aps CHCRUS

physics

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

Gaps and kinks in the electronic structure of the
superconductor 2H-NbSe {2} from angle-resolved

photoemission at 1 K
D. J. Rahn, S. Hellmann, M. Kallane, C. Sohrt, T. K. Kim, L. Kipp, and K. Rossnagel
Phys. Rev. B 85, 224532 — Published 26 June 2012
DOI: 10.1103/PhysRevB.85.224532


http://dx.doi.org/10.1103/PhysRevB.85.224532

Gap and kink structure of the layered superconductor 2H-NbSe, from angle-resolved
photoemission at 1 kelvin

D. J. Rahn,! S. Hellmann,! M. Kalline," C. Sohrt,! T. K. Kim,> * L. Kipp,! and K. Rossnagel®> f

! Institute of Fxperimental and Applied Physics, University of Kiel, 24098 Kiel, Germany
2 Leibniz Institute for Solid State and Materials Research Dresden, 01171 Dresden, Germany

Angle-resolved photoemission spectroscopy at a temperature of 1 K is used to determine the
wavevector dependence of the spectral gap and band renormalization due to electron-phonon cou-
pling in the layered charge-density-wave superconductor 2H-NbSe;. The measured gap size and
coupling parameter are Fermi-surface-sheet dependent and anisotropic. The largest energy gap,
highest coupling strength, and strongest variation in both quantities are found on the double-walled
Nb 4d-derived Fermi-surface sheet that is centered on the corners of the hexagonal Brillouin zone.
On this sheet, the spectral gap has two distinct anticorrelated components associated with supercon-
ductivity and the charge-density wave. The results establish 2H-NbSe2 as a moderately correlated
intermediate-coupling anisotropic multi-gap superconductor.

PACS numbers: 74.70.Ad,74.25.Jb,71.45.Lr,79.60.—

I. INTRODUCTION

2H-NbSes is a layered, conventional, low-temperature
superconductor (T, = 7.3 K)! with a multi-sheet Fermi
surface consisting of a Se 4p “pancake” and two double-
walled Nb 4d cylinders®># and with an incommensurate
charge-density-wave (CDW) phase (Tp = 33.5 K)® coex-
isting with superconductivity. Because of the latter two
characteristics, the material is often said to share simi-
larities with fashionable high-temperature superconduc-
tors such as MgBs, the copper oxides, or the iron pnic-
tides/chalcogenides. However, before 2H-NbSes quali-
fies as a reference system, some central questions related
to its superconducting (SC) ground state should be an-
swered conclusively, namely: (i) What is the structure,
magnitude, and degree of anisotropy of the energy gap
in wavevector (k) space? (ii) Does the CDW impede or
assist superconductivity? And (iii) how is the gap struc-
ture related to the nesting properties of the Fermi surface
and the k-dependent “kinking” of the band dispersions
due to electron-phonon coupling? In addition to gener-
ally allowing for a better identification of truly unconven-
tional effects in high-temperature superconductors, the
answers to (i)—(iil) would specifically help to understand
why the T, of 2H-NbSe; is the highest within the family
of transition-metal dichalcogenides.!

At first glance it seems surprising that the above
questions are still largely open although many differ-
ent sorts of experiments have been performed on 2H-
NbSes, including specific heat,% thermal conductivity,”
magnetization,® and penetration depth? measurements,
as well as tunneling spectroscopy'? 3 and angle-resolved
photoemission spectroscopy (ARPES).14 17 But much of
the discord can indeed be traced back either to the lack
of k resolution of the experimental probes or to the rela-
tively high temperatures (0.7 T.) at which the ARPES
measurements'4 7 were done.

