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Layer-decoupled superconductivity in SrTa2S5

Layer decoupling refers to a striking situation in which a bulk three-dimensional (3D)
material develops 2D long-range or quasi-long-range order at a higher temperature, T2D, than
that at which full 3D order is observed, T3D. In the intervening temperature range, T2D > T >
T3D, the ordered state thus resembles decoupled, individually ordered layers.∗ This is most
interesting when the decoupling is dynamical, i.e. when the normal state of the material at
T > T2D cannot be similarly described in terms of decoupled layers (although it may already
be highly anisotropic). Layer decoupling is particularly striking in a superconductor, where
it manifests as an infinite resistivity anisotropy, such that the in-plane resistivity ρab = 0
(within experimental error), while the out-of-plane resistivity ρc > 0. Such a situation is
highly implausible for any conventional superconducting state, where the effective interplane
Josephson coupling grows in proportion to the square of the in-plane correlation length. It
is suggestive of significant geometric frustration of the interplane coupling, such as can arise
in a pair-density-wave (PDW) state.
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organic conductors34, modulated bulk materials exhibit relatively low
electronic mobilities (Methods).

Stripe modulated metal
Here we report a bulk vdW superlattice4,5,7,8 that naturally forms a mac
roscopically uniform incommensurate structural modulation with
pronounced effects on its electronic behaviour. The material SrTa2S5

is composed of H  TaS2 TMD and Sr3TaS5 spacer layers stacked in an
alternating fashion (Fig. 1d, left). In the average structure, the latter has
a two fold symmetric in plane structure (monoclinic point group 2) 
that forms a commensurate 4 × 5 superstructure with three fold
symmetric H  TaS2 (hexagonal point group m6 2) (Fig. 1d, right, and
Methods). Figure 1e shows an electron diffraction pattern of the
ab  plane structure in which these features can be identified. We find
dominant reflections from H TaS2 (Fig. 1e) and superstructure reflec
tions from monoclinic Sr3TaS5 (Fig. 1e). We also observe satellite reflec
tions at ±q (Fig. 1e, inset) from a long wavelength 1D modulation. Using
|q| = 2π/λ, we estimate λ ≈ 4.4 nm. The q vector has an irrational rela
tionship with the reciprocal lattice of the average structure, demon
strating incommensuration (Extended Data Fig. 2b). High resolution 
synchrotron powder X ray diffraction shows the TMD layers are strained
towards commensuration with the spacers to form the 4 × 5 super
structure (Extended Data Fig. 1f). This parallels misfit superlattices35

and in plane TMD heterointerfaces36 in which translation symmetry
mismatch gives rise to incommensurate structural modulations.

The 1D stripes are apparent in cross section (Fig. 1f) and ab  plane
(Extended Data Fig. 2a) transmission electron microscopy (TEM)

images; the stripes are nearly perpendicular to the a axis of the aver
age structure (Methods). We observe an out of plane distortion of the
H TaS2 layers with peak to valley amplitude δz ≈ 2.3 Å  and lateral perio
dicity of several nanometres, consistent with ab plane electron diffrac
tion. Cross sectional electron diffraction indicates that this structural
modulation is phase shifted between adjacent layers (Extended Data 
Fig. 2c). Small angle X ray scattering (SAXS) at temperature T = 300 K 
from the ab plane of bulk crystals (Fig. 1g, sample in inset) shows the 
same ±q pattern of satellite reflections with λ = 4.385 ± 0.015 nm (Meth
ods). Given the X ray beam spot encompasses an area comparable to the
measured crystals, the single pair of sharp ±q reflections demonstrate
that the incommensurate structural modulation is macroscopically
coherent. We propose that this large scale coherence is rooted in the 
low symmetry of the average structure and the 1D nature of the modu
lation that restricts the allowed modulation directions (Methods).

