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Charge order evolution of superconducting BaNi2As2 under high pressure
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BaNi2As2, a nonmagnetic superconductor counterpart to BaFe2As2, has been shown to develop nematic order,
multiple charge orders, and a dramatic sixfold enhancement of superconductivity via isovalent chemical substi-
tution of Sr for Ba. Here we present high-pressure single-crystal and powder x-ray diffraction measurements
of BaNi2As2 to study the effects of tuning lattice density on the evolution of charge order in this system.
Single-crystal x-ray experiments track the evolution of the incommensurate (Q = 0.28) and commensurate
(Q = 0.33 and Q = 0.5) charge orders, and the tetragonal-triclinic distortion as a function of temperature up
to pressures of 10.4 GPa, and powder-diffraction experiments at 300 K provide lattice parameters up to 17 GPa.
We find that applying pressure to BaNi2As2 produces a similar evolution of structural and charge-ordered phases
as found as a function of chemical pressure in Ba1−xSrxNi2As2, with coexisting commensurate charge orders
appearing on increasing pressure. These phases also exhibit a similar abrupt cutoff at a critical pressure of
(9 ± 0.5) GPa, where powder-diffraction experiments indicate a collapse of the tetragonal structure at higher
temperatures. We discuss the relationship between this collapsed tetragonal phase and the discontinuous phase
boundary observed at the optimal substitution value for superconductivity in Ba1−xSrxNi2As2.
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I. INTRODUCTION

Understanding the role of competing ground states in
unconventional superconductors remains an important unre-
solved problem in quantum materials. In the cuprate [1–9]
and iron-pnictide [10–14] superconducting families, antifer-
romagnetic fluctuations are thought to drive high-temperature
superconductivity, but coexisting and competing structural,
charge, and electronic nematic ordered phases have compli-
cated any simple interpretation of the origin of high critical
temperatures found in both systems. To explore the effec-
tiveness of the other contributing phases in these systems,
attention has turned towards studying related systems that
show superconductive enhancement without a strong mag-
netic component. The nickel-based pnictide family, including
BaNi2As2 and related compounds, has come into focus as an
ideal platform for such investigations [15–22].

BaNi2As2 is considered a conventional fully gapped su-
perconductor with a transition temperature Tc of 0.7 K,
based on thermal conductivity measurements in the super-
conducting phase [23]. However, alkali earth substitution in
the Ba1−xSrxNi2As2 series has recently been shown to re-
veal a rich phase diagram with coexisting superconducting,
nematic, charge, and structural orders [16], with provoca-
tive similarities to the other high-temperature superconductor
families. BaNi2As2 is tetragonal and isostructural to its
iron-based counterpart, BaFe2As2, at room temperature and
ambient pressure. However, while BaFe2As2 undergoes a mild
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orthorhombic distortion at 140 K [24], BaNi2As2 experiences
a more severe first-order transition to a lower-symmetry tri-
clinic structure at Ts = 135 K [25]. The tetragonal and triclinic
phases of BaNi2As2 are characterized by distinct sets of
Bragg peaks indexed to the space groups of I4/mmm and
P1, respectively. Here we use (H, K, L)tet and (H, K, L)tri

separately to describe positions in momentum space for each
phase. Further, unlike BaFe2As2, neutron measurements of
BaNi2As2 have shown no evidence of magnetic order in
the low-temperature triclinic phase or anywhere else at am-
bient pressure [25]. In this paper, we apply pressure to
study the evolution of structural and charge-ordered phases
in BaNi2As2, comparing to those tuned by chemical pressure
in Ba1−xSrxNi2As2, to better understand the role of lattice
density and structural bonding in stabilizing the rich phase
diagram of the BaNi2As2 system.

Recent x-ray diffraction experiments on the
Ba1−xSrxNi2As2 series have revealed the presence of
several charge-ordered phases at ambient pressure and low
temperatures. In BaNi2As2, a bidirectional incommensurate
charge density wave (IC-CDW) develops in the tetragonal
phase just above Ts at TIC = 148 K and at a wave vector
of Qtet = (0.28, 0.28, 0)tet in a 4Q state in the ab plane
[18]. At Ts, the incommensurate CDW vanishes and gives
way to a commensurate CDW (C-CDW1) at wave vector
Qtri = (0.33, 0, 0)tri in the triclinic phase [17]. As a function
of Sr substitution (x), the IC-CDW onset falls closer in
temperature to the triclinic onset before disappearing near
x = 0.6 [15]. Additionally, near x = 0.4, a new commensurate
charge order, C-CDW2, begins to form about 20 K below the
triclinic distortion at Qtri = (0.5, 0, 0)tri, coexisting with the
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previously mentioned C-CDW1 down to base temperature
with C-CDW2 being largely dominant in scattering intensity
[18]. C-CDW2 eventually replaces C-CDW1 near x = 0.6. At
x = 0.71, the triclinic and C-CDW2 phases abruptly vanish,
leaving only the tetragonal phase to exist down to base
temperature up to x = 1 [18]. Concurrently at the optimal
Sr concentration of x = 0.71, Tc experiences a large sixfold
enhancement up to a maximum of 3.5 K [16].