To resolve the situation, we have performed ARPES
on 2H-NbSes at a temperature of 1 K (=0.147,) and

comprehensively determined the k-dependent fine struc-
ture of the low-energy electronic structure. The SC gap
is shown to have multiple Nb 4d-derived components and
a strong anisotropy—including gapless regions—that ap-
pears to be correlated with the k dependence of the band
modification by phonon kinks. The SC gap is also seen
to have a highly k-selective competitor: the CDW gap.
Yet, the rather surprising reason for the comparatively
high T, of 2H-NbSes turns out to be that the CDW, as
the supposedly stronger competitor, is also a supporter of
superconductivity, as it leaves most of the Fermi surface
intact.

Our paper is structured as follows. After a detailed
description of the methods in Sec. I, we will briefly reex-
amine the undistorted electronic structure of 2H-NbSes
near the Fermi energy (EF) in Sec. IITA. We will then
present the effects of electron-phonon coupling deep in
the SC phase at a temperature of 1 K: the band renor-
malization on approaching Er in Sec. III B and, our most
important experimental result, the structure of the en-
ergy gap at Er in Sec. ITI C.

II. METHODS

The single-crystal samples used in the experiments
reported here were grown via iodine vapor transport
and had a T, of 7.3 K confirmed by transport mea-
surements. Low-temperature (1 K) and intermediate-
temperature (3.5-55 K) ARPES was performed at beam-
line UE112-PGM-2b of BESSY II (Berlin) at photon en-
ergies of hv = 23 and 55 eV with total energy resolu-
tions of AE = 3.8 and 8 meV, respectively. The small-
est measured momentum-distribution-curve was Ak =

0.04 A—'. High-temperature (60 K) measurements were
done at beamline 7.0.1 of the Advanced Light Source
(Berkeley) at hv = 132 eV, AE = 50 meV, and Ak =
0.07 A—'. Both experiments feature a Scienta R4000
spectrometer, and the one in Berlin a Janis *He cryostat.



Our quantitative analysis of the measured ARPES
data employs standard procedures and focuses on the
k dependence of five key quantities of a CDW super-
conductor: the undistorted band structure near Er, the
electron-phonon coupling parameter, the spectral gap,
the SC coherent spectral weight, and the bare suscep-
tibility at the wavevector of the CDW.

To reproduce the band dispersion and Fermi surface of
the two lowest-lying Nb 4d-derived states of 2H-NbSes,
we use a two-dimensional fifth-nearest-neighbor tight-
binding model based on the fitting scheme originally
proposed in Ref. 18 and later successfully employed in
Refs. 19-21:

E(k) = to + t1 (2 cos§ cosn + cos 2€)
+ t2 (2 cos 3€ cos ) + cos 2n)
+ t3 (2 cos 2€ cos 21 + cos 4€)
+ t4 (cos & cos 3n + cos 5E cosn + cos 4€ cos 2)
+ t5 (2 cos 3¢ cos 3n + cos 6) (1)

where k = (kg, k,) denotes the wavevector parallel to
the hexagonal Nb layers, & = %kma, and n = %\/gkya
(a: lattice parameter). Note that the corresponding for-
mula given in Ref. 21 contains the ¢4 and t5 terms in
different order and a typo in the t4 term. In our fitting
scheme, all coefficients ¢; are treated as fit parameters.
Their optimum values for the two Nb bands are deter-
mined by fitting the model function (1) to the positions
of the respective local intensity maxima in the complete
high-temperature ARPES data set, while restricting the
band energies at the high-symmetry points in the unoccu-
pied region to values calculated within the local-density
approximation (LDA).?4

To determine the variation of the electron-phonon cou-
pling parameter A\ along the Fermi contours (of the low-
temperature ARPES data set), we assume that the band
renormalization near Ep is for the most part due to
electron-phonon coupling so that the strength of the
renormalization of the Fermi velocity becomes a direct
measure of \:

0
A=E o, (2)

3
where v and v} are the bare and renormalized Fermi
velocity, respectively.'®!¢ Since the bands crossing Er
in 2H-NbSe, are steep, we can extract the renormalized
(“kinked”) band dispersions from appropriate E-versus-k
ARPES intensity maps by momentum-distribution-curve
fitting, i.e., by fitting Lorentzians (plus a linear back-
ground) to each constant-E profile of the maps. The
parameters v% and vy are then determined by fitting
lines, which are forced through the Fermi-level crossing,
to different portions of the extracted band dispersion:
v% is evaluated from an energy interval well below Ep,
typically ranging from —100 to —90 meV, and v} from
the energy window spanned by the highest kink energy
and Er. The absolute error in the determination of A is

estimated to be £0.1.

