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Anisotropic electrodynamics of layered metal 2H -NbSe2
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We have performed both in-plane and out-of-plane infrared reflectance measurements on the layered metal
2H-NbSe2, in a broad frequency and temperature range. The electrodynamic response for both polarizations is
characterized by a well-defined Drude-like absorption. The absolute values of the in-plane scattering rate are in
accord with what is expected from Landau’s Fermi-liquid theory, despite the fact that the functional form of
1/tab(v) differs from canonicalv2-dependence. Analysis of the scattering rate tensor is suggestive of strong
anisotropy of the electron-phonon coupling constant.
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Transition metal dichalcogenides 2H-TMX2, with TM
5Nb, Ta, Ti, Mo, etc. and X5S, Se, Te have been a subje
of continued interest because of a variety of different grou
states these systems reveal depending onTM and X.1 Re-
newed attention to superconducting dichalcogenides suc
2H-NbSe2, 2H-TaS2, and 2H-NbS2 comes from their simi-
larity with high transition temperature superconducto
~cuprates!.2–7 In both classes of materials layered structu
gives rise to highly anisotropic physical properties, bo
above and below the superconducting transition tempera
Tc . Unlike cuprates, whose interlayer c-axis transport
highly incoherent,8 2H-NbSe2 is believed to be a canonica
example of a layered metal with a cylindrical Fermi surfa
and coherent interplane transport.9 Infrared studies of its con
ductivity tensor presented here indeed confirm the existe
of well-defined quasiparticles. However, the power law
the frequency dependence of the scattering rate 1/t(v) is
different from a Landau Fermi liquid~LFL! v2 form. Analy-
sis of anisotropic carrier dynamics unveils significa
electron-phonon contribution to the inelastic scatter
processes.

High quality single crystals of 2H-NbSe2 were grown at
Lucent Technologies, using iodine vapor transport.10 The in-
set of Fig. 1 shows the temperature dependence of the
plane DC resistivityrDC . The resistivity is monotonic and
approximately linear in T, with the onset of superconduct
ity around Tc57.2 K. The residual resistivity ratio
r(300K)/r(Tc)'30 is comparable with previous reports f
the best available samples.9 At 33 K 2H-NbSe2 undergoes a
second-order phase transition to an incommensurate ch
density wave~CDW! state.11 The transport properties ar
only weakly affected by the CDW transition. The CDW in
commensurability decreases with temperature but never
ishes, and below Tc57.2 K superconducting and CDW
states coexist.

The electronic structure and charge dynamics of 2
NbSe2 have been studied using polarized infrared reflecta
spectroscopy and optical ellipsometry. Our experimen
setup for spectroscopy of microcrystals12 allowed us to mea-
sure the far-infrared part of the spectrum. Near-norm
incidence reflectanceR(v) of 2H-NbSe2 single crystals was
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obtained in the frequency range between 30–20 000 cm21 ~3
meV - 2.5 eV!. We emphasize that all measurements w
performed on fresh, as-grown surfaces, which rules out
trinsic effects due to polishing. The complex conductiv
s(v)5s1(v)1 is2(v) was inferred from R(v) using
Kramers-Kronig ~KK ! analysis. Reflectance measureme
were supplemented by spectroscopic ellipsometry, perform
in the frequency range 5 000–36 000 cm21 ~0.5–4 eV!. El-
lipsometry measurements directly yield both the real a
imaginary parts of the optical constants without the need
KK analysis. Excellent agreement between reflectance
ellipsometric data in the overlapping region~5 000–20 000

FIG. 1. Top panel: Reflectance spectra on 2H-NbSe2 at 10 K
and 300 K for the out-of-plane polarization~electric-field vector
oriented perpendicular to the planesEic). Bottom panel: the spectra
for the in-plane polarization~electric-field vector parallel to the
planesEiab). The overall shape of reflectance is metallic for bo
directions. The arrows point to an infrared-active phonon an
low-lying electronic excitation~see text!. The inset shows the tem
perature dependence of the in-plane resistivityrDC .
©2001 The American Physical Society03-1
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cm21) indicates that our KK analysis is reliable.
The top panel of Fig. 1 shows the out-of-plane~electric-

field vector oriented perpendicular to the planesEic) and
the bottom panel shows the in-plane~electric-field vector
parallel to the planesEiab) reflectivity data. Only 300 K
and 10 K curves are displayed for clarity. Note that the m
sured frequency interval extends below the CDW g
DCDW535 meV'280 cm21 obtained by tunneling
experiments.13 The overall behavior ofR(v) is metallic in
both directions, with clearly defined plasma edges aro
8 000 cm21. The anisotropy in reflectance persists up to ve
high frequencies, consistent with earlier reports.14

