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Fermi surface of 2H -NbSe2 and its implications on the charge-density-wave mechanism
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We report a detailed experimental and theoretical investigation of the Fermi-surface topology of the layered
transition-metal dichalcogenide 2H-NbSe2, which undergoes a second-order phase transition into an incom-
mensurate two-dimensional charge-density-wave phase at 33.5 K. High-resolution angle-resolved photoemis-
sion with synchrotron radiation yields two Nb 4d-related Fermi-surface cylinders and a Se 4pz-derived pocket
around the center of the Brillouin zone, in good agreement with the results of fully relativisticab initio
calculations within the local-density approximation of density-functional theory. The measurements were car-
ried out at 50 K to identify characteristic features in the electronic structure of the normal phase that can give
important clues as to the origins of the phase transition, and to achieve high resolution, at the same time. The
implications of our results on the charge-density-wave mechanism in 2H-NbSe2 are discussed. Our results
together with previous data from the literature seem to rule out the saddle-point mechanism, but they reveal at
the same time that the driving mechanism for the transition into the charge-density-wave state isnot a simple
Fermi-surface nesting, as recently suggested by Straubet al. @Phys. Rev. Lett.82, 4504~1999!#.

DOI: 10.1103/PhysRevB.64.235119 PACS number~s!: 71.18.1y, 71.45.Lr, 79.60.2i
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I. INTRODUCTION

Layered transition-metal dichalcogenides~TMDC’s! pro-
vide a fascinating field of structural phase transitions that
associated with charge-density waves~CDW’s!, i.e., they di-
rectly show effects of coupling between electrons a
phonons. Among the many TMDC’s with CDW instabilitie
2H-NbSe2 has attracted particular attention because of
coexistence and possible interaction of the CDW and a
perconducting phase.1,2 So far, however, a conclusive pictur
of the topology of the three-dimensional Fermi surface~FS!
and its relation to the observed CDW has not yet be
achieved.

As first revealed by neutron scattering, the quasi-tw
dimensional layer compound 2H-NbSe2 undergoes a second
order phase transition to an incommensurate CDW phas
TCDW533.5 K.3 The three equivalent CDW wave vectors
the hexagonal Brillouin zone~BZ! are aligned parallel to the
GM directions, and have a magnitude of2

3 uGM u(12d), with
d'0.02 being slightly temperature dependent. Thus the
commensurability amounts to 2% only. The resistivity sho
only a 5% anomaly atTCDW, and remains metallic below.4 In
addition to the CDW phase, 2H-NbSe2 exhibits a coexisting
superconducting phase at and belowTC57.2 K.5

Although it seems to be clear that the origin of the CD
instability in 2H-NbSe2 ~and other TMDC’s! is intimately
related to their electronic structure close to the Fermi lev
experimental information on the FS is rather scarce.
Haas–van Alphen~dHvA! experiments6,7 have successfully
detected a small pancake-shaped FS originating from ak'

dispersive Se 4pz-related band in the center of the BZ
accordance with recent density functional calculations,7,8 in-
cluding the one presented in this work. But no dHvA sign
has ever been observed for the two cylindrical N
4d-derived surfaces centered at theGA andKH lines of the
0163-1829/2001/64~23!/235119~6!/$20.00 64 2351
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BZ, both of which were already predicted by early non-se
consistent band calculations.9,10 The first experimental evi-
dence of one of these two cylindrical FS sheets~the one at
GA) came from electron-positron annihilation.11 The exis-
tence of both of these was not confirmed until recently, wh
an image of a two-dimensional FS cross section at one
cific k' value was reported by Straubet al.8 on the basis of
an angle-resolved photoelectron spectroscopy~ARPES!
study. In spite of these efforts, an experimental determina
of the k' dependence of all three FS sheets, which might
essential for a detailed understanding of the CDW instabi
is still lacking.

The mechanism responsible for the CDW transition in
2H family of the TMDC’s is a matter of ongoing debate
Based on band theoretical results,9,10 two different origins of
the CDW instability have been proposed: the FS nest
mechanism,12–14 being similar in nature to a Peierls trans
tion of one-dimensional metals, and the saddle-point mec
nism, as suggested by Rice and Scott.15 In the first case the
observed wave vector of the CDW spans large parallel s
tions of the FS; in the latter, the CDW vector is given by t
k-space separation of two saddle points in the electro
structure close to the Fermi level. Recently, Straubet al.8

strongly favored the FS nesting mechanism for 2H-NbSe2.
But only self-nesting of theGA-centered FS was considere
in this study, completely ignoring anyk' dependence of this
sheet, and the question of whether there is any gap at
nested FS was not addressed.

