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at least several hundreds of AGN deg~2 with
z > 1 and logL, > 44, assuming a 4:1 ratio
of obscured to unobscured sources. Although
this estimation falls well short of the current
850-pm source counts (8000 + 3000 deg™2
at 1 mly) (30), the AGN x-ray luminosity
function has a large uncertainty at z > 2,
which is the epoch in which the majority of
luminous submillimeter galaxies are found
(32). Furthermore, the space density of ob-
scured AGN at high redshift is unknown: the
x-ray background intensity does not preclude
the existence of a large population of high
redshift, Compton-thick sources.
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Fermi Surface Sheet-Dependent
Superconductivity in 2H-NbSe,

T. Yokoya,' T. Kiss," A. Chainani,"2 S. Shin,"> M. Nohara,*
H. Takagi*

High-resolution angle-resolved photoemission spectroscopy was used to study
the superconducting energy gap and changes in the spectral function across the
superconducting transition in the quasi-two-dimensional superconductor 2H-
NbSe,. The momentum dependence of the superconducting gap was deter-
mined on different Fermi surface sheets. The results indicate Fermi surface
sheet-dependent superconductivity in this low-transition temperature multi-
band system and provide a description consistent with thermodynamic mea-
surements and the anomalous de Haas—van Alphen oscillations observed in the
superconducting phase. The present data suggest the importance of Fermi
surface sheet—dependent superconductivity in explaining exotic superconduc-
tivity in other multiband systems with complex Fermi surface topology, such
as the borides and f-electron superconductors.

The energy gap in the single-particle excita-
tion spectrum of the superconducting state
makes the superconducting properties of a
material qualitatively different from its nor-
mal-state properties. BCS (Bardeen, Cooper,
and Schrieffer) theory (/) assumes electron-
electron pairing to be due to phonons and
approximates the pairing strength as a func-
tion of momentum to be constant, leading to
an isotropic s-wave gap. This is not the case
for high—transition temperature superconduc-
tors (high-T_’s), where a highly anisotropic
d,2 2 gap has been confirmed (2, 3) and un-
conventional pairing mechanisms other than
electron-phonon interaction are actively con-
sidered (4). On the other hand, even for
phonon-mediated s-wave superconductors,
the existence of several Fermi surface (FS)
sheets possessing different electron-phonon
coupling constants and/or differing density of
states (DOS) at the Fermi level (£g) can give
rise to a momentum-dependent superconduct-
ing gap in real materials (5, 6). However,
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although tunneling studies (5) have deduced a
momentum-dependent gap from momentum-
averaged spectra, there is no direct experi-
mental evidence based on momentum-re-
solved spectra to substantiate that claim.

We show that the electronic structure of
2H-NbSe, (7), a quasi—two-dimensional in-
commensurate charge density wave (CDW)
system (7pp ~ 35 K) that is also a phonon-
mediated superconductor below T, = 7.2 K,
exhibits FS sheet—dependent superconductiv-
ity. The result highlights the importance of
FS sheet dependence of electronic structure
and electron-phonon interactions in low-T,
superconductors.

Angle-resolved photoemission spectros-
copy (ARPES) allows determination of the
energy and momentum distribution of occu-
pied electrons in a solid. For a given energy
of incident photons, the energy distribution
curve (EDC) measured at a fixed momentum
and, conversely, the momentum distribution
curve (MDC) measured at a fixed energy,
directly represent the nature of the electronic
states of a system. Thus, typically, ARPES
can measure the Fermi momentum (k) as the
point in momentum space corresponding to a
band crossing Ey, with the locus of measured
kg’s forming a Fermi surface. At a selected
momentum vector on a FS, a temperature-
dependent ARPES study can also measure
the opening of a superconducting gap in the
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single-particle excitation spectrum across the
superconducting T.. In addition, ARPES has
been used to extract the imaginary part of the
self energy from EDC and MDC widths,
which reflect the inverse lifetime and mean
free path, respectively, for the suitable case of
a single band crossing Ey. at ki (8-10).

