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High-resolution angle-resolved photoemission investigation of the quasiparticle scattering process
in a model Fermi liquid: 1 T-TiTe2
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We present a combined angle-resolved photoemission spectroscopy and resistivity study of the model Fermi
liquid system 1T-TiTe2. From the analysis of the quasiparticle spectral line shape we identify and separately
evaluate the electron-electron, electron-phonon, and impurity scattering contributions to the quasiparticle life-
time. There is a clear correspondence between spectroscopic and transport data. A residual low-temperature
spectral linewidth (G0517 meV) indicates that the three-dimensional nature of the electronic states cannot be
neglected even in this quasi-two-dimensional material.
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I. INTRODUCTION

Angle-resolved photoemission spectroscopy~ARPES!
with high resolution is a momentum-selective probe of
low-energy quasiparticle~QP! excitations in solids.1 This ca-
pability has been thoroughly exploited in recent investig
tions of complex materials, including the high-Tc
cuprates,2–4 the giant magnetoresistance manganites,5 or cer-
tain classes of low-dimensional conductors,6 where correla-
tions shape ground states with peculiar properties. Cru
aspects of theoretical models of these systems have
addressed by ARPES, including the fundamental issue a
the nature—Fermi liquid~FL! vs marginal FL or Luttinger
liquid—of their normalstates. In principle, the spectroscop
data may discriminate between the conflicting scenarios,
cause of the close correspondence between ARPES sp
and the properties of the quasiparticles, embodied in
single-particle spectral functionA(k,v).7

In real experiments, however, perturbing effects beyo
an idealized description of ARPES, may affect the interp
tation of the data. Therefore it is important to develop a so
experimental base and a clear understanding of the spe
properties of materials that can be classified as Fermi liqu
based on their thermodynamic and transport properties,
reference for the more complex systems. Such ARPES in
tigations of standard metals verified some of the theoret
predictions, but also revealed unexpected complexities.8

Due to the kinematics of the photoemission process,
simple hole spectral response is not experimentally ac
sible in three-dimensional solids1,9 but it can be observed fo
two-dimensional ~2D! surface states, or quantum we
states.10 Layered compounds like the transition metal~TM!
dichalcogenides, which support quasi-2D states, are also
suited for QP line shape studies by ARPES.

Three main intrinsic phenomena influence the hole sp
trum probed by ARPES:~i! electron-electron (e-e); ~ii !
electron-phonon (e-ph) interactions; and~iii ! scattering by
0163-1829/2001/64~11!/115102~8!/$20.00 64 1151
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defects and impurities. Each of them limits the QP lifetim
and therefore contributes to the QP spectral linewidth. Fr
the intrinsic linewidth, which can be estimated from hig
resolution data, the various contributions may be identifi
exploiting their specific energy and temperature dep
dences.

Near the Fermi surface the contribution of electronic c
relations to the hole linewidth is small~a few meV in most
circumstances!. It exactly vanishes at the Fermi level, whe
the QP lifetime becomes infinite.11 Nevertheless, this term
has been identified in high-resolution ARPES spectra
1T-TiTe2,8 which could be described by an asymptotic F
model near the Fermi surface. Agreement between exp
ment and a more general FL expression was also claim
further away fromEF .12

Electron-phonon scattering is the predominant broaden
factor for the low-energy excitations in highly perfect sing
crystals. Its spectral consequences have been studie
ARPES on surface states13–19 and quantum well states,20 re-
vealing moderate to strong electron-phonon interactions.

Despite the vast literature on disorder in solids, little
known about the influence of disorder on the spectral pr
erties of the quasiparticles. Preliminary studies indicate
correlation between the ARPES line shape of surface st
and the presence of absorbates17 or the surface
morphology.21

We have studied by high-resolution ARPES pure and d
ordered specimens of the quasi-2D material 1T-TiTe2, which
has been identified as a model Fermi liquid system in rec
ARPES work.8,22–251T-TiTe2 exhibits normal metallic prop-
erties over a broad temperature range, a band structure
described by theory, and a simple Fermi surface. Moreo
atomically flat and ordered surfaces may be prepared ea
by cleavage in ultrahigh vacuum. All these characterist
make it an almost ideal material for a spectroscopic study
quasiparticle properties. Previous ARPES work on 1T-TiTe2
has clarified the overall electronic structure of this co
©2001 The American Physical Society02-1
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pound, and addressed the issue of electronic correlati
Here we present a comparative analysis of the various q
siparticle scattering mechanisms based on spectroscopic
resistivity data. In this investigation we take advantage of
unique possibility of creating controlled amounts of rando
point defects by electron irradiation.