To contribute to a more basic understanding of import
physical properties of the intriguing class of 2H TMDC’s,
we have carried out a detailed experimental and theore
study of the three-dimensional FS of 2H-NbSe2. Employing
ARPES at various photon energies, we have mapped al
sheets predicted by band-structure calculations in a sin
experiment. We find that the measured FS sheets are in g
©2001 The American Physical Society19-1
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K. ROSSNAGELet al. PHYSICAL REVIEW B 64 235119
agreement with our density-functional calculation results.
the basis of our findings we cannot confirm that the driv
mechanism for the CDW instability is as simple as the co
mon Fermi-surface nesting.

II. EXPERIMENT AND THEORY

The 2H-NbSe2 crystals were grown by chemical vapo
transport, using iodine as the transport gas, and clean
faces were prepared by cleaving the samples in ultrah
vacuum. ARPES measurements were carried out at beam
W3.2 at the Hamburger Synchrotronstrahlungslabor~HASY-
LAB !. The incident photons were linearly polarized with t
photon polarization and the plane of incidence both resid
in the horizontal plane. Photoemission spectra were ta
with our recently developed spectrometer ASPHERE~angu-
lar spectrometer for photoelectrons with high-ener
resolution!16 which consists of a 100-mm radius hemisphe
cal deflection analyzer mounted on a two-axis goniome
Computer-controlled stepper motors enable sequential a
scanned measurements with an absolute angular precisio
better than 0.1°. The angular acceptance, which can be
justed by means of an iris aperture, was set to 1°. The c
bined ~electron and photon! energy resolution was 60 meV
and the Fermi-level reference was obtained from a polyc
talline gold film which was in electrical contact with th
sample.

Fully relativisticab initio band structure calculations wer
carried out employing density-functional theory within th
local-density approximation.17 We have used the norm
conserving, nonlocal pseudopotentials of Bachelet, Hama
and Schlu¨ter.18 The exchange-correlation energy was tak
into account using the Ceperley-Alder19 form as param-
etrized by Perdew and Zunger.20 As a basis set to represe
the wave functions, we employ 200 Gaussian orbitals ofs, p,
d, ands* symmetry per unit cell and spin. These orbitals a
localized at the atomic positions, namely, 40 at each Nb
30 at each Se atom. The decay constants of the Gaussian
$0.17, 0.45, 1.18, 2.00% for Nb and$0.17, 0.45, 1.00% for Se
~in atomic units!. A linear mesh of about 0.18 Å in real spac
is used for the representation of the charge density and
potential. Spin-orbit interaction is considered in each step
the iteration. It is treated in an on-site approximation, i.
only integrals with the same location of the Gaussian orbi
and the spin-orbit potential are taken into account. The lat
parameters used in the calculations area53.45 Å , c
512.54 Å , andz50.134c.

Figure 1 shows the theoretical band structure from 6
below to 3 eV above the Fermi level along various hig
symmetry directions in the BZ. The overall disposition of N
4d and Se 4p dominant bands is in good corresponden
with the calculation presented in Ref. 7. In particular, t
Fermi surface is produced bythree bands: two Nb
4d-derived bands and a band of Se 4p character around the
G point.

III. FERMI SURFACE

In Fig. 2 we present our results on the normal phase F
2H-NbSe2. The ARPES data were taken at a temperature
23511
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50 K by sweeping the analyzer across the sample hemisp
and collecting only those photoelectrons that were exc
from a relatively small~60 meV! energy window centered on
the Fermi levelEF . This mapping technique was develope
recently and was shown to provide direct images of the
topology.21,22Note that the ARPES intensities are normaliz
to the photon flux and no further data manipulation, such
background correction or symmetrization has been appl
The apparent intensity modulations in equivalent parts of
BZ are mainly caused by matrix element effects.

Figure 2~a! shows the photoelectron intensity distributio
I (ki ,EF) with ki denoting the surface-parallel electron wa
vector. Apart from a slight variation of the surface
perpendicular wave-vector componentk' , this image
closely corresponds to a horizontal cut through the BZ
clearly reveals a hexagonal FS centered atG(A) and a sec-
ond sheet centered atK(H), both of which are related to the
Nb 4d bands. Though the double-walled nature of these t
sheets is not directly observed by the mapping techniqu
was shown before that the conduction band doublet is in
resolvable by ARPES in the energy distribution curve~EDC!
mode.8 In contrast to the strong cylindrical FS features, t
Se 4pz-derived pancake surface appears only as a slig
enhanced photoemission intensity in the center of the BZ
this being, nevertheless, the first indication of the FS poc
in an ARPES experiment.

