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8Lawrence Berkeley National Laboratory, Berkeley, 94720 California, USA

9Stanford Synchrotron Radiation Lightsource, SLAC National Acelerator Laboratory, Menlo Park, 94025 California, USA
10Materials Science and Technology Division,Oak Ridge National Laboratory, Oak Ridge, 37831 Tennessee, USA

11Department of Chemistry, University of Missouri, Columbia, 65211 Missouri, USA
(Dated: May 31, 2022)

The emergence of unconventional superconductivity in proximity to intertwined electronic orders
is especially relevant in the case of iron-based superconductors. Such order consists of an electronic
nematic order and a spin density wave in these systems. BaNi2As2, like its well-known iron-based
analog BaFe2As2, also hosts a symmetry-breaking structural transition that is coupled to a unidi-
rectional charge density wave (CDW), providing a novel platform to study intertwined orders. Here,
through a systematic angle-resolved photoemission spectroscopy study combined with a detwinning
B1g uniaxial strain, we identify distinct spectral evidence of band evolution due to the structural
transition as well as CDW-induced band folding. In contrast to the nematicity and spin density wave
in BaFe2As2, the structural and CDW order parameters in BaNi2As2 are observed to be strongly
coupled and do not separate in the presence of uniaxial strain. Our measurements point to a likely
lattice origin of the CDW in BaNi2As2.

Quantum materials hosting unconventional supercon-
ductivity tend to develop complex phase diagrams where
multiple electronic orders interact. In the Fe-based su-
perconductors (FeSCs), the ubiquitous intertwined order
takes form in a C4-rotational symmetry-breaking nematic
phase and a spin density wave (SDW) [1–3]. The nematic
order manifests in a tetragonal to orthorhombic struc-
tural transition, identified as electronically driven by
a divergent nematic susceptibility from elastoresistance
measurements [4]. Additionally, rotational symmetry-
breaking is observed in the electronic, magnetic and op-
tical properties [5–12]. Superconductivity emerges when
these competing orders are suppressed by either doping
or pressure, resulting in Tc as high as 40 K [13, 14].

BaNi2As2–a nickel-based analog of the well-studied
FeSC BaFe2As2–shares the same high temperature
tetragonal phase [15]. Distinct from BaFe2As2,
BaNi2As2 is nonmagnetic and superconducts with a Tc of
0.6K [16]. Instead of the coupled nematicity and SDW
found in BaFe2As2, BaNi2As2 exhibits a symmetry-
lowering structural transition into a triclinic phase at
TS =136 K accompanied by unconventional charge den-
sity waves (CDWs). The progression from the tetragonal
state to the triclinic state is still under debate. From
x-ray diffraction, Lee. et al. discovered that the CDW
first appears in the tetragonal state as an incommensu-
rate order (IC-CDW), then transits to a different uni-

directional IC-CDW at TS and then locks into a com-
mensurate order (C-CDW) below TS [17, 18]. The crys-
tal structure in this picture changes from tetragonal di-
rectly to triclinic at TS in a first order transition. Recent
dilatometry work suggests that the crystal structure ex-
plicitly breaks C4 rotational symmetry in the form of
a orthorhombic phase in a second order transition be-
fore additional symmetry-lowering into the triclinic phase
at TS in a first-order fashion [19]. Substitution of ei-
ther Co on the Ni site or Sr on the Ba site can com-
pletely suppress the triclinic phase and the associated
CDW orders, reaching a maximum Tc of 3.5 K. Ela-
storesistance measurements show that Ba1−xSrxNi2As2
exhibits a diverging nematic susceptibility in the B1g

channel, which may be the cause for the enhancement of
Tc near optimal doping [20]. A Ginzburg–Landau analy-
sis suggests that the divergence of nematic susceptibility
in Ba1−xSrxNi2As2 could be driven by either lattice or
electronic degrees of freedom, in contrast to BaFe2As2,
where the divergence in the B2g channel is electronically-
driven. BaNi2As2 therefore offers a rich platform to in-
vestigate intertwined orders, where the electronic struc-
ture could provide important insights into the nature of
nematicity, CDWs, and their connection to unconven-
tional superconductivity. Here, using angle-resolved pho-
toemission spectroscopy (ARPES) under uniaxial strain,
we probe the electronic structure evolution of BaNi2As2
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FIG. 1. (a)-(b) Crystal structure and BZ for the tetragonal and triclinic phases. The red (gray) BZ represents the 3D (2D
projected) BZ. The green arrows in (b) denote the q-vectors for C-CDW and its in-plane component. (c)-(d) Temperature-
dependent in-plane resistivity ρa (yellow), ρb(blue) and ρb/ρa(green) with and without uniaxial compressive strain along b.

