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The AB4-type intermetallic compounds host a wide range of emergent quantum phenomena, providing a fertile plat-
form for exploring the interplay between crystal structure and electronic orders. Among them, 3-IrSny has recently attracted
attention as a noble-metal-based layered superconductor with weak interlayer coupling and type-I superconductivity. How-
ever, its electronic states and possible symmetry-breaking orders remain largely unexplored on the atomic scale. Here, we
report the observation of a layer-dependent uniaxial charge density wave (CDW) in B-IrSny using ultra-low-temperature
scanning tunneling microscopy. The charge order appears as stripe-like modulations that break the in-plane C4 symmetry,
and its orientation rotates by 90° between adjacent layers. Spectroscopy measurements reveal a homogeneous supercon-
ducting gap coexisting with the layer-dependent CDW, with no detectable modulation from the charge order. First-principles
calculations suggest that interlayer coupling induces the observed anisotropic electronic structure. These results reveal a
layer-dependent symmetry-breaking electronic state in $-IrSng and highlight the role of interlayer interactions in shaping

its electronic properties.
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Intermetallic compounds with the AB4 stoichiometry
constitute an important class of quantum materials, exhibiting
diverse phenomena such as superconductivity!'®! and non-

I=47-15] Their rich structural mo-

trivial electronic topology.!
tifs, often featuring complex coordination environments and
layered stacking sequences, provide a natural platform for
studying how lattice symmetry, dimensionality, and electronic
interactions intertwine. In particular, the sensitivity of these
systems to subtle structural variations makes them ideal candi-
dates for uncovering emergent symmetry-breaking states and
their coupling to collective electronic phases.

Among these materials, 3-IrSny stands out as a recently
revisited system with intriguing physical properties.[6-8:10:16]
It crystallizes in a layered structure composed of IrSng square
antiprisms, giving rise to quasi-two-dimensional electronic
characteristics with finite interlayer coupling.  Transport
and thermodynamic measurements have identified B-IrSny as
a type-I superconductor with an exceptionally low critical
field,8! suggesting a conventional BCS pairing mechanism.

Meanwhile, its noble-metal-based composition and relatively
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weak electronic correlations distinguish it from many strongly
correlated charge density wave (CDW) systems,!!7~2>! rais-
ing the fundamental question of whether and how symmetry-
breaking electronic orders can emerge in such a setting. De-
spite these intriguing properties, direct experimental access to
its atomic-scale electronic structure has remained scarce.
Here, we report an atomic-scale investigation of S-IrSny
using scanning tunneling microscopy and spectroscopy at
dilution refrigerator temperatures. We uncover a uniaxial
charge density wave that spontaneously breaks the in-plane
C, symmetry into C,, forming stripe-like electronic modula-
tions along one crystallographic axis. More strikingly, by sys-
tematically probing multiple terraces corresponding to differ-
ent layers in the stacking sequence, we reveal that the CDW
orientation alternates by 90° between adjacent layers, giv-
ing rise to a layer-dependent uniaxial CDW. This behavior
is strictly locked to the crystallographic stacking and cannot
be attributed to surface effects, indicating an intrinsic bulk
electronic order governed by interlayer interactions. Concur-
rent spectroscopic measurements demonstrate a homogeneous
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superconducting gap that is insensitive to the CDW, defects,
and step edges, suggesting weak or negligible coupling be-
tween superconductivity and charge order. Supported by first-
principles calculations, our results establish a direct link be-
tween interlayer coupling and anisotropic electronic structure,
providing new insight into how three-dimensional stacking
can stabilize unconventional symmetry-breaking states even in
weakly correlated intermetallic systems.

High-quality B-IrSny single crystals were synthesized via
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a self-flux growth method. Energy dispersive x-ray spec-
troscopy and single crystal x-ray diffraction (Fig. S1) were
done to confirm that the sample was in the correct element ra-
tio and in the B phase. B-IrSny crystallizes in the space group
141 /acd (#142), featuring a layered structure (Fig. 1(a)). Each
Ir atom is coordinated by eight Sn atoms forming an IrSng
square antiprism. These edge-sharing antiprisms stack in an

A-B-C-D sequence along the c-axis to form the bulk crystal.