To determine the relative and absolute variation of the
spectral gap A on the Fermi surface, we use two com-
mon gap indicators: the position of the inflection point
of the leading edge as obtained from simple Fermi-edge
fitting and the gap value determined by more elaborate
lineshape analysis employing the phenomenological self-
energy model introduced in Ref. 22:

A2

S(kw)= —ily 4 ———
(k,w) = —i 1+w—|—E(k)—|—iF0’

(3)

where w measures energy relative to Erp and T
and I'; are scattering rates commonly treated as fit
parameters.'416 For the latter approach to be valid, we
have to make two approximations: the general approx-
imation that the measured ARPES intensity I(k,w) is
proportional to A(k,w)f(w), where A(k,w) = 1Im[w —
E(k) — X(k,w)] ! is the spectral function, and the spe-
cific approximation that A is particle-hole symmetric for
small |w|, i.e.,, A(E(k),w) = A(—E(k),—w). The sym-
metrized ARPES intensity I(kp,w) + I(kp,—w) at the
Fermi vector kp is then simply A(kp,w) convolved with
the resolution function of the experiment. In our fitting
scheme, the parameter I'g is set to zero and the energy
interval of the fit is typically restricted to the width of

FIG. 1. (Color online). Measured ARPES intensity distribu-
tions of 2H-NbSez (hv = 132 eV, T' = 60 K) versus fitted Nb
4d tight-binding band dispersions (white lines): (a), (b) se-
lect constant-energy contours and (c) band dispersion along
the I'-M-K-TI" high-symmetry path. The experimental data
shown are averaged over symmetry-equivalent cuts of the full
data set. (d) Real-space unit cell of 2H-NbSez. Inset in (c):
conventional three-dimensional Brillouin zone.
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FIG. 2. (Color online). Fermi-surface-sheet dependence of the low-energy electronic structure of 2H-NbSe; as seen by ARPES.
(a) Fermi-surface maps measured at temperatures of 60 K (overview map; hv = 132 eV) and 1 K (highlighted area; hv =
23 eV). Best-fit tight-binding Fermi contours are overplotted. Arrows and angles ®; indicate Fermi-surface segments used for

quantitative data analysis.
at the indicated Fermi vectors.

(b)—(d) Three representative band maps (hv = 23 eV, T' = 1 K) displaying Fermi-level crossings
Thick solid curves depict the band dispersions determined by momentum-distribution-curve

fitting. Dashed horizontal lines mark kink energies. Long-dashed and solid straight lines in (a) indicate bare and renormalized
Fermi velocities, respectively. (f)—(h) Fermi-surface-sheet averaged spectra (hv = 23 eV, T' = 1 K). Energy-gap values (A) and
estimated error bars obtained from lineshape analysis (best fits overplotted as thin solid lines) are indicated.

the SC coherent peak. The accuracy of the fitted A val-
ues is estimated to be +0.2 meV. Note that A refers
to the distance between the lower gap edge and Er so
that the total gap size is 2A. Also note that tunneling
spectroscopy indicates a k-averaged CDW gap which is
asymmetric and has its minimum located slightly above
Er 191 For wavevectors at which the CDW contributes
significantly to the opening of the spectral gap, the stated
A values may therefore underestimate the total gap size.

