aps CHCRUS

physics

This is the accepted manuscript made available via CHORUS. The article has been
published as:

Intrinsic and doping-enhanced superconductivity in
monolayer math
xmlns="http://www.w3.0rg/1998/Math/MathML">mrow>mn
>1/mn>mi>H/mi>mtext>—/mtext>msub>mi>TaS/mi>mn
>2/mn>/msub>/mrow>/math>: Critical role of charge
ordering and spin-orbit coupling
Chao-Sheng Lian, Christoph Heil, Xiaoyu Liu, Chen Si, Feliciano Giustino, and Wenhui
Duan
Phys. Rev. B 105, L180505 — Published 24 May 2022
DOI: 10.1103/PhysRevB.105.L180505


https://dx.doi.org/10.1103/PhysRevB.105.L180505

Intrinsic and Doping-Enhanced Superconductivity in Monolayer 1H-TaS,: Critical

Role of Charge Ordering and Spin-Orbit Coupling

Chao-Sheng Lian," * Christoph Heil,? Xiaoyu Liu,> Chen Si,* Feliciano Giustino,”% and Wenhui Duan® 7

1School of Physics and Microelectronics, Zhengzhou University, Zhengzhou 450001, China
Institute of Theoretical and Computational Physics,
Graz University of Technology, NAWI Graz, 8010 Graz, Austria
Institute for Advanced Study, Tsinghua University, Beijing 100084, China
4School of Materials Science and Engineering, Beihang University, Beijing 100191, China
90den Institute for Computational Engineering and Sciences,

The University of Texas at Austin, Austin, Texas 78712, USA
SDepartment of Physics, The University of Texas at Austin, Austin, Tezas 78712, USA
"Department of Physics and State Key Laboratory of Low-Dimensional
Quantum Physics, Tsinghua University, Beijing 100084, China
(Dated: May 16, 2022)

The interplay of superconductivity with charge density wave (CDW) in metallic transition-metal
dichalcogenides has been widely debated, and viable strategies manipulating these quantum states
in the two-dimensional (2D) limit remain unclear. Using the ab initio anisotropic Migdal-Eliashberg
theory, we successfully explain the superconductivity observed in monolayer 1H-TaSs by simulta-
neously determining its precise CDW structure and treating the marked modification of electron-
phonon interaction and critical temperature 7. by spin-orbit coupling effects. With this paradigm,
we further show that electron doping weakens the CDW order leading to increased 7. up to 11 K,
along with a single-gap to two-gap superconductivity transition due to the suppression of the CDW
gap. By contrast, a low hole doping barely affects the CDW but still yields a significantly enhanced
superconducting order, implying their good coexistence. Combined with the synergistic behavior
of CDW and superconductivity which cooperate upon TaSs thickness reduction causing an unusual
rise of T, our results unravel diversified interactions between the two collective orders in ultrathin
TaSs, being competition, coexistence or cooperation depending on external stimuli, which provide

key clues for controlling correlated states in devices based on 2D CDW superconductors.

Quantum states as superconductivity and charge den-
sity wave (CDW) were long studied in transition-metal
dichalcogenides (TMDs) [1, 2], and interest in their mu-
tual relation has been revitalized since the detection of a
CDW in the pseudogap region of high-T¢. cuprates [3, 4].
One of the most challenging TMDs is TaSo, which shows
multiple CDWs in 17" phase or coexisting CDW and su-
perconducting orders in 2H phase. While for 17-TaS,
superconductivity occurs in a textured CDW state com-
plicating interplay of the two orders [5-7], for 2H-TaSs it
gets enhanced once CDW is suppressed by intercalation
or weak disorder [8, 9], implying an exclusive interaction.
Pressurization of 2H-TaSs could induce further exotic be-
havior. Transport experiments revealed its CDW lock-in
transition from incommensurate to commensurate and a
dramatic rise of superconducting 7. with CDW existing
up to the highest applied pressure [10]. Later on, Raman
and magnetic experiments observed a Higgs mode cou-
pling to its CDW amplitudons [11] and a superconduct-
ing dome with a maximum T¢ of 9 K [12], but found the
CDW to collapse at relatively low pressure. As such, the
interplay of collective states in these layered CDW super-
conductors has become a contemporary research subject
in both theory and experiment [13-15].