The intensity map of the ARPES spectra
from single-crystal 2H-NbSe, (0001), mea-
sured at 7 = 10 K with He Il resonance line
(Fig. 1A), obtained as a function of binding
energy and momentum corresponds to the
metallic phase exhibiting incommensurate
CDW order. The direction in momentum
space is along the blue line shown in Fig. 1C
in which the two-dimensional Brillouin zone
of 2H-NbSe, is depicted. Dispersive bands
are seen as bright regions of the intensity
map, on which peak positions of a second
derivative intensity plot are superimposed
with light blue lines (or broken lines for
weaker structures). At high binding ener-
gies (0.5 to 6.0 eV), we observe eight
bands, indicated by the overlaid lines in
Fig. 1A dispersing symmetrically about the
TI" point. The bands move toward or away
from Eg, with a minimum or maximum in
the binding energy as they disperse away
from the I point. These observations en-
able a highly accurate determination of the
T point in momentum space (£0.02 A~Y).
This identification of the position of the I
point in momentum space was central to
identifying the complex FS discussed be-
low. In addition, we observe an intense
band structure near E. By comparison with
the calculated band structure of 2H-NbSe,
(11), the former bands and the latter intense
structure are seen to have a dominant Se 4p
and Nb 4d character, respectively.

Figure 1B shows an enlargement of the
narrow region near Ep in Fig. 1A. A band
approaches E as a function of momentum
and loses considerable intensity at £, indic-
ative of a band crossing. To characterize the
band crossing, we constructed an MDC plot
at E with an energy window of 10 meV for
the EDC:s (Fig. 1D). The MDC at Eg shows a
peak and a shoulder, which correspond to the
two-peak structure in the MDC at 50-meV
binding energy. This two-peak structure indi-
cates two-band crossings and agrees well
with band-structure calculations that predict
two Nb 4d—derived bands crossing along the
measured direction (/7). A previous study
was unable to distinguish between these two-
band crossings (12, 13). We looked carefully
for the small FS around the I" point, which is
also predicted by band-structure calculations
and has been observed by de Haas—van Al-
phen (dHvA) measurements in the supercon-
ducting state (//, 14). Figure 1E shows
MDCs as a function of binding energy on an
intensity scale that is 20 times that shown in
Fig. 1D. The MDC at E. has two broad
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features positioned symmetrically with re-
spect to the I point, and each feature follows
a systematic band dispersion to the higher
energies, confirming the existence of the
small, holelike FS centered at the I" point.
Because band-structure calculations (/1)
show that Nb 4d dominated large hexagonal
FS sheets around I'(A) and K(H) points in the
Brillouin zone and a small, pancakelike Se 4p
dominated FS sheet around the I" point, the
present findings resolve all of these FS
sheets. Previous ARPES measurements have
not been able to provide a detailed map of the
FSs in this multiband system, although the
hexagonal surface has been identified (12,
13). From an extensive set of ARPES inten-
sity maps, the experimental FS sheets thus
obtained can be plotted (Fig. 1C).

The above measurements at T = 10 K
provide a precise value of E crossings in
momentum space above the superconducting
transition and, thus, facilitate a study of the
superconducting gaps as a function of mo-
mentum (/5). To study the superconducting
gap on different FS sheets, we obtained tem-
perature-dependent spectra at momentum
points on the dominantly Se 4p— and Nb
4d-derived sheets [arising from the 16th,
17th, and 18th bands as numbered in (/)]
using He Ia resonance line with a resolution
of 2.5 meV. The measured locations in mo-
mentum space are shown in each inset as red

Momentum (,3(')

circles (16). For the dominantly Se 4p—de-
rived band (Fig. 2A), the spectra measured at
10 K and 5.3 K, which is above and below
T, = 7.2 K, do not show a leading-edge shift
or a superconducting coherent peak, indicat-
ing that the superconducting gap does not
open, or is very small if it even exists. The
spectra show changes derived from the tem-
perature dependence of the Fermi distribution
function with a gap of A = 0 meV. Given the
accuracy of our measurements and the step
size of the measurement, we estimate an up-
per limit of the gap of 0.2 * 0.1 meV. In
contrast, the results obtained on the domi-
nantly Nb 4d—derived FS (Fig. 2, B and C)
show a shift of the leading edge correspond-
ing to the opening of a superconducting gap
with a coherent peak. This confirms the ex-
istence of a momentum-dependent supercon-
ducting gap as determined by ARPES in a
system other than the high-T, cuprates. The
momentum-resolved superconducting gaps
have been simulated with the BCS spectral
function as described previously for the
cuprates (/7). The magnitude of the gaps
are 1.0 = 0.1 meV for the point on the 17th
band (Fig. 2B) and 0.9 * 0.1 meV for the
point on the 18th band (Fig. 2C) (18),
yielding gap values of 1.22 and 1.13 meV
at T = 0 K, assuming that temperature
dependence of the gap follows weak-cou-
pling BCS or strong-coupling theory (/).
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Fig. 1. (A) An intensity map of ARPES spectra for the entire valence-band region from single-crystal
2H-NbSe, (0001) measured at 10 K and (B) an enlargement of the region near E; shown in (A). The
EDCs were measured along the blue line in (C), which shows the experimentally obtained FS sheets
(green curves). (D and E) MDCs at E; and at values up to 100 meV (D) and 400 meV (E), plotted
in steps of 50 meV, showing band dispersions for the dominantly Nb 4d—derived intense structures
and the Se 4p—derived weak features close to the I' point. The position of the Se 4p bands was
confirmed to be symmetric in momentum space with respect to the I" point [blue circles in (B)],
although the measurement geometry results in unequal intensities for the weak features about the