To quantify the relative variation of the SC compo-
nent of the spectral gap on the relevant Fermi-surface
sheets, we rely on the spectral weight of the SC coher-
ent peak which typically emerges as a resolution-limited
feature on top of the conventional quasiparticle peak for
temperatures below T..2% In the absence of realistic self-
energy models for coexisting SC and CDW ground states,
this simple criterion appears to be the most effective and
transparent one, although it may be hampered by back-
ground and matrix-element effects. To keep both effects
to a minimum, we consider only a small energy window
(Er+40 meV), normalize the symmetrized spectra to the
intensity of the background, and determine only relative
changes of the integrated spectral weight along segments
of the Fermi contours on which the matrix element shows
a weak k dependence (see Fig. 2(a) for the selection of
Fermi-surface segments).

Finally, to identify potential CDW “hot spots” in the
Nb 4d electronic structure near Fr, we decompose the
bare susceptibility at the observed CDW wavevector,

Xo(qg), into k-dependent terms (k) which we calculate
from the fitted tight-binding band energies:

0) = Z Q(k)

(k + q,\)
ZEq

A

- f(kN)
Ek+qN)’

(4)

where f denotes the Fermi-Dirac function and the indices
AMX =1,2and ¢ =0,1,2 run over the two Nb 4d bands
and the three wavevectors of the incommensurate triple-q
CDW, respectively (q; and g5 have the same magnitude
as qg = %(0.327, 0,0), but are rotated by £120° about

the k.-axis®). In a simple nesting scenario, large values
of (k) would indicate well-nested sections of the Fermi
surface on which the CDW gap is expected to open up.

III. RESULTS AND DISCUSSION

A. Fermi surface and band structure

The double trilayer structure of 2H-NbSe; with its
two Nb atoms per unit cell [Fig. 1(d)] corresponds with
a predominantly quasi-two-dimensional Fermi surface
that is dominated by double-walled Nb 4d-derived cylin-
ders centered on the I'-A and K—H lines of the Bril-
louin zone.?* In ARPES Fermi-surface cuts, such as



TABLE 1. Best-fit tight-binding parameters for the two
lowest-lying Nb 4d-derived bands of 2H-NbSez. All parame-
ters in meV, for a lattice parameter of a = 3.444 A.

to t1 t2 t3 ta ts
band 1 10.9 86.8 139.9 29.6 3.5 3.3
band 2 203.0 46.0 257.5 4.4 —15.0 6.0

the ones shown in Figs. 1(a) and 2(a), these Nb sheets
are typically well resolved, whereas a further, smaller,
three-dimensional sheet around the I'" point—the Se 4p,-
derived “pancake” —generally appears blurred due to k,
broadening.?14-17:19:20:25-27 Gince for 2H-NbSe, the k.
dispersion of the Nb 4d states is weak® and the effective
k. resolution is in the order of the k, extension of the
Brillouin zone, the Nb 4d contours in the Fermi-surface
maps may, to a good approximation, be interpreted as
k. averages.

We obtain the best tight-binding simulation of the
two Nb 4d bands in the vicinity of Er for the param-
eters listed in Tab I. Corresponding band dispersions
and constant-energy contours are included in Figs. 1(a)-
1(c) and confirm that the tight-binding model (1) can
comprehensively capture the occupied part of the Nb
4d band structure as seen by ARPES above Tp.1%20
The Nb 4d band minimum is found at about % along
the I'-M line and the occupied Nb 4d band width is
Warpes = 0.19 eV. What seems to not have been ap-
preciated before, is that the ratio of the k.-averaged
Nb 4d band widths measured by ARPES and calcu-
lated within LDA2* is significantly smaller than one:
Warprs/Wipa = 0.45+0.12. This places 2H-NbSes
in the moderately correlated regime.?®

Figure 2(a) shows that upon cooling to the lowest
temperature currently achievable in ARPES experiments
(T = 1 K), the shape and size of the maximum in-
tensity contours in the Fermi-surface map are largely
preserved. Yet, intriguingly, all bands sharpen up sig-
nificantly [Figs. 2(b)-2(d)] and a distinct electronic fine
structure appears comprising Fermi-surface-sheet depen-
dent kink and gap sub-structures [Figs. 2(b)-2(g)].