For a more detailed view of the FS, we display the tw
dimensional intensity gradientu¹kiI u in Fig. 2~b!. In addi-
tion, we include our band theoretical results in this figure
direct comparison. In systems with a flatband behavior,
maximum gradient of the photoemission intensity genera
gives a more accurate estimate of the Fermi wave vector
the original intensity maximum,23,24 though even the maxi-
mum gradient method may suffer from relative errors of
to 10% induced by matrix element effects.25,26 As pointed
out in Ref. 8, the maximum intensity and the maximum
tensity gradient provide upper and lower bounds, resp
tively, for the inner sheet of the double-walledGA-centered
FS cylinder. However, to give reliable estimates for bo
sheets of the cylinder, it is more appropriate to use the s
ond intensity gradient maximum as an upper bound. T
approach is corroborated by the fact that in Fig. 2~b! the

FIG. 1. Theoretical band structure of 2H-NbSe2 as obtained
from the calculation along various high-symmetry directions in
ciprocal space. The dashed line indicates the Fermi level.
9-2
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FERMI SURFACE OF 2H-NbSe2 AND ITS . . . PHYSICAL REVIEW B 64 235119
theoretical double-walled Nb 4d FS’s correspond very wel
to the bright contours~meaning a high modulus of the inten
sity gradient! of the gradient map. In contrast to cylindric
FS’s, the measured pancake surface, which only shows u
a very weak ring in the center of the BZ, does not equa
well correspond to the respective calculated FS: it appea
be clearly smaller in diameter than predicted by theory. D
to its blurred appearance, however, a correct interpretatio

FIG. 2. Fermi-surface mapping of 2H-NbSe2 by ARPES atT
550 K ~left panel! and a theoretical Fermi surface obtained
bulk band-structure calculations~right panel!. Panel~a! shows the
ki distribution of the photoemission intensity measured athn
524.5 eV, and panel~b! shows the modulus of the two
dimensional intensity gradient in comparison with the calcula
Fermi-surface cut atk'50 @cf. Fig. 4~a!#. Thek'-dependent Fermi-
surface mapping obtained by polar angle scans along theGM and
GK directions of the Brillouin zone, recorded athn510–27 eV, is
given in ~c! and ~e!. The dashed lines illustrate thehn dependence
of k' along the zone boundaries. Corresponding theoretical Fe
surface cuts@~d! and~f!# are compared to the locations of the max
mum photoemission intensity gradient~indicated by filled symbols!.
The respectivek' values are determined assuming free-electron
nal states. In~a!, ~b!, ~c! and ~e! the photoemission intensity i
represented in a linear gray scale with white corresponding to h
intensity. The Brillouin zone and the high-symmetry points are
dicated.
23511
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the pancake surface data is fairly difficult.
In order to reveal thek' dependence of the FS sheets, i.

to reveal the three-dimensional character of the FS’s,
have measured the photoemission intensityI (ki ,EF) as a
function of the photon energyhn. To this end, we have per
formed polar angle scans along high-symmetry directions
the BZ for an appropriate range of polar emission angles
photon energies that span the bulk BZ cross sections. In F
2~c! and 2~e! the resulting FS maps are shown in theGMAL
andGKAH planes of the BZ. In both images, one can eas
identify the cylindrical Nb 4d-related FS sheet centered
theGA line and the Se 4pz-derived pocket at theG point. In
addition, theKH cylinder is clearly resolved in Fig. 2~e!, but
it also leads to an enhanced intensity around theML line in
Fig. 2~c!. The latter results from the low binding energy
the Nb 4d-derived conduction band, which in this region
comparable to the width of the energy detection window.

For a comparison of experimental and theoretical ba
dispersions, we have determined the surface-perpendic
wave vectork' under the assumption of a free-electron fin
state band. The best fit between the locations of maxim
u¹kiI u and the calculated bands was obtained when an in
potential ofV0517.6 eV was used. As depicted in Figs. 2~d!
and 2~f!, thek' dependence of the maxima of the modulus
the ARPES intensity gradient reveals a high degree of
dimensionality for the Nb 4d FS cylinders—even highe
than expected from the calculation. This deviation may
attributed to the fact that in these parts of the FS two nea
photoemission peaks of finite width are superimposed, le
ing only to a slight asymmetry of the resulting peak and
reduced dispersion of its edges, and that, additionally, ma
elements affect the locations of maximumu¹kiI u, as can be
concluded from the photoemission intensity oscillatio
along the cylinders@see Figs. 2~c! and 2~e!#. Despite this
discrepancy between experiment and theory, the maxim
gradient analysis still provides good verification for the c
culation, because the experimental data form excel
boundaries for the calculated double-walled Nb 4d cylinders
over the entire BZ.