We find that both the residual electrical resistivityr(T
50) and the spectral linewidth scale with the defect dens
The quasiparticle lifetime measured at the Fermi surface
ARPES is proportional to the relaxation time derived fro
transport experiments. From an analysis of the tempera
dependence of the spectral linewidth we also obtain an e
mate for the electron-phonon coupling parameterl. The
weak-coupling valuel50.22 is consistent with the absenc
of superconductivity or charge-density-wave~CDW! insta-
bilities. Our line shape analysis indicates a residual lo
temperature linewidth which cannot be accounted for by
hole scattering processes, and which we attribute to the fi
photoelectron lifetime. The observation of this broaden
mechanism, which would be absent in a strictly 2D syste
indicates the limits of a description of layered materials t
neglects the 3D coupling between planes.

II. EXPERIMENT

Single-crystal specimens of 1T-TiTe2 were grown by the
usual iodine vapor transport method. After an optimization
the growth parameters we obtained thick plaquettes w
typical dimensions 43430.2 mm3. Several samples chose
from a single batch were exposed to a 2.5 MeV elect
beam at the Laboratoire de Solides Irradie´s of the Ecole
Polythechnique. During the irradiation the samples were
mersed in liquid H2. Previous experiments on layered cha
cogenides have shown that electron irradiation creates
dom point defects in the metal planes by displacing the m
atoms from their equilibrium position.26 The defect concen
tration is proportional to the integrated flux expressed by
electron fluenceF t ~e cm22). The structural effects of grow
ing disorder were monitored by Bragg diffraction, whic
showed a progressive increase of the width of theu-2u rock-
ing curves, indicative of a reduced crystalline coheren
length.

We measured the in-plane and out-of-plane dc resistivi
in the 4–300 K temperature range by a standard four-p
method. We performed ARPES experiments in Lausa
with a Scienta SES-300 hemispherical analyzer and a
lamp (hn521.2 eV), and at the Swiss-French SU3 undu
tor beamline of the SuperAco storage ring~Orsay!. The
samples were mounted on a He flow cryostat, where
temperature could be varied between 300 K and 13 K,
cleavedin situ at the base pressure of 1310210 mbar. For
the high-resolution data presented here, the overall en
resolution was 8 meV, as determined from the metallic e
of a polycrystalline Au film. The accuracy of the Fermi lev
position was60.5 meV. The acceptance angle was60.5°
(Dk560.04 Å21) in the dispersive direction, and61° in
the perpendicular direction.
11510
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III. STRUCTURAL AND ELECTRONIC PROPERTIES
OF 1T-TiTe2

1T-TiTe2 exhibits a layered structure, typical of TM
dichalcogenides, where Ti atoms are confined in planes s
wiched between Te layers. Adjacent layers are separate
van der Waals gaps and interact weakly with each other.
crystal structure is 1T-CdI2 ~space groupD3d

3 ) with lattice
parametersa53.8 Å andc56.5 Å.27 Each metal atom is
surrounded by a distorted octahedron of anions with a tri
nally symmetric projection in the plane. The Brillouin zon
~BZ! has a threefold symmetry, with inequivalentGM and
GM 8 directions.

In a purely ionic picture the Te 5p bands would be full,
and the Ti 3d bands completely empty. The Ti 3d states are
split into t2g andeg manifolds, and thedz2 states are further
split off from thet2g manifold as a consequence of the trig
nal distortion. The partial overlap of these states with
Te 5p bands is responsible for the observed semimeta
behavior of 1T-TiTe2 . The Ti dz2 band forms electron pock
ets around theM andM 8 points, strongly stretched along th
GM direction.24

The electronic properties of 1T-TiTe2 are rather aniso-
tropic, and typical of a quasi-2D material. The electrical
sistivity is metallic and, unlike in other 2D TM dichalco
genides, it does not suggest the occurrence of CD
transitions.28 For our pristine samples, the room temperatu
in-plane resistivity was in the 100–120mV cm range. The
out-of-plane component was larger by a factor of 35–40, a
the anisotropy was almost temperature independent.

IV. THE ARPES LINE SHAPE

An ideal ARPES experiment measures, apart from dip
transition matrix elements, the momentum-dependent sin
particle spectral functionA(k,v):7

A~k,v!5
1

p

ImS~k,v!

@v2«~k!2ReS~k,v!#21@ ImS~k,v!#2
.

~1!