=

H
L
1 nm 1 nm

Fig. 1. Atomic model, surface topography and determination of as-cleaved Sn termination of S-IrSny. (a) Schematic illustration of the atomic structure
of B-IrSny with Ir and Sn atoms respectively denoted by red and yellow spheres. Each Ir atom is coordinated by a square antiprism (grey) formed
by eight Sn atoms, with all IrSng antiprisms interconnected through edge-sharing. The crystal structure shows an A—-B—C-D stacking sequence along
the c-axis. (b) STM topography of micron-scale atomically flat cleaved surface (Vs = —90 mV, ; = 50 pA). (c) Atomically resolved STM images
(Vs = —600 mV, I; = 1 nA) showing a square lattice, with the schematic of an Ir atom layer and the subsequent Sn atom layer overlaid above. (d) FT
of STM image of a typical area. Peaks corresponding to Bragg points (red circles) and Ir lattice (blue circles) are clearly visible, whose corresponding
periodic units are represented by red and blue squares in panel (c). (¢) STM image of two adatoms and their surrounding electronic states exhibiting
perpendicular orientation (Vs = 1V, I = 1 nA), whose equivalent positions are denoted by grey rhombi respectively bordered by red and yellow dashed
lines in panel (c), which clarify two types of mutually perpendicular surface electronic environments. (f), (g) The zoom-in view of the two adatoms and

their surrounding electronic states in panel (e).

Scanning tunneling microscopy/spectroscopy (STM/S)
measurements were carried out in a customized STM system
under an ultrahigh vacuum of 1 x 107! mbar. The tempera-
ture of the STM sample holder was lowered to 31 mK through
3He—*He dilution refrigeration. Tungsten tips, prepared by
chemical etching, were annealed in ultrahigh vacuum to re-
move surface oxides and adsorbed contaminants, and subse-
quently calibrated on a clean Au(111) surface prior to use.
The sample was mechanically cleaved at liquid nitrogen tem-
perature in an ultrahigh vacuum environment and immediately
transferred to the STM sample holder. Differential conduc-
tance was acquired using a standard lock-in technique at a fre-
quency of 932 Hz with an excitation voltage of one percent of
the sample bias for stabilizing the tunneling junction.

We begin by characterizing the surface atomic structure
Large-scale STM to-
pography reveals micron-scale atomically flat terraces on the

and termination of cleaved B-IrSng.

cleaved surface (Fig. 1(b)). Atomic-resolution STM imaging
(Fig. 1(c)) and its Fourier transform (FT) (Fig. 1(d)) confirm
a square surface lattice. The most prominent periodicity ob-

served in the real-space image and the most pronounced peaks
in the FT correspond to a lattice with a period of ~ 0.45 nm,
consistent with the known periodicity of the Ir atomic layer

7161 However, cleavage is ex-

according to previous studies.®
pected to occur between the Sn layers of adjacent sandwich
layers due to their larger interlayer spacing and weaker bond-
ing. The atomic-resolution STM patterns observed across all
terraces show the same feature, and the step heights between
terraces are integer multiples of ¢/4, indicating that the termi-
nation of cleavage is the Sn layer.