The real part of the optical conductivitys1(v) for both
polarizations is shown in Fig. 2. The conductivity is metall
characterized by a zero-energy peak that narrows with
creasing temperature. Several interband transitions can
identified in the range between 10 000–40 000 cm21 ~see
Ref. 14 for detailed analysis of interband absorption!. We
also note that the absolute values ofs1(v) in the regionv
→0 are typically an order of magnitude higher for the i
plane direction. No qualitatively new features, in particu
no signs of a gap~i.e., suppression of conductivity at som
finite frequency!, can be observed atT,TCDW . However,
this is not unexpected for a two-dimensional CDW mater
such as 2H-NbSe2. In one-dimensional systems Ferm
surface nesting is perfect, and as a result the CDW instab
almost inevitably leads to the opening of a complete gap
the density of states.15 However in 2D perfect nesting is n
longer possible,15 resulting in a CDW gap that affects only
small portion of the Fermi surface.13,16A similar conclusion
has been reached for 2H-TaSe2 ~Ref. 2!, even though the

FIG. 2. Real part of the optical conductivity for both out-o
plane ~top panel! and in-plane~bottom panel! directions, as ob-
tained from KK analysis of the reflectance, at different tempe
tures. Thick lines are used for the measured frequency region
thin ones for the extrapolated region. The inset showss1(v) for the
out-of-plane direction on a linear scale. The gray line is the Lore
zian oscillator representation of the 220 meV feature.
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CDW instability seems to have a stronger impact on the e
tronic properties in this system, as indicated by a sharp d
in the resistivity belowTCDW .

In addition to the smooth electronic background the o
of-plane optical conductivity reveals a well-defined exci
tion at v'1 800 cm21'220 meV ~see inset of Fig. 2!.
This feature may be related to a broad peak detected in p
toemission spectra at the same energy and assigned to s
points.3,17 A similar structure is also observed in the optic
spectra of 2H-TaSe2 at a somewhat higher frequency.5 An
infrared-active phonon polarized in the out-of-plane dire
tion can also be seen in the spectra at 288 cm21, with no
detectable temperature shifts.

Although the optical conductivity is metallic for both po
larizations, a more detailed examination ofs1(v) suggests
that its frequency dependence differs from the Lorentz
form prescribed by the Drude theory. Experimentally the
deviations are best resolved within the so-called ‘‘extende
Drude formalism.18,19 In this approach one inverts the Drud
formula to determine the frequency dependence of the s
tering rate:

1

t~v!
5

vp
2

4p
ReF 1

s~v!G . ~1!

In Eq. ~1! the plasma frequencyvp5A4pne2/m* (n is the
carrier density andm* their effective mass! can be obtained
from the integration of the optical conductivitys1(v) up
to the frequency corresponding to the onset of interband
sorption:

vp
258E

0

W

s1~v!dv. ~2!

For both polarizations W'8 000 cm21. From Eq.~2! the
following values of the plasma frequency are obtained:vp

ab

521 880 cm21 andvp
c59 760 cm21 ~Ref. 20!. These val-

ues of plasma frequency determine the anisotropy of
effective-mass tensormc* /mab* '5.

The top panel of Fig. 3 shows the results of the scatter
rate analysis@Eq. ~1!# for the out-of-plane direction. At low
temperature we observe a characteristic suppression
1/tc(v) below ;300 cm21. Above 300 cm21 the scatter-
ing rate 1/tc(v) saturates to a constant value. At higher te
perature the low-energy feature in the 1/tc(v) spectrum
smears out. One can also notice an offset between the 1
and 300 K spectra that is nearly constant atv.300 cm21.
All these effects are consistent with the behavior of the sc
tering rate expected within the electron-phonon coupl
theory.18,21–23Further support for the latter claim comes fro
the Eliashberg analysis of the 1/t(v) data using the spectra
function a2F(v) from Ref. 24. Within this model the fre
quency dependent scattering rate is expressed as:21

