for a simplified approximation of the
Ba-IVc structure and found no indication of a pseudo-
gap. Furthermore, it is possible that the higher Tc of
Ba-VI relative to Ba-IV derives from gross differences
in the crystal structures, rather than the presence of a

pseudo-gap in Ba-IV. Low temperature compression (and
decompression) experiments in elements including P [45]
and Si [46] have revealed Tc enhancements that are likely
unrelated to the type of CDW/superconductivity com-
petition described above.
Nonetheless, the present results and the above factors

hint that other elements crystallizing in complex modu-
lated structures at room temperature might exhibit en-
hanced superconducting critical temperatures when com-
pressed at low temperature. Desgreniers et al. [8] pro-
posed that systems exhibiting complex modulated struc-
tures structures at ambient temperatures may show a
general tendency to adopt alternative metastable struc-
tures when pressurized cryogenically. The kinetics of
solid-solid phase transitions are still incompletely under-
stood [47] so that it is an open question whether or not
such metastable structures will appear in any particular
case.
It is interesting to consider whether metastable struc-

tures might show a general bias towards superconduc-
tivity. The existence of a small energy barrier to a
more stable structure implies the presence of an ion
in a shallow potential well. A shallow well will pro-
duce a low frequency phonon mode. Owing to the 1/ω
in the Eliashberg integral for the electron-phonon cou-
pling λ = 2 ∫∞

0
dω α

2
F (ω)/ω, a low frequency mode con-

tributes to a large λ. Provided that λ is large enough
to overcome the average Coulomb repulsion µ

∗
, Tc can

be non-zero. Hence metastable phases ought to tend to-
wards exhibiting superconductivity. On the other hand
a small ω will contribute to a low pre-factor in e.g., the
McMilllan equation [48],

Tc =
⟨ω⟩
1.20

exp [ −1.04(1+ λ)
λ − µ∗(1 + 0.62λ)] , (1)

which can lead to lower values of the critical temperature.
Of course, additional complexities could cause this simple
picture to break down in any given material.

CONCLUSIONS

Experiments aimed at probing the effects of low tem-
perature compression on both the structural and su-
perconducting properties of elements with incommen-
surate/modulated structures may offer a new perspec-
tive on the occurrence of superconductivity throughout
the periodic table. Given the closely similar supercon-
ducting/structural phase diagrams of the heavy alka-
line earths, low temperature compression experiments
are particularly well motivated for Ca, which exhibits
the highest critical temperature among the elements
(Tc > 21 K) in a host-guest structure at pressures above
210 GPa [11]. The majority of high pressure experi-
ments to date have been carried out by applying pressure
at room temperature, and further cryogenic compression
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experiments promise to reveal additional richness in the
phase diagrams of many materials.
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