In contrast to cylindrical FS’s, the experimentally dete
mined pancake-shaped surface around theG point does not
confirm the band theoretical results equally well. The expe
mental ’pancake’ has a smallerki extension, and does no
appear as flat as predicted by theory. To improve the co
parison, a more accurate mapping of the FS pocket would
needed. But this is rather complicated. As shown in Fig. 3~a!,
there is an overlap between the weak pancake structure
the much stronger signals from the FS cylinders which mi
be the reason why the FS pocket at the upperG point in Figs.
2~c! and 2~e! is not clearly resolved. More importantly, th
k' extension of the pocket is comparable to the intrin
k-space uncertainty, which is primarily determined by t
final-state lifetime, so that one cannot expect the correspo
ing photoemission peak simply to disappear upon cross
the Fermi level. The position of the peak maximum w
rather become stationary near the Fermi energy, leadin
just a small intensity decrease atEF . In fact, we observe this
behavior in Fig. 3~b!, where the marked intensity drops ca
be attributed to the photoemission peak reaching theG point,
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K. ROSSNAGELet al. PHYSICAL REVIEW B 64 235119
i.e., the point of maximum energy aboveEF in the dispersion
of the Se 4pz state. Finally, Fig. 3~b! shows that any analysi
of the experimental data is further complicated by fai
strong intensity variations due to matrix elements and thehn
dependence of the escape probability. As a consequence
locations of maximumu¹kiI u can only serve as rough est
mates for the true dimensions of the FS pocket at theG point.
For the same reason, even in the EDC mode of ARPES
correct Fermi level crossings of the Se 4pz-related band can
not be identified unambiguously.27

In conclusion, we find a good overall agreement betwe
the experimental and theoretical FS topology of 2H-NbSe2,
particularly for the Nb 4d-derived cylinders. These parts o
the FS are expected to be closely related to the CDW in
bility. Therefore, we address the CDW mechanism
2H-NbSe2 in context of our theoretical results for the FS.

IV. CHARGE-DENSITY-WAVE MECHANISM

One of the key quantities in the theory of CDW instabi
ties is the wave-vector-dependent noninteracting electro
susceptibilityx0(q), describing the gain that can be achiev
in the one-electron band energy as a function of the w
vector q.28 For the 2H family of TMDC’s, two alternative
mechanisms have been proposed as to howx0(q) could be
enhanced nearqCDW , the wave vector of the observed CDW
Both of these rely on specific features of the electronic str
ture at or very close to the Fermi level. The well-know
‘‘nesting model’’ supposes that there are large parallel s
tions of the FS connected by the nesting vectorq0 leading to
a finite peak inx0(q) aroundq05qCDW . The height and
shape of this peak are functions of the size and radii of c
vature of the nested FS regions.12–14 In the second model
suggested by Rice and Scott,15 saddle points in a two-
dimensional conduction band lying within a distance
kBTCDW to the Fermi level are responsible for a logarithm
divergency inx0(q0), whereq05qCDW is now a wave vector
connecting two saddle points. In both models one expects
FS to be gapped in the vicinity of its critical sections, i.e., t
nested regions or the saddle points, respectively.

For the case of 2H-NbSe2, band-structure

FIG. 3. Fermi-surface mapping of the pancake-shaped struc
at theG point. We show the ARPES intensity at the Fermi lev
along theGK and GM directions ~a! of the Brillouin zone (hn
522.5 eV) and photoemission intensity atEF andki50 as a func-
tion of the photon energy~b!. The approximate extensions of th
Fermi-surface pocket are indicated by solid lines.
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calculations,7,9,10 including the one presented in this wor
predict two-dimensional saddle points in the Nb 4d-derived
conduction-band doublet, indeed, at about1

2 GK, but their
binding energies are rather high@;100 meV for the band
closer to the Fermi level according to our calculation~see
Fig. 1!#. The saddle-point behavior near1

2 GK has been con-
firmed by recent ARPES results, and the experimentally
termined binding energy of the saddle point in the high
conduction band even appears to be renormalized
,50 meV.8 Nevertheless, this energy is still large as co
pared tokBTCDW'3 meV. In addition, neither the distanc
between two saddle-points measured along theGM direction
of the BZ can account for the observed CDW, nor is a ba
energy lowering found around the saddle point in the CD
phase.8 Therefore, it is most likely that the saddle poi
mechanism can be ruled out as an explanation of the C
instability in 2H-NbSe2 on the basis of these results.