To further confirm the Sn-terminated surface, we found
a type of adatom with surrounding C>-symmetric electronic
environments, which might be Sn or Ir atoms induced by
the cleavage process. We also noticed that there is a sort of
sites marked by the centers of the grey rhombi formed by
four Sn atoms in Fig. 1(c) lying on two-fold rotation sym-
metry axes. Adjacent rhombi exhibit mutually perpendicu-
lar orientations, resulting in 90°-rotated electronic environ-
ments between neighboring rhombic centers, leading to a rule:
traversing an even number of steps along adjacent rhombic
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centers leads to identical electronic environments; traversing
an odd number of steps yields perpendicular electronic envi-
ronments. Intriguingly, two adatoms separated by 47 rhom-
bic steps (Fig. 1(e)) display mutually perpendicular electronic
states, while those separated by 8 steps (Fig. S2(a)) show par-
allel orientations. The consistent observation of the orienta-
tions of these adatoms at their expected positions unequivo-
cally confirms that the cleaved surface is Sn-terminated, and
the atomic correspondence between the STM topography and
the surface atomic structure is thus established, as depicted in
Fig. 1(c). Furthermore, defects with C4 symmetry are found
at the dark points of the STM topography (Fig. S2(b)), which
cannot be pushed away by the tip like the adatoms in Fig. 1.
We attribute these defects to single Ir atom vacancies in sub-
surface layers because Ir atomic sites uniquely exhibit local
C4 symmetry; the spatial coincidence of the black points in
STM topography with Ir lattice sites gives further evidence
of the aforementioned atomic correspondence. Unambigu-
ously establishing this atomic registry through defect analy-

sis is a crucial prerequisite, as it provides the exact structural
input required for the subsequent theoretical modelling of the
symmetry-breaking CDW state, which will be discussed later.

Further STM studies on the as-cleaved Sn-terminated sur-
face of B-IrSny reveal a striking symmetry-broken electronic
state. Atomically resolved topography, acquired under smaller
tip-sample distance (~ 200 mV), exhibits pronounced com-
mensurate 1ag uniaxial CDWs manifesting as stripe-like pat-
terns (Fig. 2(a)). These stripes, consistently aligning along
one of the two equivalent directions, the crystallographic a or
b axis, selectively enhance or suppress the electronic states
along specific Sn atom chains, which reduces the C4 rotational
symmetry to C, and breaks the mirror symmetry within the
single sandwich layer. The anisotropic nature of this charge
order is demonstrated by the FT of the STM image as well
(Fig. 2(b)). The FT spectrum exhibits strongly anisotropic
Bragg peaks, with significantly higher intensity along the di-
rection parallel to the observed stripes compared to the orthog-

2
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Fig. 2. Layer-dependent uniaxial charge density waves with perpendicular orientation. (a) Atomically resolved STM image showing uniaxial CDW
stripes (Vs =200 mV, I; = 1 nA). (b) FT of the STM image in (a), exhibiting strongly anisotropic Bragg peaks with pronounced intensity contrast
between orthogonal directions. (c) STM topography showing five consequent sandwich-layer terraces (Vs = 1 V, I; = 50 pA). Inset: Height line
profile at the yellow line, clarifying that the five terraces have height difference of a quarter of a unit cell consequently. (d)—(g) Zoom-in STM
images at the corresponding red dashed square in panel (c) (V5 = 200 mV, [; = 7 nA), showing alternating uniaxial CDW stripes with perpendicular

orientation. Inset: FT image of each STM topography.

To investigate the evolution of this CDW state across dif-
ferent layers, we systematically probed a region containing
five consecutive atomic terraces separated by steps (Fig. 2(c)).
STM topographic imaging at each terrace level confirmed the
atomically flat nature of each layer. The height line profile
across these terraces (inset, Fig. 2(c)) revealed that the step
height between consecutive terraces is consistently equal to a
quarter of the unit cell parameter of c-axis (¢/4 ~ 0.3 nm),
corresponding to the separation between Sn-terminated lay-
ers within the A—-B—C-D stacking sequence. High-resolution
STM imaging performed under identical tunneling conditions
on each individual terrace (Figs. 2(d)-2(g)) yielded a remark-
able observation that the orientation of the uniaxial CDW
stripes alternates between consecutive layers. Stripes on ter-

races separated by an odd multiple of the ¢/4 step height (e.g.,
between layers A and B, or B and C, etc.) exhibit perpendic-
ular orientations. In contrast, stripes on terraces separated by
an even multiple of the ¢/4 step height (e.g., between layers A
and C, or B and D) share the same orientation. The FT of each
individual terrace image (insets, Figs. 2(d)-2(g)) consistently
reflects this layer-dependent anisotropy, confirming the CDW
direction for each layer.