Elastoresistance measurements of the B1g channel in
Ba1−xSrxNi2As2, corresponding to the symmetry-breaking
strain along the [100] and [010] tetragonal crystallographic
directions, have revealed large nematic susceptibilities and a
nematic ordered phase that persists through a wide range of
Sr substitution at temperatures above the triclinic distortion
[16]. At lower Sr concentrations, the nematic order coexists
with, and correlates strongly with, the IC-CDW intensity and
crystallographic direction [16,18]. For x = 0.65 and higher,
the IC-CDW and nematic ordered phases both vanish [15],
revealing an enhanced superconducting phase along with a
strong nematic susceptibility above it [16]. While the mech-
anism of CDW formation in this system is not completely
understood [26,27], the correlations in intensity and coexis-
tence for the IC-CDW and nematic phase suggest that the
two phases are intimately related. With such sensitivity to
nominally isovalent substitution, natural questions arise over
the role of lattice density versus the impact of chemical sub-
stitution on the ordered phases in this system, and whether
the evolution of these phases progresses differently for each
tuning parameter.

II. METHODS

Single crystal x-ray diffraction measurements under high
pressure were taken at the 16-BMD beamline of the Advanced
Phonton Source (APS) at Argonne National Laboratory
(Fig. 1). Single crystals of BaNi2As2 were synthesized and
characterized as part of a previous study [16], and for this
study prepared in collaboration with the Equilibrium Physics
at Extreme Conditions group of Lawrence Livermore National
Laboratory using a diamond anvil cell (DAC) with a diamond
culet size of 500 µm. The samples of BaNi2As2 were mounted
with their c axis normal to the diamond’s culet, parallel to the
x-ray beam. Neon gas was used as a pressure medium and
ruby florescence was used as a pressure manometer [28]. A
200-µm-diameter hole was drilled in the center of a stainless
steel gasket. The gasket hole was filled with the sample, gas,
and ruby, and closed at an intial pressure of 2.4 GPa. A
beamline mounted cryostat controlled the temperature of the
DAC and had working base temperature of about 37 K. A gas
membrane was used to control the pressure remotely from
outside cryostat and the hutch. The workable rocking angle
for the experiment (denoted Omega on 16-BMD) was limited
by the gasket hole to a range of −4.5◦ to 4.5◦. Data were taken
only on cooling for pressures 2.4 GPa, 5.4 GPa, 8.1 GPa, 9.5
GPA, and 10.5 GPa. Additionally, room temperature powder
x-ray diffraction measurements were taken at beamline 16-
IDB of the APS. A rhenium gasket was indented to about
40 µm using 300 µm culets, then a 100 µm hole was drilled
in the center. A powder of crushed BaNi2As2 crystals was
loaded along with Cu powder and a ruby sphere. The ruby was

FIG. 1. Single crystal x-ray diffraction images of BaNi2As2 at
2.4 GPa taken at (a) 159 K and (b) 60 K. Highlighted in (b) is
the [2 2 0]tet zone. Comparing high to low temperatures, we find
the introduction of satellite peaks throughout the diffraction pattern.
Superlattice peaks found midway between zones are evidence for the
Q = 0.5 C-CDW2 and superlattice peaks found at 1/3 and 2/3 of
the way to the next zone are evidence for the Q = 0.33 C-CDW1.
Each image was exposed while continuously rocking the sample
from −4.5◦ to +4.5◦ omega.

used for initial offline pressure calibration [29] and pressure
during the measurement was ultimately determined from the
[200] reflection of Cu using the the equation of state [30].
Mineral oil was used as the pressure medium, and a gas mem-
brane was used to control pressure remotely from outside the
hutch. High-pressure electrical transport measurements were
also performed up to 2.55 GPa using a piston-operated BeCu
high-pressure cell with Arcros Organics Perfluoro-compound
FC-770 acting as the pressure medium.