A(k,v) describes the removal of one particle~creation of
one hole! in the many-body system.«(k) contains the band
structure of the ideally noninteracting system, and all cor
lation effects are lumped into the self-energyS(k,v). S is
usually strongly energy dependent while thek dependence is
weaker and often neglected.S has a twofold effect: it renor-
malizes the dispersion relation«(k), and it introduces a finite
spectral linewidthG52ImS, which reflects the lifetime (t
5\/G) of the QP’s in the interacting system.

All scattering mechanisms~electron-electron, electron
phonon, electron-impurities! contribute toS. In a first ap-
proximation the three terms are additive:

S5Se-e1Se-ph1S imp . ~2!

Simple phase space considerations7 show that the electron
electron self-energySe-e must have the asymptotic form~for
v→0)
2-2
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HIGH-RESOLUTION ANGLE-RESOLVED . . . PHYSICAL REVIEW B64 115102
Se-e~v!5av1 ib@v21~pkBT!2#. ~3!

The temperature-dependent term is always very small
can be neglected with respect to thev2 and other
T-dependent terms~see below!. Further away from the Ferm
surface more general expressions, satisfying the caus
condition, have been proposed.12 In the following we will be
concerned with low-energy excitations, for which the simp
asymptotic expansion~3! is appropriate.

Lifetime broadening due to electron-phonon scattering
comes rapidly predominant with increasing temperature.
imaginary part of thee-ph self-energy is given by29

ImSe-ph~T,v!5pE
0

`

dna2F~n!@2n~n!1 f ~n1v!

1 f ~n2v!#. ~4!

Heren(v) and f (v) are, respectively, the Bose-Einstein a
the Fermi-Dirac ~FD! distributions, anda2F(v) is the
Eliashberg coupling function. Within the Debye mod
a2F(v)5l(v/Vm)2, and electron-phonon scattering
fully described by the coupling parameterl and the cutoff
frequencyVm of the phonon spectrum. Equivalently, at su
ficiently high temperature the scattering rate at the Fe
surface (v50) may be expressed as28

\/t5const1plkBT. ~5!

ImSe-ph has a quadratic~in 2D! v dependence forv
,Vm , and it is constant forv.Vm . ReSe-ph , which renor-
malizes the band dispersion, is appreciably different fr
zero only between 0 andVm . We have verifieda posteriori
~see below! that bothl and Vm are small in 1T-TiTe2. In
this case the choice ReSe-ph50 and ImSe-ph5ImS(0,T) is a
sufficient first approximation. Notice that this approximati
may not be valid in systems with strongere-ph interactions.

Scattering on impurities and crystalline defects genera
a linewidth proportional to the defect concentrationd. In a
mean-field approach30 and neglecting any possible energ
dependence for QP’s near the Fermi surface,

S imp5 iD imp~d!. ~6!

The analysis of the ARPES data must also take into acco
the fact that the spectrum is actually the convolution of
hole spectral function, represented byA(k,v), and the pho-
toelectron spectral function. Therefore, in general, the sp
tral linewidth also includes a term reflecting the finite ph
toelectron lifetime. As discussed below, this term vanishe
a two-dimensional system, and in this limit only the ho
lifetime contributes to the QP width.9

V. RESULTS AND DISCUSSION

A. Band dispersion and the electron-electron interaction

Figure 1 illustrates ARPES results for the pristine samp
measured atT513 K along theGM high-symmetry direc-
tion of the BZ, in a narrow region around the Fermi surfa
The spectra of 1T-TiTe2 are remarkable among other 2
materials for the large contrast between the narrow and
11510
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tense QP feature and the very weak background. Both
width and the intensity of the dispersing peak exhibit
strong angular dependence, consistent with
literature.8,23–25These variations reflect the dispersion of t
Ti dz2 band across the Fermi level, with a small negat
Fermi velocity. The sharp FD function (DE;5 meV) is
mainly responsible for the rapid reduction of the spect
linewidth as the peak disperses throughEF .

We have analyzed the results of Fig. 1 within the F
scenario illustrated in Sec. IV. The parameters of the FL
are the QP energy«(k) and the b coefficient of the
asymptotic expansion@Eq. ~3!# of the self-energy. All other
intrinsic broadening mechanisms~impurities, finite tempera-
ture, photoelectron broadening! were modeled by a constan
phenomenological termG0 in ImS. For eachk value, the
calculated spectral function was Gaussian broadened~full
width at half maximum of 8 meV! to simulate the experi-
mental energy resolution. Taking proper account of the fin
angular resolution is less straightforward. The usual pro
dure, which consists in adding a constant phenomenolog
energy broadening to the spectra, is ill defined, especi
when the band dispersion is anisotropic. Ideally, one sho
integrate the calculated spectrum over the acceptance an
window of the analyzer. We have implemented this pro
dure by modeling the shape of the constant energy conto
based on calculations and previous ARPES determination
the Fermi surface24 and on the local density approximatio
~LDA ! estimates of the Fermi velocities.8 The overall inten-
sity of the spectra was left free to vary, thus allowing f
matrix elements effects and experimental uncertainties in
normalization of the spectra.