This observation of layer-dependent uniaxial CDW with
perpendicular alignment between adjacent Sn-terminated lay-
ers is highly reproducible across different sample regions and
step configurations (Fig. S3). The strict dependence of the
CDW orientation alternation on the c¢/4 step height rule ro-
bustly excludes the possibility of this phenomenon arising
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from artifacts related to the STM tip or from surface recon-
structions confined to the topmost layer. Instead, it provides
compelling evidence for an intrinsic, layer-dependent elec-
tronic ordering that breaks symmetry differently in consecu-
tive layers of the 3-IrSny crystal.

The electronic properties of B-IrSny at low temperatures
were probed using scanning tunneling spectroscopy (STS) at
dilution refrigerator temperature (~ 31 mK). Spectroscopy
measurements (Fig. 3(b)) reveal a clear superconducting (SC)
gap signature in the differential conductance (dI/dV) spec-
trum. The spectrum exhibits a V-shaped gap structure centered
at the Fermi level, with coherence peaks located at approxi-
mately +0.5 mV. A numerical fit based on the Dynes model %!
(solid line in Fig. 3(b)) shows consistency with the experimen-
tal data. The yielded gap value A is 0.158 meV, resulting in a
2A /kgT, ratio of 3.49 with the T, assumed as 1.05 K reported

by an earlier study.!”! This ratio closely matches the isotropic
BCS weak-coupling limit where it is 3.53. This gap struc-
ture is consistently observed across the sample surface, exist-
ing simultaneously with the layer-dependent uniaxial CDW. A
dI/dV linecut across the CDW stripe is performed (Figs. 3(c)
and 3(d)). To quantitatively evaluate the spatial uniformity of
the superconductivity, we performed Dynes model fitting on
each individual spectrum along the linecut to extract the lo-
cal gap size A, which is overlaid in Figs. 3(c) and 3(d). The
extracted A exhibits an extremely small standard deviation of
0.001 mV, representing an upper bound of spatial modulation
of merely ~ 0.63% relative to the average gap size. Such ex-
traordinary spatial homogeneity establishes the weak or neg-
ligible coupling nature between the layer-dependent uniaxial

CDW and the superconductivity.

(a) (c) (d)
“% . 4.0 \\V‘j
3.5 @
3.0 H v
_ >
L é 2.5 %
- 20 S
), S
é g A 1.5 v
g v
5 7 1.0 L \V/
5 =
5 g ® Data 0.5 %
5 4 — Dynes fit 0 v

—08 —04 0 04 08
Bias (mV)
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—04 —-0.2 0 0.2 04
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Fig. 3. Homogeneous superconductivity coexisting with uniaxial CDW stripes. (a) Atomically resolved STM image of a region with uniaxial CDW
stripes (Vs =200 mV, I; = 5 nA). (b) Spatial average of 1024 d//dV spectra and Dynes fit of the data, showing good consistency. (c), (d) Pseudo color
map and waterfall plot of the dI/dV linecut along the red line in panel (a). The gap edge positions extracted from Dynes fitting of each spectrum are
marked in panels (c) and (d), revealing high uniformity of the superconducting gap. For the data in panels (b)—(d), tunneling junction was stabilized
with parameters of Vs = 1 mV, I; = 1 nA, lock-in parameters were Vy,oqg = 10 uV and f = 932 Hz.

During the experiment, we find that the SC phase in f3-
IrSns demonstrates exceptional sensitivity to magnetic fields,
necessitating meticulous demagnetization of the instrumenta-
tion and sample to resolve the characteristic spectroscopic sig-
natures. In magnetic-field-dependent experiments, the SC gap
remains robust only for applied fields up to 6 mT. STS experi-
ments across a large area further reveal the absence of vortices
and the homogeneity of the SC. Notably, while ramping up
and down the magnetic field or varying the scanning box, the
SC gap exhibits a stochastic emergence and disappearance for
fields below 6 mT, but remains remarkably consistent in both
shape and magnitude whenever it is resolved (Fig. S4).