Turning to the electronic properties of SrTa2S5, we examined the
T dependence of in plane resistivity perpendicular (ρ&) and parallel
(ρ||) to q using a focused ion beam (FIB) patterned L bar device (Fig. 2a, 
inset). Similar to the parent TMD 2H TaS2, this system is a metal. Both 
ρ&(T) (Fig. 2a, orange and red) and ρ||(T) (Fig. 2a, blue and green) show 
prominent thermal hysteresis in the range of 250 K < T < 350 K signal
ling a first order phase transition. Although synchrotron powder X ray
diffraction, SAXS and electron diffraction do not indicate a structural 
transition, we find similar thermal hysteresis in torque magnetometry
that points to an electronic origin (Extended Data Fig. 3a). Furthermore,
first principles calculations (Fig. 2c) show Fermi surface segments
centred at B that are well nested by the modulation q vector (Fig. 2c, 
red). Together, these point to a first order lock in CDW transition as
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Fig. 1 | Periodically modulated crystals and a structurally modulated bulk
superlattice. a, AlGaAs semiconductor superlattice with Al composition
modulated with wavelength λ along the c  axis. b, 2DEG at AlGaAsñ GaAs interface
patterned with anti dot array. c, Graphene layers rotationally misaligned by
angle θ form a moirÈ  pattern. d, Inversion symmetric stacking of Sr3TaS5 and 
H  TaS2 in SrTa2S5 (average structure) (left). In plane structures of H  TaS2 TMD

(middle) and Sr3TaS5 spacer layers (right). e, Electron diffraction pattern of the
ab  plane at T = 300 K shows reflections from H  TaS2 (hklTMD), Sr3TaS5 spacer 
layers (hklSL) and satellite reflections from a 1D structural modulation (inset).
f, Real space TEM cross section showing out of plane structural modulation of
H  TaS2 layers. g, SAXS diffraction pattern in the ab  plane at T = 300 K shows
satellite reflections from the structural modulation.

Figure 1: TEM cross-section of SrTa2S5

showing layered structure with 1D modu-
lation. From Ref. [1].

The recommended article by Devarakonda et
al. [1] reports evidence of layer-decoupled super-
conductivity in a bulk van der Waals superlat-
tice material, SrTa2S5. This material consists
of alternating H-TaS2 transition-metal dichalco-
genide (TMD) layers and Sr3TaS5 spacer layers,
with a spacing of ≈ 12Å. There is an incom-
mensurate 1D structural modulation of the lay-
ers, with a wavelength λ ≈ 4.4 nm. (See Fig-
ure 1). Intra-layer superconducting coherence
emerges below T2D ≈ 2.5 K, while inter-layer coherence only sets in at T3D ≈ 1.5 K. Just
above T2D, the in-plane resistivity anisotropy (parallel versus perpendicular to the wavevector

∗The same terminology may be applied even when true 2D order does not occur—for instance when due
to the effect of weak disorder there is, below T2D, a very long but finite in-plane correlation length.
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modulated material is remarkable. From their onset field µ0Honset ≈ 3 T 
(Fig. 2d, black triangle), we estimate a quantum mobility µq ≈ 3,000 cm2  
V−1 s−1, markedly larger than mobilities seen in 2H TaS2 and H TaS2 con
taining misfit layer compounds (µ ≈ 1 cm2 V−1 s−1 and µ ≈ 25 cm2 V−1  s−1, 
respectively; Methods). Beyond presenting a bulk platform for explor
ing phase coherent electrons in incommensurate potentials42, the high 
quality of SrTa2S5 may support exotic but fragile modulated states5.

The stripe modulation in SrTa2S5 leads to additional transport fea
tures characteristic of modulated 2DEGs. Figure 3a,b shows magnetore
sistance measured parallel and perpendicular to q, MR||(H) and MR%(H), 
respectively (Methods). Together with Shubnikovñ de Haas (SdH) oscil
lations paralleling dHvA oscillations in ∆Mτ, we find a low frequency 
FCO ≈ 15.5 T oscillation in MR|| that is absent in MR%. Furthermore, this 
oscillation persists to T > 50 K, unlike dHvA oscillations that are sup
pressed by T ≈ 25 K (Extended Data Fig. 4). The presence and absence of 
these oscillations in MR|| and MR%, respectively, indicate q of the stripes 
is relevant to their observation. The overall phenomenology paral
lels commensurability oscillations (COs) in stripe patterned 2DEGs 
because of the matching of the cyclotron diameter 2rc = 2ħkF/(eµ0H ) 
and modulation λ (Fig. 3c) with frequency FCO = 2ħkF/eλ, where kF is  
the Fermi wavevector9,43. Using the observed FCO and λ = 4.38 nm from 
SAXS, we find kF ≈ 6 × 10−3 Å −1, in nominal agreement with kF ≈ 1 × 10−2 Å −1 
of the smallest pocket observed in dHvA oscillations (Methods). More
over, these oscillations exhibit the characteristic 1/4 period phase shift 
anticipated for commensurability oscillations (ref. 44) (Fig. 3d) that is 
distinct from conventional quantum oscillations41.