B. Kink structure

Figures 2(b)-2(d) illustrate the momentum-
distribution-curve analysis of the electronic structure
in an 100 meV wide energy window below FEp for
characteristic slices of the low-temperature data set.
The fitted peak positions quantify the measured band
dispersions and reveal significant renormalization of
the Fermi velocities due to the emergence of distinct
multiple kinks.

The full k dependence of the band renormalization is
displayed in Figs. 3(d)-3(f), except for the inner K-H-
centered Nb Fermi-surface sheet for which we were not
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FIG. 3. (Color online). Wavevector dependence of the mass
enhancement parameter (A) on the three groups of Se 4p- and
Nb 4d-derived Fermi-surface sheets (hv = 23 eV, T' =1 K).
(a), (b) Locations of the analyzed Fermi-level crossings. (c)
Variation of A on the outer K-H-centered Nb 4d Fermi con-
tour. (d)—(f) Extracted band dispersions as a function of posi-
tion on the Fermi surface. Thick solid lines represent Fermi-
surface-sheet-averaged dispersions. Short-dashed horizontal
lines mark the energy positions of kinks. Mass enhancement
parameter values as determined from Fermi velocity changes
(long-dashed and solid straight lines) are indicated.

able to determine accurate band dispersions. For each
group of Fermi contours, the kinks occur at characteris-
tic energies: for the Se I" pocket at 14 and 32 meV and for
the double-walled Nb I'-A and K-H pockets at 9, 12, and
24 meV and at 9 and 24 meV, respectively. This range of
kink energies agrees with previous results obtained from
less sharp Nb bands with single kinks only.*® All kink po-
sitions are consistent with the energies of optic and acous-
tic phonon modes at the corresponding wavevectors.2%30

Figure 3 and Tab. II lay out the k dependence of
the electron-phonon coupling parameter A\, determined
from Fermi-velocity changes. As pointed out before,'®
it is interesting to note that despite the anticipated
anisotropy of the electron-phonon interaction and the ob-
served Fermi-surface-sheet dependence of the kink ener-
gies, A varies only little along some sheets and between
different sheets. In agreement with previous, less sys-
tematic ARPES studies,'®'¢ the Fermi-surface-sheet av-
erages of A are in the range of 0.7-0.9 and the variations
along individual contours are limited to 433%, except
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FIG. 4. (Color online). Wavevector dependence of the spectral gap on the four Nb 4d-derived Fermi-surface sheets (hv = 23 eV,
T =1K). (a)—(d) Symmetrized energy-distribution curves measured along the paths indicated in Fig. 2(a). Dashed-line spectra
are replica of the spectrum at the bottom of each panel. Filled areas highlight spectral weight changes (light gray filling in
(b) indicates anomalous changes, see text). (e)—(h) Leading-edge positions and spectral-gap values extracted from the curves
in (a)—(d). Note that in (g) and (h) A/4 is plotted. (i)—(1) Energy-integrated spectral weight changes relative to the bottom
spectra in (a)—(d) (interval of integration: —40 to +40 meV). Estimated error bars are shown in (e)—(1).

for the outer K-H Nb pocket where deviations from the
average value of up to +100% are detected [Fig. 3(c)].
Remarkably, in trying to correlate the measured coupling
parameter with the experimental T, we find that the lo-
cal maxima of the spectroscopic A are consistent with
the empirical A = 1.3 4+ 0.1 calculated from McMillan’s
formula (using a Debye energy of 19 meV (Ref. 6) and
assuming a Coulomb repulsion parameter p* in the range
of 0.1-0.2.).31

C. Gap structure

Compared to the electron-phonon coupling strength,
the measured spectral gap shows a much stronger Fermi-
surface-sheet dependence. The sheet-averaged gap size
increases monotonously towards the edges of the Bril-
louin zone, growing from zero on the Se I" pocket*16 to a
small value (~0.1 meV) on the Nb I'- A sheets and reach-
ing 2.6 meV on the Nb K-H contours [Figs. 2(e)-2(g)
and Tab. II]. Such a “two-gap scenario” is qualitatively
consistent with what k-integrated experimental probes
tend to measure.® 91213