Recent surge of studies on CDW and superconductiv-
ity in atomically thin TMDs [16-31] has opened a new
route to probe their intricate interplay. 2H-TaSs, with

bulk CDW and superconducting transitions at 75 and 0.8
K, respectively, exhibits a peculiarly enhanced T¢ up to 3
K as the thickness is reduced [25-27]. However, the origin
of this unusual trend in T (reversed with respect to most
layered superconductors) and whether TaSs preserves its
CDW order in the monolayer limit remain debated. Re-
sistivity measurements in exfoliated monolayers capped
with boron nitride show the absence of CDW signature,
and ascribe the rise of Tt to suppression of the CDW [26].
On the other hand, scanning tunneling measurements in
samples epitaxially grown on graphene determine a 3 x 3
CDW superstructure [28, 29], in line with the ordering
vector qecpw = %FM predicted for a freestanding mono-
layer from ab initio [30]. To date, it is still unclear if the
intrinsic superconductivity of monolayer 1 H-TaSs occurs
in a coexisting CDW state. Also, TaSs in the monolayer
limit has an enhanced in-plane upper critical field arising
from Ising pairing dictated by antisymmetric spin-orbit
coupling (SOC) [27, 31], but how this SOC modulates its
electron-phonon and superconducting properties is elu-
sive. It is thus of great significance to clarify the essen-
tial roles of CDW and SOC in superconductivity and the
associated enhancement mechanism inherent in Ta-based
TMDs, compared to an interfacial mode coupling found
in monolayer FeSe/SrTiO3 [32]. In addition, examining
the effects of gate-introduced carrier doping on different
quantum states in 1 H-TaSs will not only help understand
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FIG. 1: (a) Acoustic phonon spectrum and (b) electronic band
structure in the normal state of monolayer 1H-TaS, with trig-
onal prismatic structure. (c¢) Phonon spectrum in the CDW
state with its Eliashberg function o F'(w) and integrated EPC
A(w). Inset: Optimized 3 x 3 distorted structure.

their interactions but also provide a basis for controlling
correlated orders in related two-dimensional devices.

In this Letter, we systematically investigate the super-
conductivity and its interplay with CDW order both in
pristine and doped monolayer 1H-TaS, using state-of-
the-art ab initio calculations and the anisotropic Migdal-
Eliashberg theory [33-37]. We verify a stable 3 x 3 CDW
ground state for 1H-TaSy by addressing anharmonic ef-
fects and unveil its distorted atomic structure. We show
that SOC largely modifies the electron-phonon coupling
(EPC) strength of this CDW phase, which is vital for re-
producing the experimental superconducting 7, of mono-
layer TaS,. The CDW is found to be weakened to 2 x 2 by
electron doping, yielding increased EPC and 7Tt up to 11
K, while upon hole doping it remains robust coexisting
with a still enhanced superconducting order. Combined
with the concurrent evolution of CDW and superconduc-
tivity in the reduced dimensionality showing a coopera-
tive behavior, our results demonstrate diversified mutual
interactions between the two orders in ultrathin TaSs re-
lying on specific control conditions.

The phonon spectrum and electronic band structure
calculated for 1 H-TaSs monolayer in the normal state are
shown in Figs. 1(a) and 1(b). The longitudinal acous-
tic (LA) phonon branch displays strongest instability at
q= %FM irrespective of the inclusion of SOC (induc-
ing spin-split Ta d bands). This signifies a CDW order
with 3 x 3 periodicity as commonly found in 2H group
V TMDs [38-41], in accord with previous work adopt-
ing the harmonic approximation [30]. Anharmonic effects
had been known to tend to suppress the CDW instability,
especially for light disulfides like NbSy [42-44]. To check
if charge ordering really exists, we calculate the anhar-
monic potential of the softest mode for the 3 x 3 supercell

of monolayer TaSs and obtain an unsymmetric double-
well potential that is deep enough to support a bound
state in the deeper of the two wells (Fig. S1 [45]), in con-
trast to NbSs case where the ground-state wavefunction
is centered in a very shallow symmetric double well [42].
Therefore, 1 H-TaS, has a robust CDW ground state at
low temperature, consistent with recent measurements in
monolayer samples prepared on graphene [28, 29] or from
thermal annealing of 17-TaS, surface [46].