On the other hand, experimental results like those sho
in Fig. 2~a! could easily be misconstrued as showing that
CDW transition in 2H-NbSe2 is driven by a self-nesting o
the hexagonalGA-centered FS cylinder. Such an interpret
tion has to be contrasted with the fact, however, that both
size and the shape of this FS cylinder are not appropri
From Fig. 2~d! we can directly read offuq0u>0.80 Å21 as
an experimentallower limit and uq0u<1.20 Å21 as an ex-
perimental upper limit for the magnitude of the nesting ve
tor along theGM direction of the BZ.29 Our lower limit
value is quite far off from the experimentally observed val
of uqCDWu50.688 Å21. In addition, we find a considerabl
k' dispersion of the calculated FS cylinder, which does
yield the large parallel FS sheet necessary to produce a s
peak in the electronic susceptibility.

In order to examine the nesting behavior in more detail
Fig. 4 we show cuts of the calculated FS of 2H-NbSe2 for
constantk' at three differentk' values, and in each figure
we include the cut obtained at the samek' value that in-
cludes a translation by the absolute value of the obser
qCDW ~cf. Ref. 13! along theGM direction. Obviously, there
is hardly any contribution tox0(q) arising from self-nesting
of the GA-centered FS cylinder. Instead, the main contrib
tions are associated with the innerKH cylinder, which nests
with itself, as well as with its neighbor and with the innerGA
cylinder. Due to thek' dispersion of the FS’s, however, th
overall nesting appears to be weak. This was already no
earlier,12 and was quantitatively shown by calculations of t
electronic susceptibility revealing no pronounced peaks
rather a broad hump inx0(q) aroundqCDW .13,30 By sliding
two copies of the FS cuts shown in Fig. 4 relative to ea
other, one can easily see how a broad maximum inx0(q) can
occur, namely, because several FS features are brought
to nesting conditions in rapid succession. The important f
to note at this point is that the wave vector of the observ
CDW of 2H-NbSe2 is not simply related to the FS geomet
or, in other words, that the noninteractingelectronicsuscep-
tibility x0(q) is not solely the dominant factor governing th
CDW. Hence, for a comprehensive understanding of
CDW mechanism in 2H-NbSe2, detailed microscopic calcu
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lations explicitly including electron-lattice interactions see
to be necessary.

As a consequence, one should not expect too much f
drawing nesting vectors or from examining whether there

FIG. 4. Fermi-surface nesting for three different values ofk' :
~a! k'50, ~b! k'5p/2c, and~c! k'5p/c. In each case, the gre
Fermi surface cut is transfered by2

3 uGM u, i.e., by the magnitude o
the CDW wave vector, along theGM direction of the Brillouin
zone. Nesting regions, which become quite obvious in the fig
are marked by arrows.
B
n

un

rd
.:

T
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gaps opening up in the critical regions of the FS. The latte
anyway a critical task for 2H-NbSe2 because of the smal
energy scale defined by the low onset temperature of
CDW (kBTCDW'3 meV). In addition, resistivity4 and
heat-capacity5 measurements indicate that the decrease in
density of states at the Fermi level associated with CD
formation is only of the order of 1%.

V. CONCLUSIONS

Our ARPES data on the CDW system 2H-NbSe2 confirm
the existence of all FS sheets predicted by band theory
cluding a small pancake-shaped surface centered at thG
point. We find, in particular, that Nb 4d-related FS cylinders
centered at theGA and KH lines of the BZ are in good
correspondence with our fully relativisticab initio band-
structure calculation results. From the size and thek' depen-
dence of the calculated FS sheets, we conclude that the w
vector of the CDW in 2H-NbSe2 is not simply determined
by the FS geometry. The observed weak FS nesting ra
emphasizes the need for more detailed microscopic calc
tions including electron-phonon interactions to explain t
CDW instability adequately. The required microscop
theory must go beyond the calculations presented in R
13, 14, 30, and 31, where it has been shown that neither
electronic susceptibilityx0(q) nor theq dependence of the
electron-phonon matrix element can account for the obser
CDW wave vector.
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