III. RESULTS AND DISCUSSION

We find that charge order under pressure in BaNi2As2

develops in similar ways to Sr substitution, but with key
notable differences. Starting at 2.4 GPa, we observe all three
charge orders (C-CDW1, C-CDW2, and IC-CDW) and the
triclinic distortion seen previously in the Ba1−xSrxNi2As2 se-
ries (Fig. 2). We find the IC-CDW onsets at 140 K, which is
20 K above the triclinic distortion observed at 120 K at this
pressure. The IC-CDW then vanishes at 105 K in the triclinic
phase. This marks a different behavior from Ba1−xSrxNi2As2,
where we would instead expect the IC-CDW to vanish very
close to the triclinic onset while still in the tetragonal phase
[18]. For the commensurate charge order, C-CDW1 appears
first at 110 K and C-CDW2 appears next at 105 K, both
in the triclinic phase. C-CDW1 and C-CDW2 continue to
coexist down to 60 K, the lowest temperature we measured
for this pressure. This behavior, with the exception of a wide
IC-CDW existence window in temperature, places BaNi2As2

at 2.4 GPa, roughly in line with Ba1−xSrxNi2As2 at a Sr%
between x = 0.4 and 0.5.

As pressure is increased, the three charge orders and the
triclinic distortion have their onset temperature decline and
eventually vanish. At the next measured pressures of 5.3–
5.6 GPa, C-CDW1 was not detected down to the lowest
measured temperature of 49 K. C-CDW2 was first detected
upon cooling at a temperature of 110 K for a pressure of
5.4 GPa. The triclinic phase onsets at 110 K for 5.4 GPa. At
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FIG. 2. Four distinct features of BaNi2As2 at 2.4 GPa (triclinic onset, IC-CDW, C-CDW1, and C-CDW2) shown as a function of decreasing
temperature via momentum space plots and line cuts at (a) [2 2 0]tet, (b) [1.28 − 2 1]tet, (c) [1.66 2 0]tri, and (d) [2.5 2 0]tri. We find the IC-CDW
onsets at a temperature of 145 K and vanishes at 105 K. We find the triclinic order, C-CDW1, and C-CDW2 onset at temperature of 120 K,
110 K, and 105 K, respectively. Line cuts are presented with Gaussian fits at the peaks for guidance.

a higher pressure of 8.4 GPa, triclinic order and the C-CDW2
phase appear together at 103 K (Fig. 3), and at 9.5 GPa and
10.5 GPa, the system remains tetragonal down to at least 37 K,
with no charge order or triclinic distortion detected.

The pressure phase diagram of BaNi2As2, presented in
Fig. 4, shows that the onset of all three of its charge-ordered
phases and the triclinic distortion decline slightly in temper-
ature as pressure is increased, before eventually vanishing
separately. The IC-CDW onset holds roughly around 140 K
with increasing pressure before vanishing beyond 5.4 GPa.
The C-CDW1 onset likewise holds around 115 K before van-
ishing beyond 2.4 GPa. C-CDW2 and the triclinic distortion
remain roughly in step with each other at 110 K through 100 K

FIG. 3. 8.4 GPa x-ray data and line scans of (a) C-CDW2 and
(b) triclinic order as seen by the [−3 1 0]tet and [2 2.5 0]tri peaks. We
find that both phases onset at 103 K.

until their vanishings beyond 8.4 GPa. This picture compares
well with the behavior seen in Ba1−xSrxNi2As2 [18].

We note that in Ba1−xSrxNi2As2, the extinguished
C-CDW2 and triclinic phases were observed to end discon-
tinuously as a function of Sr concentration at x = 0.71 before
revealing a discontinuous enhancement in the bulk supercon-
ducting transition temperature [16], suggested to originate due
to a competition with CDW order in the triclinic phase [18].
In BaNi2As2 under applied pressure, we find a 8.4 GPa, 103 K
C-CDW2 + triclinic state onset followed by a tetragonal-only
state at 9.5 GPa down to 37 K. This strongly suggests a similar
discontinuous extinction of the C-CDW2 and triclinic phases.
Additional evidence supporting a discontinuous vanishing
can be seen in a piston pressure cell transport measurement
of Ba0.4Sr0.6Ni2As2 (Fig. 5). Between the narrowly
separated pressures 0.1 GPa and 0.51 GPa, the sample
of Ba0.4Sr0.6Ni2As2 goes from an ambient-pressure-like