Following the lowest-energy mode or through full opti-
mization, we find the most stable CDW structure of 1H-
TaSs to be a 3 x 3 distorted phase displaying a continuous
pattern of overlapping triangular six-atom Ta clusters
centered on hollow sites [see inset of Fig. 1(c)]. Fig-
ure 1(c) shows the phonon spectrum of the CDW phase
along with its Eliashberg function a?F(w). The total
EPC A = 2 [[¥ 0 F(w)/wdw, whose ~80% is accounted
for by the low-energy Ta modes below 20 meV, falls from
1.15 to 0.79 after including the SOC, implying a crucial
role SOC plays in determining the superconductivity.

Figures 2(a) and 2(b) show the energy distribu-
tion of temperature-dependent superconducting gaps Ay
on the Fermi surface calculated for monolayer TaSs’s
CDW phase without and with SOC using the Migdal-
Eliashberg theory. In both cases an anisotropic single
gap structure is formed. In the absence of SOC [Fig.
2(a)], the averaged superconducting gap is seen to van-
ish at a critical temperature 7. = 13 K, much higher
than 3—3.4 K reported in recent experiments [26, 27].
However, once SOC is taken into account [Fig. 2(b)], ac-
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FIG. 2: (a),(b) Superconducting gap Ay distribution ver-

sus temperature for monolayer TaS2’s CDW phase calculated
without (a) and with SOC (b) using the anisotropic Migdal-
Eliashberg theory. The black squares indicate the average
value of the gaps and the dashed lines are fits obtained by
solving numerically the BCS gap equation using the average
Ao and T¢ from ab initio calculations. Inset in (b) shows the
Ay data for monolayer TaSs’s normal phase. (¢) The mode-
resolved EPC strength Aq, and (d) the Fermi-surface nesting
function ¢ calculated without (black curves) and with SOC
(shaded areas) for monolayer TaSs’s CDW phase.



companied by the decrease of total EPC [Fig. 1(c)], the
resulting T, is dramatically reduced to 3.1 K, very close
to the experimental data, with an average gap of Ay =
0.47 meV in the zero-temperature limit. The detailed im-
pact of SOC is clarified by analyzing the mode-resolved
EPC strength Ay, and the Fermi-surface nesting function
¢ which is proportional to Aq, when adopting constant
electron-phonon matrix elements gg. Upon the inclusion
of SOC, Aqy for the low-energy modes v = 1-27, folded
from 1 x 1 phase’s three acoustic modes, is reduced in
most region of the Brillouin zone [Fig. 2(c)] [47], whereas
that for the higher optical modes barely changes. Mean-
while, ¢ slightly increases compared to the case without
SOC [Fig. 2(d)]. These facts suggest it is those acoustic-
like Ta~-dominated phonon modes that are responsible for
weakening the EPC strength via the SOC-induced sup-
pression of their matrix elements. Similar modifications
of A and T, are found in monolayer NbSes’s CDW phase
(Table S1 and Fig. S2 [45]), demonstrating the general
importance of SOC for correctly describing superconduc-
tivity in group V TMDs.

Prior work ascribed the enhanced T, in 1 H-TaSs with
respect to the bulk to the suppression of charge ordering
in monolayer limit based only on CDW transport signal’s
disappearance [26]. Here, we find that for TaSs’s normal
phase, which is stabilized under SOC with a large smear-
ing of 0.03 Ry, the superconducting T reaches 16.5 K [see
inset of Fig. 2(b)], seriously deviating from the experi-
ments. Thus, on top of SOC, consideration of the CDW
order, which strongly interplays with superconductivity,
is indispensable for reproducing 1 H-TaSy’s behavior. No-
tably, the Ay distribution of its normal phase displays a
two-gap structure as seen in NbSy and NbSey [42, 48] [in-
set of Fig. 2(b)], made of a large gap from in-plane d,2_,»
and d, orbitals and a small one from out-of-plane d»
orbitals, while the single superconducting gap feature in
TaSy’s CDW phase results from CDW-induced extensive
energy gaps around K pockets where the Ta in-plane d
states prevail [Fig. 1(b) and Fig. S3] [45].