across the phase transitions. We find no evidence of
Fermi surface nesting in the tetragonal state, unidirec-
tional band folding consistent with the reported C-CDW
q-vector in the C-CDW/triclinic state, and rotational
symmetry-breaking that onsets abruptly at the triclinic
transition. Furthermore, the extracted temperature evo-
lution of the spectral features identifies a distinct order
parameter for the C-CDW from the triclinic structural
transition. However, the two order parameters are ob-
served to be strongly coupled even in the presence of
uniaxial strain, distinct from the case of BaFe2As2 where
strain lifts the nematic band splitting to onset well above
that of the SDW phase. Our results taken together sug-
gest a strongly lattice-driven intertwined order in parent
BaNi2As2 and much weaker nematic fluctuations com-
pared to that of the FeSC BaFe2As2.

High-quality single crystals of BaNi2As2 were synthe-
sized using the self-flux method [15]. Resistivity mea-
surements were carried out in a Quantum Design Phys-
ical Properties Measurement System using a clamp to
supply an in-plane, uniaxial pressure. [21] ARPES mea-
surements were performed at the QMSC beamline at the
Canadian Light Source, beamlines 4.0.3 and 10.0.1 of the
Advanced Light Source, and beamline 5-2 of the Stanford
Synchrotron Radiation Lightsource with electron analyz-
ers at an energy and angular resolution of 12 meV and
0.1°, respectively. The samples were cleaved in-situ with
base pressures below 5×10−11 Torr. The polarization
used was circular left (CL) unless otherwise noted. To
avoid the domain mixing effect, we used a mechanical
clamp to detwin the BaNi2As2 crystals along the [010]
direction, with a typical pressure of 5-10 MPa [22].

At room temperature, tetragonal BaNi2As2 belongs
to the space group I4/mmm (a=4.142Å, c=11.65Å)
(Fig. 1(a)). It undergoes a first-order phase transition

to the triclinic structure (a=4.21Å, b=3.99Å, c=6.31Å,
α=105.2°, β=108.6°, γ=89.3°, space group P1̄) at TS =
136K (Fig. 1(b)). The corresponding 3D Brillouin Zones
(BZ) of the tetragonal and triclinic phases are shown ac-
cordingly, where the rotational C4 symmetry is broken
for the triclinic phase. The C-CDW q-vector in the tri-
clinic state is denoted by qC−CDW , which does not lie
in the projected BZ plane while its in-plane component
(q//) is very close to one third of the projected tetragonal
BZ (See SM). We carried out temperature dependent in-
plane electrical resistivity measurements along with two
orthogonal directions with and without uniaxial pressure.
In contrast to BaFe2As2 [21], even in the absence of a
detwinning stress, we observe resistivity anisotropy (ρb-
ρa) below TS , signaling a strong structural distortion and
associated unequal domain populations. In the presence
of stress, the resistivity anisotropy is enhanced, demon-
strating that the applied uniaxial stress redistributes the
domain populations. In addition, we observe a kink
above TS in the zero-stress sample, which is likely the
reported IC-CDW transition [17]. In the measurement
under stress, the kink feature is replaced by the onset
of the resistivity anisotropy, which can be interpreted
as either a detwinning effect of the crystal orthorhom-
bic domains [5], or strain-induced rotational symmetry-
breaking [23]. It is interesting to point out that, in con-
trast to BaFe2As2, the uniaxial pressure does not broaden
the structural transition [21, 24].

To visualize the electronic structure of BaNi2As2, we
present ARPES measurements taken in the tetragonal
phase. The Fermi surface maps (FSMs) and band disper-
sions along high symmetry directions correspond to the
kz=0 (Fig. 2(a)-(b)) and kz =π/2 (Fig. 2(c)-(d)) planes
are taken with 60 eV and 79 eV photons, respectively
(Fig. 2(e)). The C4 symmetry of the tetragonal state
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FIG. 2. Electronic structure in the tetragonal state (170 K).
(a) Fermi surface (FS) measured with 60 eV photons (kz =0).
(b) Band dispersions measured along Γ-X as marked in (a).
(c)-(d) Same as (a)-(b) but measured with 79 eV photons
(kz =π). (e) Photon energy-dependent measurement in the
kx-kz plane, with an inner potential of 15 eV. (f) DFT cal-
culation of the 3D FSs. In addition, DFT calculated band
dispersions and FSs are overlaid on all data in green solid
lines. Grey arrow and dashed lines mark the surface states.
All data taken with circular right (CR) polarization.

is observed, and there is overall good agreement with
Density Functional Theory (DFT) calculations, consis-
tent with previous ARPES reports on BaNi2As2 [25, 26].
The electronic structure exhibits strong kz dispersion.
The most intense Fermi surfaces are large pockets around
the M points. Besides dispersive bulk states, there exists
surface states which are not dispersive along kz and have
no correspondence in the bulk band calculations (denoted
by SS, see SM for more details).