Assuming the system is a type-1I SC, the theoretical den-

sity of quantum flux vortices 7 at an applied magnetic field of

B =6 mT is 2.90 um~2. Given our typical large-scale scan-
ning field of view (FOV) of 1.5 um x 1.5 pm (yielding a to-
tal area of 2.25 um?)), we would expect to observe approx-
imately 6-7 vortices within a single FOV. Empirically, for a
type-II SC approaching its upper critical field, the vortices be-
come densely packed. Under such conditions, a significant
portion of the scanning area would be occupied by vortex cores
and their surrounding halos within the FOV, leading to heav-
ily suppressed SC gaps or zero-bias peaks due to the vortex
bound states during the STS measurements, which is inconsis-
tent with our observation.

Instead, the behavior of the SC gaps under magnetic fields
strongly suggests that the sample resides in the intermediate

state of a type-I SC. Type-I SCs possess a positive surface en-
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ergy between the normal and SC phases. Under a magnetic
field below H., the system thermodynamically minimizes the
interfacial area, driving a macroscopic or mesoscopic phase
separation into coexisting normal puddles and SC domains in
the presence of a finite demagnetization factor for bulk mate-
rial. When the applied magnetic field is varied in proximity
to H, the sample repeatedly transitions through this interme-
diate state. Notably, our STM scanning FOV is substantially
smaller than the characteristic spatial extent of these macro-
scopic phase domains. Due to fluctuations of our magnetic
field controller at the mT level, the spatial redistribution of
the normal and SC regions after each field variation is intrin-
sically random, giving rise to the stochastic emergence and
disappearance of the SC gap captured by the localized STS
measurements. These results provide microscopic experimen-
tal evidence for the classification of B-IrSny as a rare com-
pound type-I superconductor with an ultralow critical field
(~ 6.8 mT).[6-81

We also confirmed that the SC gap remains unmodulated
by structural and electronic heterogeneities such as the un-
derlying atomic lattice, stripes of the layer-dependent uniax-
ial CDW, multiple types of defects, and terrace step edges
(Figs. S5-S7). Characterized by a Ginzburg—Landau param-
eter kK = A/ < 1/4/2, type-I SCs have a substantially large
coherence length &, which far exceeds the characteristic length
scales of the CDW and other atomic-scale structural modula-
tions (& > Acpw). Thus, the highly extended order parameter
spatially averages out these localized charge density pertur-
bations. This offers a plausible explanation for the observed
homogeneity of the SC state.

Dt ol

© @ Sn O Ir

—0.4

~ v i\
0 L0 E36 SO RHID = A
%@@- Ll 1
; i

HOM N . W .,

Fig. 4. Calculated configurations and electronic properties for the slab
model. (a) Top and side views of the slab model. (b) Total band struc-
tures for the slab model with six IrSny layers. (c) Atomically resolved
experimental and simulated STM image at ~ 200 mV.

In order to understand the origin of the unconven-
tional CDW pattern, we performed first-principles calcula-
tions by density functional theory (DFT). DFT calculations