Next we investigate the effects of charge doping on
CDW and superconductivity in monolayer 1H-TaSs.
With increasing electron doping [Fig. 3(a)], the wave vec-
tor of LA phonon branch’s leading instability shifts from
%FM to M, implying a transition of CDW order from 3 x3
to 2x2. We determine the low-energy CDW structures at
each doping level by performing full optimization of 3 x 3
or 2 x 2 superstructures with randomized distortions, and
calculate their corresponding formation energy AE. As
found in Figs. 3(b) and 3(c), at « = —0.03 and —0.06
e/f.u. doping levels the 3 x 3 CDW persists, while at z
= —0.09 and higher levels the 2 x 2 CDW takes over as
the ground state (Fig. S4 [45]). Overall, the energy gain
|AE| due to the formation of CDW decreases with in-
creasing doping, indicating a gradually weakened CDW.
The suppression of charge ordering upon electron doping
is reflected by both the decrease of Ta sublattice distor-
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FIG. 3: (a) Evolution of acoustic phonons of monolayer 1H-
TaS2 under electron doping (z in e/f.u.). (b) CDW formation
energy AE (the 2x2 AFE is scaled up to the 3x 3 one) and (c)
the Ta trimer distortion §Ta toward a hollow site or a S atom
of the CDW phase as a function of doping. Blue diamond
lines in (b) represent the lowest-energy CDW structure at
each doping level, as depicted in insets of (c) [49].

tion [Fig. 3(c)] and the increase of Fermi-level density of
states (DOS) Np in the CDW state (Fig. S5 [45]).
Along with the weakening of competing CDW, we find
the EPC strength and superconductivity in 1H-TaSs to
get significantly enhanced under electron doping. Figure
4(a) summarizes the variation of superconducting T;. and
gap Ay derived from the Migdal-Eliashberg theory with
doping. Both T, and A( show a doping dependence fol-
lowing the trend of total A [Fig. 4(b)], with the former
first peaking at T, = 6.6 K for x = —0.09 and reaching the
highest T, = 10.7 K for z = —0.24, which exceeds T, ~ 9
K achieved in pressurized 2H-TaSs [10-12]. The depen-
dence of M\ is dictated by the contribution of low-energy
phonon modes dominating the EPC in CDW state, which
are directly affected by the Ta sublattice CDW distortion
diminishing upon doping (see Figs. S5 and S6 [45]). In
3 x 3 CDW state, A increases with the applied doping
as the E' mode softens. By contrast, A in the subse-
quent 2 x 2 CDW state first decreases and then increases
steadily; this dependence is closely related to the behav-
iors of N in the CDW state and its A} /E" modes, which
exhibit almost opposite trends over the doping range for
2 x 2 CDW yielding their cooperative effect to A.
Interestingly, with increasing electron doping, the su-
perconducting gap of monolayer TaS;’s CDW phase ex-
hibits a single-gap to two-gap transition. In compar-
ison with the single anisotropic gap structure at x =
—0.03 [Fig. 4(c)], an approximately double-peak feature
emerges in the energy distribution of Ay at x = —0.12
[Fig. 4(d)], and when doping is increased to z = —0.21,
two distinct sets of superconducting gaps are identified,
displaying a two-gap structure [Fig. 4(e)]. To better un-
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FIG. 4: (a),(b) Variation with electron doping of the Tt and
Ay derived from the anisotropic Migdal-Eliashberg theory (a)
and the total A (b) for monolayer TaS2’s CDW phase. (c)—(e)
Superconducting gap Ak distribution versus temperature of
the CDW phase at « = —0.03, —0.12, and —0.21. (f)—(h)
Unfolded band structure (blue dots) in the 1 x 1 Brillouin
zone for the CDW phase at these three dopings, overlaid on
the band structure of the corresponding undistorted phase.

derstand the doping-induced variation of the gap struc-
ture, we analyze the unfolded band structure of the CDW
phase [50] shown in Figs. 4(f)—4(h): at 2 = —0.03, the K
pockets are still highly affected by CDW distortion lead-
ing to strong Fermi-surface gapping of d,2_,» and d,,
states and a single-gap structure as in the pristine case;
going from x = —0.12 to —0.21, those originally CDW-
gapped in-plane d states gradually recover as the CDW is
suppressed, which in turn contribute to forming a sepa-
rated larger superconducting gap. Hence, besides tuning
the A and T,, CDW-modulated electronic properties also
determine the gap characteristic of doped superconduct-
ing TaSs systems.