Hierarchy of superconducting transitions
At low T, superconductivity emerges from the stripe modulated metal
lic state. Comparing the T dependence of intralayer (perpendicular 

to q) and interlayer resistivity, ρ%(T) and ρc(T), respectively, we find ρc 
reaches zero at lower T relative to ρ% (Fig. 4a), suggesting suppressed 
interlayer coupling in the superconducting state. We also performed 
tunnel diode oscillator (TDO) measurements in this low T regime,  
in which the LC oscillator frequency f reflects changes in screening 
supercurrents45,46 (Methods). The variation of f below T = 2.5 K, 
∆f(T) = f(T) − f(2.5 K) for crystals oriented with their c axis or ab  plane 
parallel to the coil axis n, sensing the intralayer or interlayer supercur
rent response, respectively, exhibit a similar hierarchy of T scales 
(Fig. 4b). For the same sample, we observe that intralayer screening 
onsets near 2.3 K (Fig. 4b, blue), whereas interlayer screening onsets 
near 1.4 K (Fig. 4b, green). Similar separation of T scales is observed 
in zero field cooled magnetic susceptibility χ(T) for H || c: below 
T⋆ = 2.5 K, where χ(T) crosses χ (3 K < T < 5 K) ± σχ(3 K < T < 5 K) (where 
χ  and σχ denote the mean and standard deviation, respectively), we 
observe weak diamagnetism consistent with the appearance of intra
layer supercurrents (Fig. 4c), followed by a Meissner transition at 
Tc = 1.49 K with a shielding fraction 4πχ ≈ −1 characteristic of bulk 
superconductivity (Methods). These observations establish that on 
cooling, intralayer superconducting coherence emerges from the 
striped metallic state below T⋆ followed by interlayer coherence at Tc 
(Fig. 4d). A possible origin is the large physical separation between 
H  TaS2 layers in SrTa2S5 compared with 2H  TaS2 with correspondingly 
weakened Josephson coupling47. However, when compared with related 
materials such as the superlattice Ba6Nb11S28 (ref. 5) and the organic 
intercalated TMD (pyridine)1/2TaS2 (ref. 48), the degree to which inter
layer coupling is frustrated in SrTa2S5 appears unusual. In particular, 
similar to SrTa2S5, Ba6Nb11S28 and (pyridine)1/2TaS2 host superconduct
ing TMD layers spaced approximately 12  Å  apart by insulating spacer 
blocks. Although these related materials exhibit signatures of 2D 
superconductivity5,48, they do not show the marked energetic 
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Fig. 4 | Superconductivity with suppressed interlayer coherence and 
in plane anisotropy. a, Intralayer resistivity ρ%(T) measured perpendicular to 
the modulation q and interlayer resistivity ρc(T) show a separation in T, at which 
they reach zero. b, Temperature dependence of tunnel diode oscillator frequency 
shift −∆f(T) with c  axis (blue) and ab  plane (green) aligned with the coil axis n, 
respectively. Screening supercurrents, which are probed by ∆f, onset at 
distinct T. c, Zero field cooled (ZFC) magnetic susceptibility 4πχ(T) measured 
for H = 5 Oe aligned with the c  axis exhibits weak screening for Tc < T < T⋆, 

followed by a bulk Meissner state for T < Tc. The grey box delineates the  
mean and standard deviation bounds of the normal state susceptibility,  
χ (3 K < T < 5 K) ± σχ(3 K < T < 5 K). d, Sequence of transitions found at low T in 
SrTa2S5, in which a striped metallic normal state gives way to intralayer 
superconductivity below T⋆, followed by bulk superconductivity at lower Tc. 
e,f, Experimental configuration (e) and polar plot (f) of interlayer critical 
current density Jc (sample A) versus in plane magnetic field orientation Hab(φ) 
exhibiting prominent two fold anisotropy.
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Figure 2: (a–c) Evidence of layer-decoupled superconductivity in SrTa2S5, from Ref. [1]: (a)
electrical resistivity, (b) tunnel diode oscillator (TDO) frequency shift, and (c) magnetic
susceptibility data. For the TDO measurements in panel b, the sample is placed in the
inductive coil of an LC circuit; the resonant frequency f of the circuit then changes with
the magnetic susceptibility of the sample. (d & e) Strikingly analogous evidence of layer-
decoupled superconductivity in La1.875Ba0.125CuO4, adapted from Ref. [2].