Having identified the electronic structure in the tetrag-
onal state, we now examine the low temperature triclinic
phase. To probe the intrinsic single-domain electronic
structure, we apply uniaxial compressive strain along the
crystal axis [010], which aligns all the domains along the
shorter b-axis. The main features of the low temper-
ature FSM of the strained crystal (Fig. 3(a)) resemble
their tetragonal counterparts except for the appearance
of new bands marked in cyan, which can be understood as

folded copies of the M pocket that only appear along the
b-direction, hence breaking the rotational C4 symmetry.
This anisotropy can be demonstrated by a comparison of
the momentum distribution curve (MDC) taken at equiv-
alent momenta along the kx and ky directions, where
only a peak is seen across the folded feature (Fig. 3(e)).
Such band folding is a signature of translational symme-
try breaking. We note that the folding vector is approx-
imately 1

3 , which is consistent with the in-plane projec-
tion of the qC−CDW observed by x-ray diffraction [17, 26].
Therefore, this band folding is a signature of the unidirec-
tional CDW, which was not observed in previous ARPES
studies of BaNi2As2 [25].

To exclude rotational symmetry-breaking effect due to
extrinsic photoemission matrix elements, we measured
the strained sample in a geometry where the a and b
directions are symmetric with respect to the analyzer
slit (Fig. 3). In this geometry, the photoemission ma-
trix elements are equivalent along the kx and ky direc-
tions therefore any observed difference must be intrinsic
to the band structure. We note that the folded bands
still only appear along the strained direction, reflecting
a true C2 symmetry. In addition, above the CDW or-
dering temperature (Fig. 3(b)), the folded bands in the
strained sample disappear, restoring the C4 symmetry, as
also confirmed by the disappearance of the peak in the
MDC (Fig. 1(e)). For comparison, the FSM of an un-
strained twinned crystal (Fig. 3(d)) shows folded bands
in both directions, consistent with the understanding of
unidirectional CDW folding under mixed domains. The
comparison between the FSMs of the strained and un-
strained crystals clearly establishes that uniaxial strain
is effective at detwinning the crystal and important for
resolving the observed CDW band folding. We also note
that besides the bulk bands described here, we observed
a set of surface states (SS) that strongly reflects a bro-
ken C4 symmetry observed in strained crystals, demon-
strating the effectiveness of the applied strain (See SM).
These states have no correspondence in the bulk DFT
calculated bands and do not disperse with kz, consistent
with a surface origin.

Next, we examine in detail the evolution of the rota-
tional and translational symmetry breaking in the elec-
tronic structure. Specifically, we traced the dispersions
along the the Γ̄-X̄ and Γ̄-Ȳ directions measured on de-
twinned crystals as a function of temperature (Fig. 4).
While dispersions along the two orthogonal directions
are identical in the tetragonal phase (170 K), bands are
strongly modified in the low temperature phase (100 K),
with band crossing only along Γ̄-X̄ but not along Γ̄-Ȳ
(Fig. 4(b)-(g). To understand the observed dispersions,
we illustrate with a schematic in Fig. 4(a). In the nor-
mal state above TIC−CDW , the Fermi surface consists of
large pockets around the M̄ points. Two types of transi-
tions occur that modify the bands. First, the structural
transition from tetragonal to triclinic is reflected in a bro-
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FIG. 3. FSs of detwinned BaNi2As2. (a) FS taken at 79 eV in
the triclinic phase (100K) with horizontal compressive uniax-
ial pressure. (b) Same as (a) but taken in the tetragonal phase
(170K). (c) Same as (a) but taken at 50K with a 45° analyzer
slit direction. (d) FS taken with CR 60eV photons at 50K
without uniaxial pressure.Blue lines mark the Fermi pockets
around M̄ , while cyan lines indicate bands folded from the
M̄ points due to the C-CDW. (e) MDCs along ky=0.25Å−1

(solid line) and kx=0.25Å−1 (dashed line) for strained sam-
ple at 100K and 170K respectively, as marked in (a)-(b). The
black arrow denotes the folded feature.

ken rotational symmetry, where the blue dispersion bends
down along Γ̄-Ȳ . Second, the unidirectional CDW folds
the M pockets along ky, resulting in a folded parabolic
band (cyan) that only appears along Γ̄-X̄.