To explore the interplay of CDW order with super-
conductivity in depth, we further evaluate the CDW
transition temperature Tepw under both electron and
hole dopings by calculating the energy of 1H-TaS,’s soft
LA mode with Fermi-Dirac smearing (here the smearing
value represents the electronic temperature). We obtain
Tcepw by fitting the resulting soft-mode energy versus
temperature data (Table S2 and Fig. S7 [45]) according
to the mean-field formula [51, 52]

w(T) = wo(T/Tepw — 1)°. (1)

Note that the Tcpw determined via Eq. (1) is useful to
study the trends of CDW although it does overestimate
measured transition temperatures [38]. Figure 5(a) sum-
marizes the dependence of Tcpw and T, in the doping-

temperature phase diagram. Clearly, in electron doping
case, Tcpw and T, show an almost mirrored behavior
until the CDW vanishes, in accord with the competitive
interaction discussed earlier. Upon hole doping, however,
Tepw changes little below 2z = 0.09 while the T, substan-
tially increases to 13.3 K because of a particularly large
Np and total EPC (A = 1.72) in the 3 x 3 CDW state.
At z = 0.15 an intriguing 4 x 4 CDW emerges as the
ground state, which remains robust against higher hole
doping with a persisting superconducting order (see Figs.
S8 and S9 [45]). These results suggest under different
doping conditions the CDW could compete or nicely co-
exist with superconductivity, depending on the detailed
CDW electronic structure, phonon modes and electron-
phonon interaction. It is worth noting that in the strong-
coupling limit (A ~ 2) CDW and superconducting or-
ders could be intertwined in a nonperturbative way [53],
and the Migdal-Eliashberg theory may become invalid for
evaluating T, in highly doped systems. In fact, several
methods have proven to significantly change the carrier
density in CDW metals, such as gate-controlled Li ion
intercalation [19] and ionic liquid gating [20]. We can
conclude that the control of charge doping enables the
manipulation of both CDW and superconducting states
in monolayer 1H-TaS,. This flexibility is promising for
application in controllable quantum devices based on the
delicate interplay between the two correlated states as
demonstrated here.

Finally, the origin of the Tt increase in the TaSs mono-
layer limit is suggested to be the enhancement of EPC
due to cooperative interactions between CDW and super-
conductivity upon thickness reduction. This mechanism
is more practical than previous proposals linked to a re-
duced Coulomb repulsion [25], weakening of CDW order
[26], or opening of a second superconducting gap [54]),
as it can be evidenced by our calculated monolayer \
= 0.79 being considerably larger than the bulk A upper
limit of 0.48 evaluated from the inverted McMillan equa-
tion [45, 55]. Such an enhanced total EPC in CDW state
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correlates closely with a rising Tcpw from bulk to mono-
layer and an associated increase in the EPC of the soft LA
branch in normal state [Fig. 5(b) and Fig. S10] [45]. This
phonon branch, which dictates the CDW, exhibits the
largest electron-phonon matrix elements among all acous-
tic branches of the normal phase, and the evolution of its
original EPC is expected to synchronously affect the EPC
strength of the CDW phase contributed mainly by the
low-energy CDW folded acoustic-like modes. Through
this cooperativity, the CDW would readily boost super-
conductivity under reduced dimensionality [56]. We no-
tice that given the varied sample conditions [25-29], be-
sides the above cooperative scenario, whether other possi-
bilities like substrate interfacial coupling are also at play
for raising the T, in monolayer limit remains open.

In conclusion, we have elucidated the intrinsic and
doping-enhanced superconductivity in monolayer 1H-
TaSs within the ab initio anisotropic Migdal-Eliashberg
theory. A persisting 3 x3 CDW is confirmed in the mono-
layer, in which its experimentally observed T, is success-
fully explained by addressing the marked weakening of
electron-phonon interaction by SOC. This SOC-induced
EPC renormalization is also significant in 1H-NbSes,
suggesting its universality in superconducting group V
TMDs. It is found that, upon electron doping, supercon-
ductivity can largely be enhanced as CDW diminishes to
2% 2, with an accompanying single-gap to two-gap transi-
tion due to doping-induced suppression of the CDW gap.
Strikingly, a low hole doping barely affects the coexisting
CDW order but still yields substantially increased EPC
and T.. A probable cooperative behavior of CDW and
superconductivity is also unveiled when thinning TaSs
to monolayer limit. Our work highlights the complex in-
terplay of the two collective orders in ultrathin 2 H-TaSs,
being competition, coexistence or cooperation depending
on external stimuli or control, and offers key insights into
the rich quantum phases of other CDW metals.
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