q of the stripe modulation) is ρ‖/ρ⊥ ≈ 8, while the out-of-plane anisotropy is ρc/ρ⊥ ≈ 500.
The measured in-plane resistivities, ρ‖ and ρ⊥, vanish simultaneously at around 2.3 K, while
ρc remains nonzero until around 1.6 K (Figure 2a). Weak diamagnetism consistent with
in-plane screening supercurrents onsets at T2D, while inter-plane screening and perfect dia-
magnetism onset at T3D (Figure 2b,c). In the apparently layer-decoupled regime, the authors
observe the expected 2D Berezenskii–Kosterlitz–Thouless (BKT) scaling of voltage V with
in-plane current density I, V ∝ Iα(T ), and extract TBKT ≈ 1.9 K at which the exponent
α(TBKT) = 3.

Strikingly analogous behavior has been seen in a number of stripe-ordered cuprate high
temperature superconductors, most notably in 1/8 doped LBCO (La1.875Ba0.125CuO4) [2, 3],
as illustrated in the right panels (d & e) of Figure 2. Not indicated on the figure is a structural
transition to a low-temperature tetragonal (LTT) phase that occurs at around 54 K, which
in this material coincides with the charge stripe (CDW) ordering “transition” temperature,
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TCDW. Spin stripe (SDW) order onsets below a lower “transition” temperature, TSDW ≈ 40
K.† As imposed by the local symmetry of the LTT phase, the stripes run in perpendicular
directions in neighboring copper-oxide planes. 2D superconducting correlations also onset
at TSDW, as evidenced by the sharp drop in the in-plane resistivity ρab (panel d) and the
onset of weak in-plane diamagnetism (panel e). ρab becomes immeasurably small below ap-
proximately 20 K while the out-of-plane resistivity ρc remains substantial and only becomes
immeasurably small below about 10 K. Perfect diamagnetism and the Meissner effect (from
field-cooled data not shown) onset at a well-defined superconducting Tc = 4 K.

It was these observations of layer decoupling in various stripe-ordered cuprates that
originally led to the conjecture that pair-density-wave (PDW) order can arise from strong
correlations alone‡ [4, 5]: Since a charge modulation with wavevector q can couple to a
PDW with wavevector q/2, the criss-crossed charge stripes in LBCO would naturally favor
a 90◦ rotation of the PDW ordering vector between neighboring copper-oxide planes, and
the leading interplane Josephson coupling would then vanish by symmetry.§ The situation in
SrTa2S5 is somewhat different in that there is no rotation of the stripe modulation between
layers. The interlayer Joesphson coupling in a PDW state is then suppressed depending on
the relative phase shift δ between charge stripes in neighboring layers, but only vanishes
when δ = π (for a pure PDW). Notably, the authors of Ref. [1] deduce precisely that δ = π
from analysis of electron diffraction data.

The observation of layer-decoupled superconductivity so reminiscent of that seen in the
cuprates in a completely different material is, first and foremost, reassuring evidence that
dynamical layer decoupling is a real phenomenon. It lends support to the PDW conjecture,
as this could seemingly explain both sets of observations. Indeed, currently, without fine
tuning, the only theoretically well understood route to dynamical layer decoupling of the sort
observed here requires the existence of a “pure” PDW state (i.e. with no uniform component).
However, apart from this experiment, we know of no other reason to assume the existence
of such a phase in SrTa2S5. Further work is needed to either corroborate this assumption,
or to discover other possible routes to layer decoupling. Importantly, the rather different
energy and temperature scales involved in this new “PDW candidate material”, as well
as the differences in the nature of the interplane geometry (geometric frustration) which
is presumed to be responsible for the layer decoupling, should allow for a variety of new
experimental tests of the conjectured exotic order.
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