T point.
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Fig. 2. (A to C) Temperature-dependent ultrahigh-resolution ARPES data, measured at FS sheets
(red circles in each inset) arising from the Se 4p—derived 16th (A) and the Nb-derived 17th and
18th bands (B and C), as described in the band-structure calculations (77). The blue and red circles
correspond to the measured ARPES spectra obtained at 5.3 K (superconducting state) and 10 K
(normal state), respectively. We used high resolution (2.5 meV ) and small step size (0.3 meV) to
detect spectral changes as a function of temperature. The black dotted lines superimposed on the
measured spectra are the numerical calculation results. The superconducting gap size A used for
fitting the superconducting state spectrum is indicated in each panel.

The reduced gap value 2A(0)/kgT, (where
kg is the Botzmann constant) is determined
to be 3.6 to 3.9 for 2H-NbSe,, indicating
weak- to moderately strong-coupling super-
conductivity, and is consistent with the tun-
neling (/9), Raman (20), and far-infrared
transmission (2/) measurements.

In contrast to the techniques that mea-
sure an average gap, the present results
establish the existence of substantially dif-
ferent superconducting gap values on dif-
ferent FS sheets. Such a large difference in
gap values on different FS sheets provides
a simpler explanation for the results show-
ing that the specific-heat vy values as a
function of magnetic-field strength (H) in
this compound (22) deviate from the linear
dependence on H that is expected for con-
ventional superconductors with a momen-
tum-independent gap. The possibility of a
smaller gap on the pancakelike sheet has
been speculated from quantum oscillation
signals in the mixed state of dHVA (11, 14),
although the origin of the effect is not yet
fully understood. Corcoran et al. (11) de-
duced a gap value A(0) = 0.6 meV and a
low value of the electron-phonon coupling
constant A = 0.3 for this sheet, compared
with the Nb-derived FS sheets. Further, the
scanning tunneling spectroscopy study (/9)
carried out at 50 mK reported an s-wave—
like gap with an average value of 1.1 meV
and a variation of 0.7 to 1.4 meV. The
lowest gap value of 0.7 meV is similar to
that estimated from dHvA measurements.
These measurements may be considered to
be consistent with the present ARPES re-
sults, if the gap on the pancake surface
opens up at a lower temperature. Because
the measured temperature of 5.3 K is the
lowest temperature we can attain, whether
or not the gap on the pancake surface opens
at a lower temperature will depend on fur-

ther progress in refining the experimental
technique.

According to BCS theory, the T, of
phonon-mediated superconductivity is giv-
en by T, =1.13 8,exp[—1/N(EL)V], where
0p, is the Debye temperature, N(Ey) is the
DOS at E, and V is the average electron-
pair interaction (/). Band-structure calcula-
tions indicate that the N(Ey) derived from
the Se dominant band is expected to be
substantially smaller than that of the Nb
dominant band. The dHVA measurements
(11) reported a small value of A = 0.3 for
the dominantly Se-derived FS and estimat-
ed a large value for Nb-derived sheets by
comparison with the specific-heat vy value.
The smaller N(Eg) and N values, arising
from differences in the Se 4p and Nb 4d
electronic states and resulting differences
in electron-phonon coupling, give rise to
differences in the size of the superconduct-
ing gaps on different FS sheets.

The finding of a FS sheet—dependent su-
perconducting gap shows the importance of a
careful analysis of electronic structure as de-
rived from the different character of electron-
ic states and the resulting electron-phonon
interactions in investigating the origin of su-
perconductivity in low-T, materials. The
present results may provide insight into ex-
otic superconductivity in other multiband
systems with complicated FS topology, in-
cluding f-electron superconductors (23) and
borides (24).
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