Tetragonal Collapsed 
Tetragonal

Triclinic

C-CDW1
+

C-CDW2

C-
CDW1

C-CDW2

IC-CDW

BaNi As2 2(Q=0.28)
(Q=0.33)
(Q=0.50)

FIG. 4. Pressure-temperature phase diagram of BaNi2As2 as de-
termined by x-ray diffraction measurements. Highlighted are the
IC-CDW, triclinic order, C-CDW1, C-CDW2, and collapsed tetrago-
nal regions. The green triangles show the onset of the IC-CDW and
the red triangles show the disappearance of the IC-CDW. The large
error bars seen at lower temperatures and higher pressures account
for the absence of phases seen down to the lowest temperature
measured for a given pressure.
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FIG. 5. Resistance vs temperature of a Ba0.4Sr0.6Ni2As2 sam-
ple shown at selected pressures demonstrating the discontinuous
phase boundary between the C-CDW2 + triclinic state and tetrag-
onal state. Curves has been separated for readability. Lowest
temperature reached for these measurements was 1.8 K. Inset:
Pressure-temperature phase diagram of Ba0.4Sr0.6Ni2As2 taken from
the resistivity data. Tc has been amplified by 10 for visibility.

state of a C-CDW2 + triclinic phase with an onset
temperature of 60 K to a complete vanishing of both phases
followed by an enhanced superconducting temperature of
3.6 K. This enhanced Tc state persists through the highest
recorded pressure of 2.55 GPa. The behavior induced
in pressurized Ba0.4Sr0.6Ni2As2, coupled with our x-ray
observations in pressurized BaNi2As2, and in previously
reported ambient pressure Ba1−xSrxNi2As2, point to there
being a discontinuous phase boundary between triclinic +
C-CDW2 and the enhanced superconducting state induced
by a shrinking lattice caused by Sr isovalent substitution,
pressure, or a combination of both.

Lattice parameter studies for many systems with the
ThCr2Si2-type 122 crystal structure have found a sensitive
evolution of structure with pressure as a major driver of
the interesting physics seen in their systems. In particular,
a small subset of this family exists very near a structural
instability that leads to an isostructural collapse of the tetrag-
onal unit cell. Called the collapsed tetragonal (CT) phase,
this phase exhibits a severely reduced c-axis lattice param-
eter that can be driven by applied or chemical pressure, as
shown in CaFe2As2 [31–35], BaFe2As2 [36,37], SrFe2As2

[38], CaRbFe4As4 [39], LaRu2P2 [40], and SrCo2As2 [40].
In Fig. 6, we compare lattice parameters of BaNi2As2 up to
17 GPa pressures, measured at 300 K using powder x-ray
diffraction, to those of Ba1−xSrxNi2As2 measured at ambient
pressure at 250 K [16]. We first note the difference in tem-
peratures between the two data sets of pressurized BaNi2As2

at 300 K and ambient-pressure Ba1−xSrxNi2As2 at 250 K,
but argue it is not significant enough to alter any meaningful
comparisons. At 300 K, BaNi2As2 has reported c- and a-axis
values of 11.6190 Å and of 4.1474 Å, respectively [41], while
SrNi2As2 has reported values of 10.290 Å and 4.154 Å, re-
spectively [42]. The 250 K Ba1−xSrxNi2As2 lattice parameter

FIG. 6. Lattice constant and unit cell volume data of 250 K
Ba1−xSrxNi2As2 (blue, open points) and 300 K pressurized
BaNi2As2 (green, closed points) taken from powder x-ray data.
The 250 K Ba1−xSrxNi2As2 data were taken from the Supplemental
Material of Ref. [16]. The 300 K BaNi2As2 data were taken from
pressurized powder x-ray diffraction data using the [110] peak for
the a axis and the [112] peak for the c axis. The Ba1−xSrxNi2As2

scale was chosen such that the c axis of both systems align, visually
showing the correlation between the two systems. Inset: Points in
pressure plotted against equivalent points in Sr substitution for alike
c-axis values. A line, P(xSr ) = mxSr, is fit to the correlation, yielding
m = 13.34 ± 0.05 GPa/Sr as the correlation constant relating the c
axis of pressure to the c axis of Ba1−xSrxNi2As2.

data set has values of 11.6423 Å and 4.1442 Å for xSr = 0, as
well as 10.2515 Å and 4.1564 Å for xSr = 1. The differences
between 300 K and 250 K lattice parameters for BaNi2As2 and
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SrNi2As2 are fractions of a percent and therefore appropriate
for our comparisons and discussions.