were performed in the Vienna Ab initio Simulation Package
(VASP)?728] adopting the projector-augmented wave (PAW)
method and the Perdew—Burke-Ernzerhof (PBE) 2! func-
tional. The grimme-D3 method*”! was used to describe the
van der Waals interaction between B-IrSny layers.3!! A slab
model containing six IrSny layers was constructed to inves-
tigate the influence of interlayer interactions on surface elec-
tronic states. The vacuum layers for the slab models are larger
than 15 A. The atoms were fully relaxed until the force on each
atom was less than 0.01 eV-A~! in all B-IrSny systems. In
Fig. 4(a), we provide the top and side views of this configura-
tion. When only the top layer of the material is considered, the
structure exhibits C4 symmetry, meaning the material is identi-
cal along the a and b directions, which is also supported by the
calculated band structure for the monolayer 3-IrSny (shown in
Fig. S8). However, for the multilayer slab model, as shown in
the side view of Fig. 4(a), the differences in interlayer inter-
actions can be clearly observed. For instance, the orientation
of adjacent Sn atoms between layers A and B (blue line) is at
a 90° angle to that between layers B and C (green line). In
this case, the entire system transforms to C; symmetry, which
implies that the electronic structure may differ along the a and
b directions. In Fig. 4(b), we provide the total band structures
for the slab model containing six IrSny4 layers. By comparing
the bands along different directions (I'-M vs I'-M’), we can
differentiate the bands shift due to the interlayer interactions
from the second layer. In Fig. 4(c), we also present the simu-
lated STM images, which clearly show good agreement with
the experimental results and exhibit a transition from four-fold
to two-fold symmetry, confirming that the emergence of CDW
is induced by interlayer interactions.

In Fig. S9, we also performed density functional perturba-
tion theory (DFPT) calculations to explore the potential BCS
superconductivity of 3-IrSng via the QUANTUM ESPRESSO
package.l??! The relativistic norm-conserving ONCV pseu-

dopotentials [33

combined with the PBE exchange—correlation
functional [*°! were adopted. A plane-wave cutoff energy of
50 Ry, a k-mesh of 12 x 12 x 12, and a Marzari—Vanderbilt
smearing of 0.01 Ry were employed in calculating the elec-
tronic states. The dynamical matrices and EPC matrices were
computed by density functional perturbation theory using a g-
mesh of 3 x 4 x 2. The Eliashberg spectral function a*F (®)

was calculated by

_ 1 Yav
~ 27N(Ep) qzv: gy

@’F (0) S(0—wg), ()
where ¥,, is the phonon linewidth, ®,, is the phonon eigen
frequency, and N(EF) is the electronic DOS at the Fermi level.
The projected phonon DOS and Eliashberg spectral function
show that the transition metal Ir atoms make dominant con-
tributions to the electron—phonon coupling (EPC) of -IrSny.
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The EPC constant A was calculated by
* ’F (0)
A=2 / ——do. 2)
0 0]

From this, we obtained a relatively strong EPC strength A =

0.365. The superconducting critical temperature was esti-

mated using the McMillan—Allen-Dynes formula!34!
1.04 (1+A
To="%exp( - WA e
1.2 A —p*(140.621)

where @, = 249.65 K is the logarithmic average of the
phonon frequency, and u* is the effective Coulomb repulsion
constant. Here, we obtained u* = 0.26N(0)/(1 + N(0)) =
0.127,135 where N(0) = 0.961 eV~! is the DOS per transi-
tion metal atom. We estimated a T, ~ 0.9 K for bulk B-IrSny,
which is close to the experimental result of 1.05 K.I”! This
suggests that 3-IrSny is very likely to be a BCS superconduc-
tor. Due to the long distance between two nearest Ir layers
(~ 5.9 A), the influence of interlayer vibration on the super-
conductivity of B-IrSny is relatively weak, which is confirmed
by the experimental results, where the uniform SC gaps are
found along the a and b directions.

In summary, we have performed an atomic-scale study
of the noble-metal intermetallic superconductor B-IrSnyg us-
ing ultra-low-temperature scanning tunneling microscopy and
spectroscopy. We identify a uniaxial charge density wave that
breaks the in-plane C4 symmetry and, more importantly, ex-
hibits a layer-by-layer alternation of orientation following the
intrinsic stacking sequence, forming a layer-dependent uniax-
ial CDW. This alternating behavior is robust and closely tied
to the crystallographic structure, indicating an intrinsic elec-
tronic order governed by interlayer coupling. Meanwhile, a
homogeneous superconducting gap is observed to coexist with
the CDW without detectable modulation, suggesting a weak
coupling between the two orders. First-principles calcula-
tions reveal that interlayer interactions can induce the observed
anisotropic electronic structure.
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