We then use the spectral signatures of these two types
of symmetry breaking to trace out their order param-
eters. First, we trace the spectral signature associated
with the rotational symmetry breaking in the form of
the band shift along Γ̄-Ȳ . As captured by MDC3 in
Fig. 4(e),(h), an abrupt change occurs at TS in a strongly
first-order fashion. This is also reflected in the apparent
jump in the temperature-dependent spectral weight inte-
grated across the gray momentum range (Fig. 4(h)-(i)).
Second, we trace the band folding by comparing the MDC
across the cyan band for Γ̄-X̄ and Γ̄-Ȳ (Fig. 4(h)). The
presence of the folded band is seen in a hump in the MDC
along Γ̄-X̄ (MDC1) but not Γ̄-Ȳ (MDC2). The spectral
weight of the hump gradually decreases as the tempera-
ture is raised, confirmed by the integrated spectral weight

in the marked momentum range plotted against temper-
ature, which mimics the behavior of a second order phase
transition (Fig. 4(j)). This is in contrast to the abrupt
jump of the rotational symmetry-breaking in Fig. 4(i),
suggesting that the CDW and triclinic structural transi-
tion have distinct order parameters.

Comparing the two extracted order parameters, we
note that both appear to onset simultaneously in a single
phase transition within our experimental uncertainty, al-
though the CDW band folding order parameter evolves
much more smoothly than that of the band shift. This
contrast is also apparent in the collapsed MDC curves in
Fig. 4(h). Due to the abrupt onset, we ascribe the band
shift transition to the first-order structural transition into
the triclinic phase. While a small kink is observed above
TS in the resistivity indicating the onset of IC-CDW and
potential orthorhombic transition and nematic order, we
do not observe any apparent change in the band disper-
sions above TS (see SM). This does not preclude the ex-
istence of a nematic phase above TS , but rather indi-
cates that the energy scale of the symmetry-breaking in
the electronic structure associated with IC-CDW and ne-
matic order is much smaller than that observed for the
nematic phase in BaFe2As2.

Finally, we study the effect of uniaxial strain on the
order parameters extracted from the spectral signatures.
The spectral weights acquired from unstrained crystals
by following the same procedures described above are
plotted in (Fig. 4(i)-(j)), showing very similar behavior
as those obtained on strained samples. In particular,
we observe no elevation in the onset temperature of ei-
ther order parameter in the warming up measurement.
This is again in contrast to BaFe2As2 (Fig. 4(k)), where
the uniaxial strain clearly elevates the onset tempera-
ture of the observed orbital anisotropy and separates it
from the SDW ordering temperature [27]. The results
taken together suggest that the translational symmetry-
breaking of the C-CDW and the structural transition into
the triclinic phase are strongly coupled in BaNi2As2, and
that nematic fluctuations are much weaker than that in
BaFe2As2. The C-CDW, from a lack of Fermi surface
nesting conditions, is likely dominated by lattice. The re-
cent DFT results show that two distinct structures com-
pete due to complex As bonding patterns and drive dis-
tortions of the Ni layers which possibly explain the un-
conventional CDW behavior of the ground state [28].

In the broader context of FeSCs, the coupling of the
nematic and magnetic order varies as well. In BaFe2As2,
the structural transition is second-order, followed by a
first-order magnetic transition. In the structural ho-
molog SrFe2As2, the structural and magnetic transitions
are strongly first-order and occur simultaneously. Uni-
axial strain also does little in harvesting the nematic
fluctuations above TS [24]. The case of BaNi2As2 as
we demonstrate here, appears to be similar in spirit to
that of SrFe2As2, where very weak rotational symmetry-



5

FIG. 4. Temperature evolution through the CDW transitions on detwinned BaNi2As2. (a) Summary of the band evolution
across TC−CDW . (b)-(d) Temperature dependence of band dispersions along Γ̄-X̄ for (b) T < TC−CDW , (c) TC−CDW < T
< TIC−CDW , and (d) T > TIC−CDW . (e)-(g) Same as (b)-(d) but taken along Γ̄-Ȳ . Dashed line are guides to the eyes. (h)
Temperature dependence of MDCs as marked in (b)-(g). The locations of MDCs are as marked. (i) Integrated spectral weight
as a function of temperature within the gray window for MDC3 and MDC4. Each curve is normalized to the maximum spectral
weight. (j) Integrated spectral weight within the gray window in MDC1 and MDC2 and the equivalent MDC taken on the
unstained crystal as a function of temperature. Each curve is normalized by calculating (S-SH)/SH , where SH is the average
spectral weight between 145K-170K. Solid lines are guides to the eyes. (k) Temperature evolution of dxz and dyz band positions
in BaFe2As2 with and without uniaxial strain (reproduced from [5]).

breaking exists above the strongly first-order structural
transition. However, with substitution of P on the As
site or Sr on the Ba site, nematic fluctuations appear
to grow both in the size of the anisotropic thermal ex-
pansion above TS [19], as well as a diverging nematic
susceptibility, which have been proposed to be responsi-
ble for the enhancement of Tc [20]. BaNi2As2 therefore
offers a rich platform analogous to the magnetic FeSCs
where intertwined order from the charge-nematic sector
interacts with superconductivity.
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