Intriguingly, the Fermi-surface-sheet selectivity of the
gap comes along with a significant variation of the gap
along the various Nb pockets.'?16:17 The qualitative be-

havior is illustrated in Figs. 4(a)-4(d) for all four Nb
sheets by plotting symmetrized spectra measured around
each contour. The quantitative analysis is presented in
Figs. 4(e)-4(1) which compare the Fermi-angle depen-
dence of the position of the inflection point of the lead-
ing edge, the gap value determined by self-energy fitting,
and the spectral weight of the SC coherent peak emerg-
ing at the gap edge.'®16:17:23 Ag to the reliability of the
data analysis scheme detailed in Sec. II, three aspects are
worth noting: (i) There is an almost perfect correlation
between the fitted gap values and leading-edge shifts on
all four Fermi-surface sheets [Figs. 4(e)-4(h)]. (ii) The
spectral weight changes are indeed restricted to a narrow
energy window around Er corresponding to the width of
the SC coherent peak [Figs. 4(a)-4(d)]. (iii) Any anomaly

TABLE II. Fermi-surface-sheet dependence of the measured
spectral gap A and mass enhancement parameter \. Average
values plus maximum and minimum deviations are given.

Se 4p Nb 4d around T" Nb 4d around K

inner outer outer inner

A (meV) 0 01559 015y 2372F 26733
A 0.9 0953 0751 07157 —
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FIG. 5. Temperature-dependent ARPES spectra at selected
positions on the Nb 4d-derived Fermi surface (marked as
points A-D in Fig. 6): (a), (b) superconducting (SC) hot
spots (hv = 23 eV, AE = 3.8 meV) and (c), (d) charge-
density-wave (CDW) hot spots (hv = 55 eV, AE = 8 meV).

due to background or matrix-element effects may affect
the integrated spectral intensities, as, e.g., on the outer
I'-A Nb contour near the I'-K line [Figs. 4(b) and 4(j)],
but not the fitted leading-edge positions and spectral-gap
values [Fig. 4(f)].

The quantitative analysis reveals the complex struc-
ture of the spectral gap with its anisotropy and Fermi-
surface-sheet dependence in full detail. On both I'-A
contours, the spectral gap is zero within the error bars
near the I'-M line and increases towards the I'-K line
[Figs. 4(e) and 4(f)]. Since the coherent spectral weight
shows a similar behavior on the inner contour [Fig. 4(i)]
and since the maximum gap values agree well with the
expected mean-field SC gap (1.76 kgT. = 1.1 meV), we
tentatively attribute the observed gapping entirely to su-
perconductivity.

The situation on the K-H sheets is remarkably differ-
ent in three respects.?? First, the spectral gap does not
go to zero [Figs. 4(g) and 4(h)]. Second, the spectral gap
and the coherent spectral weight are strongly anticorre-
lated [Figs. 4(g), 4(h), 4(k), and 4(1)]. And third, the
maximum gap values are now more consistent with the
expected mean-field CDW gap (1.76 kgTo = 5.1 meV).
We are thus led to conclude that the spectral gap on the
K-H sheets has two competing components: a SC gap
and a CDW gap. The hot spots of the CDW gap are
around the K-M line (both sheets) and K-T" line (outer
sheet), where the spectral gap is largest and the SC co-
herent peak is strongly suppressed.!” Although a clean
spectral decomposition is not possible, we tentatively as-
sign a maximum value of 2.5 meV to the SC gap on the
K-H sheets (2As¢,maz/ksTe: ~ 8), which would indicate
intermediate-coupling superconductivity.