As shown in Fig. 6(a), we find a correlation between the
change in c axis driven by Sr substitution and that driven
by applied pressure in BaNi2As2, with both systems show-
ing a monotonic decrease at a proportional rate. To directly
compare, c-axis values of the pressurized BaNi2As2 data set
were linearly interpolated and matched with those of the xSr

series, fitting a linear relation P(xSr) = mxSr (Fig. 6 insert)
with m = 13.34 ± 0.05 GPa/Sr, between chemical pressure
and physical pressure for BaNi2As2 along the c axis. We
test this correlation model with noteworthy points in xSr:
the discontinuous phase boundary and maximum Tc, xC =
0.71, as well as the approximate ending point for the IC-
CDW and nematic order, xIC−CDW = 0.55. Using this linear
relationship, we find P(xC ) = 9.47 GPa and P(xIC−CDW) =
7.34 GPa, closely predicting the corresponding events in the
pressure.

In contrast, the evolution of the a axis with pressure and Sr
substitution [Fig. 6(b)] is not proportional. This is likely due
to the difference between unconstrained chemical pressure,
where Sr substition has a dominant effect in shrinking the c
axis but nearly no effect on the in-plane bonding, while the
quasihydrostatic pressure conditions in the DAC force both
lattice constants to decrease in unison. Interestingly, the nearly
flat evolution of the a axis in Ba1−xSrxNi2As2 shows a sudden
increase near xSr = 0.7, and likewise a more dramatic inflec-
tion occurs in pressurized BaNi2As2 near ∼8 GPa, which are
nearly equivalent effective pressure points according to the
c-axis scaling above. These both occur when the c axis of
both systems also shows a kink in near-linear evolution close
to ∼10.8 Å.

This peculiar evolution of a- and c-axis lattice constants is
very similar to what is observed at the CT phase transition of
many Fe pnictides [31–39], where a bonding rearrangement
occurs when the As-As interlayer distance crosses about 3
Å. Generally, when either physical or chemical pressure is
applied to these systems, there is a rise and fall in the a axis
with a valley to peak size ranging from 0.05 Å to 0.15 Å, a dis-
continuous jump in the As-As interlayer distance, a flattening
of the FeAs layer, and the most prominent change occurring
in the c-axis lattice constant. This collapse is known to quench
the Fe moment, suppressing its magnetism and having an
effect on superconductivity [43]. In pressurized BaNi2As2 and
Ba1−xSrxNi2As2, we find a similar CT transition developing
via an a-axis expansion. Eckberg also noted that the rise in
the a axis coincides with dAs−As crossing 3 Å [16], the same
threshold noted for the Fe-pnictide CT phases. The onset of
this CT transition in xSr and pressure coincides with the charge
order and triclinic order vanishing discontinuously. During
this CT transition, we speculate that the Ni-As layers begin
to flatten along the ab plane for the duration of this a-axis
expansion, similarly to the flattening Fe-As layers in the CT
phase of Fe pnictides. We thus infer that the CT transition
in BaNi2As2 plays a key role in abruptly extinguishing both
charge order and the triclic structural phase. Open questions

remain as to why the CT transition in Ba1−xSrxNi2As2 is
much subtler than that found in iron-based materials and
even that observed here in BaNi2As2 under applied pressure.
Further study into crystallographic parameters, Fermi surface
and transport response and spectroscopies may help elucidate
these questions.

IV. CONCLUSION

In conclusion, we have tracked the pressure and tempera-
ture dependence of the charge orders, the triclinic distortion,
and the lattice parameters of BaNi2As2 and have compared
them to previously reported results in Ba1−xSrxNi2As2. We
find that the four phases, IC-CDW, C-CDW1, C-CDW2,
and triclinic order slowly decline in onset temperature as a
function of pressure until they eventually vanish at higher
temperature. We also find that C-CDW2 and triclinic order,
the final phases to survive, vanish discontinuously between
8.4 GPa and 9.5 GPa. At this point in pressure, we find a CT
transition in BaNi2As2 via an expanding a axis as measured
through powder x-ray diffraction. We speculate that this CT
phase plays a role in extinguishing charge order and enhanc-
ing superconductivity plus nematic susceptibility immediately
following it. These data continue to present BaNi2As2 as a
rich, nonmagnetic superconducting system worthy of study.

Note added. Recently, the authors became aware of a sim-
ilar study of BaNi2As2 under applied pressure that provides
additional structural information [44].
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