1

t~v!
5

2p

v E
0

`

dV~v2V!a2F~V!1
1

t imp
, ~3!
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where 1/t imp is the impurity scattering. The best fit~dashed
gray line in Fig. 3! is obtained if the electron-phonon co
pling constantsl52*0

`dva2F(v)/v'1.59 is used.
The bottom panel of Fig. 3 shows the in-plane scatter

rate 1/tab(v). One notices similarities, but also some impo
tant differences with the data for the out-of-plane directi
1/tab(v) is also suppressed below;300 cm21 ~Ref. 25!,
but does not saturate at higher frequencies. These find
indicate that the Eliashberg theory alone is insufficient
quantitatively describe the in-plane data. Because
electron-phonon contribution to 1/tab(v) ~dashed gray line!
tends to saturate above the cut-off frequency of the pho
density of states, an additional component, approxima
linear in frequency~dotted gray line! has to be added to
successfully fit the data. The full gray line is the sum
linear and electron-phonon contribution forlab50.53.
Therefore this analysis indicates that the contribution of
electron-phonon interaction is weaker in the planes. The
isotropy of l is known to originate from correlations be
tween the electron group velocity and the electron-pho
matrix elements@see Eq.~10! in Ref. 26#. Based on the
Fermi-surface topology of 2H-NbSe2 ~Ref. 9!, the large an-
isotropy ofl is therefore not unexpected.

A similar linear component in the in-plane scattering r
has also been found in other 2D conductors, including

FIG. 3. The scattering rates 1/t(v) calculated from Eq.~1!, and
fits ~gray lines! based on the electron-phonon spectral function@Eq.
~3!#. For 1/tab(v) a component linear in frequency must be add
~see text!.
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TaSe2 ~Refs. 2,4!, graphite27 and a number of cuprates.18 The
linear scattering rate deviates from the electron-electron L
form 1/t(v);v2 observed in simple 3D metals, such
cerium,28 molybdenum,29 and chromium.30,31 However theo-
retical calculations32,33 indicate that a quasi-2D electron ga
is expected to show 1/t(v);v dependence. The importan
difference between 2H-NbSe2 and cuprates is the absolu
values of 1/tab(v). As can be seen from Fig. 3 in 2H-NbSe2
at 10 K 1/tab(v) is always smaller that the correspondin
energy: 1/tab(v)<v. Small absolute values of 1/tab(v) im-
ply that the quasiparticles in 2H-NbSe2 are well defined, i.e.,
their lifetime is sufficiently long so that they can propaga
coherently many interatomic distances both along and ac
the layers. Estimates based on both 3D and 2D free-elec
gas give the in-plane mean-free-path of;100 Å . A 3D es-
timate for the out-of-plane mean free path gives;20 Å .
The latter result is in full accord with
de Haas-van Alphen measurements9 that found a 3D Fermi
surface in 2H-NbSe2.

Finally, infrared studies of the electrodynamic response
2H-NbSe2 allow us to comment on the origins of anisotrop
in the DC transport in this system.34 Quick inspection of Fig.
2 signals that both plasma frequencyvp ~area unders1(v)
curve! and carrier scattering rate 1/t ~the width of zero-
energy peak! contribute to the DC anisotropy. In the D
limit ( v→0) room-temperature out-of-plane scattering r
1/tc(v→0)51 050 cm21 is ;2.45 times greater35 than in
the plane 1/tab(v→0)5430 cm21. From the Drude for-
mula sDC5vp

2t/4p it follows that in the zero-frequency
limit v→0:

sab

sc
5S vp

ab

vp
c D 2

tab

tc
'12, ~4!

in full agreement with the room-temperature data. At lo
temperature the anisotropy stays roughly the same.

In conclusion, the results on the electrodynamic respo
on 2H-NbSe2 presented here are suggestive of an anisotro
electron-phonon coupling constant. The in-plane scatte
rate is found to be in the Landau Fermi liquid regime, in
cating the existence of well-defined quasiparticles. Simila
other 2D conductors, the frequency dependence of 1/t(v) in
2H-NbSe2 reveals significant linear contribution. Both th
plasma frequency and the scattering rate are found to
tribute to the anisotropy of the DC resistivity.
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