The qualitative decomposition into SC and CDW com-
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FIG. 6. Summary of the obtained ARPES results on 2H-
NbSesz: wavevector dependences of the spectral gap (A) and
superconducting (SC) coherent spectral weight (upper panel)
and of the mass enhancement parameter (\) and the contribu-
tions building up the bare susceptibility at the wavevector of
the charge-density wave (CDW) [xo(q,)] (lower panel). The
kink energies (Eo) on the different Fermi-surface sheets and a
group of wavevectors characterizing the triple-q CDW are also
indicated. Circles labeled A-D mark the SC and CDW hot
spots at which the temperature-dependent spectra in Fig. 5
were taken.

ponents suggested by the spectral weight analysis at fixed
temperature is corroborated by Figs. 5(a)-5(d) showing
ARPES spectra which were taken for select temperatures
at characteristic points on the Nb 4d Fermi surface, la-
beled as A-D in Fig. 6. At points A (outer K-H pocket)
and B (inner T-A pocket) at which the SC gap compo-
nent should predominate, the gap is indeed closed at tem-
peratures T, < T < Ty, as indicated by the shift of the
inflection point of the leading edge and by the broaden-
ing of the narrow SC coherent peak into a conventional
quasiparticle peak [Figs. 5(a) and 5(b)]. By clear con-
trast, at the CDW hot spots C' (inner K-H pocket ) and
D (outer K-H pocket), the leading-edge gap remains par-



tially open in the temperature interval T, < T < Ty and
has closed for a temperature higher than Ty [Figs. 5(c)
and 5(d)]. We note that the observed temperature de-
pendence at the selected points is qualitatively consistent
with previously published results.'416:17

In Fig. 6, we visualize the key quantities measured in
this work as a function of position on the Fermi surface:
the electron-phonon coupling parameter A, the spectral
gap A, and the integrated coherent spectral weight. We
also display where significant (“well-nested”) contribu-
tions Q(k) to the bare susceptibility at the observed
CDW wavevector xo(q,) arise.>® Intuitively, one would
expect that at any given k a high A would bring about
a large SC component of A, while a large Q(k) would
translate into a large CDW component of A. But this
is only partially so. Comparing the k| dependences of
the depicted quantities, we find a distinct correlation be-
tween the SC gap (coherent spectral weight) and A on the
outer K-H Nb sheet, but no clear correlation between the
CDW gap (largest gap sizes) and Q2 (k). The largest con-
tributions to xo(qy) do not originate exactly from the
CDW hot spots and there are sections on the Fermi sur-
face (particularly on the I'-A Nb sheets) that contribute
significantly to xo(qy) but are not gapped by the CDW.
These observations are inconsistent with Fermi-surface
nesting and point to an important role of the electron-
phonon matrix element in determining the structure of
the CDW gap and the observed q.>43°

IV. CONCLUSIONS

In summary, our ultralow-temperature ARPES results
show that the energy gap of 2H-NbSey has two anti-
correlated principal components associated with super-
conductivity and the CDW. The smaller SC gap opens
on all four Nb Fermi-surface sheets, but not on the Se
pocket; it is generally anisotropic and includes gapless
regions. The larger CDW gap, by contrast, opens only
on a few hot spots on the Nb K-H sheets, suppresses the
SC gap there, but otherwise leaves most of the Fermi sur-
face to superconductivity. This dichotomy—competition
and cooperation at the same time—explains the com-
paratively high T, of 2H-NbSes within the family of
transition-metal dichalcogenides in which commonly en-
tire Fermi-surface pockets are gapped by the CDW.36
However, while the anisotropy of the SC gap is partly
reflected in the measured k dependence of the electron-
phonon coupling parameter, there is no clear connection
between the CDW gap and the nesting properties of the
Fermi surface. In any forthcoming microscopic theory of
the interplay between the CDW and superconductivity
in 2H-NbSes, it may become important to factor in that
the material is in the moderately interacting regime re-
garding the overall strength of both electron-phonon and
electron-electron interaction. We believe that our results
on the intricate conventional superconductor 2H-NbSes
provide a useful reference for the appraisal of electronic

structure effects in unconventional superconductors. Re-
garding the technical innovation exploited in our work,
we foresee that ARPES at 1 K will make a difference in
the study of the electronic fine structure of superconduc-
tors and many other types of materials.
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