FIG. 1. High-resolution ARPES spectra of 1T-TiTe2 measured
near the Fermi surface crossing along the high-symmetryGM di-
rection (u50 is normal emission!. The lines are the results o
Fermi liquid fits to the data with the parameters discussed in
text. The inset shows a portion of the Brillouin zone with the r
evant ellipsoidal electron pocket.
2-3
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L. PERFETTIet al. PHYSICAL REVIEW B 64 115102
Excellent fits to the measured spectra are obtained
G0517 meV, and for values of the parameterb varying
between 0.5 eV21 ~16°) and 0.9 eV21 ~14.5°). The experi-
mental spectra consistently exhibit some intensity above
FL fit in the leading edge nearEF . We attribute this small
discrepancy to valence band photoelectrons generated
higher-energy satellites of the HeI photon line, and to a
slight deviation from a Gaussian instrumental response of
analyzer. The QP dispersion«(k) obtained from the fit~Fig.
2! is essentially linear in the small angular range conside
~2°). The Fermi velocity\vF50.7360.1 eV Å matches
well the LDA value vLDA50.68 eV Å,8 and supports the
choice made in the evaluation of the angular integration.

The determination of the Fermi level crossing of a met
lic band from the ARPES data has become an increasin
important and debated issue. In the cuprates,2–4 for instance,
small differences in the shape and size of the Fermi sur
may be essential to distinguish between competing theo
cal models. Weak dispersing signals and, more importan
the lack of a precise knowledge of the spectral line sha
limit the accuracy of the analysis, and have generated str
controversies.31,32Even for a simple metal, the determinatio
of kF is not unambiguous. Specific properties of the m
sured QP peak—its width, binding energy, intensity—or
the momentum distribution functionn(k) deduced from the
ARPES data have been used as indicators of a Fermi l
crossing. The various methods are not equivalent. For
well-studied case of 1T-TiTe2 there is a rather large spread
the estimates ofkF from the various approaches, rangin
from 14.75° (0.53 Å21) ~Ref. 8! to 16.7° (0.59 Å21).25

From a linear interpolation of the data points of Fig. 2, w
determine a Fermi level crossing atkF515.4°60.5°. This
yields kF50.5560.02 Å21, in good agreement with the re
cent detailed analysis of temperature-dependent data
Gweon.23 The error bars include the estimated uncertain
of our analysis.

The tail on the low-kinetic energy side of the QP peak
a typical fingerprint of electronic correlations. The FL fit
quite sensitive to the intensity of this feature. The best
value b50.760.2 eV21 should be regarded as an upp
limit because the overlapping contribution of the~weak! in-
elastic background may still lead to overestimating the

FIG. 2. Quasiparticle binding energy obtained from the FL fit
the high-resolution data of Fig. 1. The Fermi wave vector is de
mined from the Fermi level crossing of the interpolated linear d
persion.
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trinsic tail, especially when the peak intensity is smallu
,15° in Fig. 1!. Even then, it is considerably smaller tha
b540 eV21 from Ref. 8, which is incompatible with a de
scription of the electrical resistivity of 1T-TiTe2 based on the
asymptotic form of the FL electron self-energy.28 We stress
the fact that the discrepancy is not in the quality of the
fits, which is quite comparable, but rather in the interpre
tion of the broadening terms. While our fitting procedu
allows for a constant contributionG0, the analysis of Ref. 8
interprets the whole linewidth in terms ofe-e scattering, thus
neglecting other mechanisms which may be predomin
near the Fermi surface.

More recently, Gweonet al.23 reported that the incompat
ibility between the transport data and largeb values may be
removed in a more general FL scenario.12 We notice, how-
ever, that smallerb values are supported by fundamen
considerations which set a limit on the maximum strength
the e-e interaction in a metal. This is expressed by the co
dition U,W, whereU is the on-site Coulomb repulsion an
W is the total~occupied plus unoccupied! bandwidth. Larger
values ofU would lead to a Coulomb correlation gap, and
~Mott-Hubbard! insulating ground state. Within the Born ap
proximation, the conditionU,W is equivalent to b
5pU2/(4W3),p/(4W).17 ReplacingW by the LDA band-
width ~0.8 eV! of 1T-TiTe2,8 we obtainb,1 eV21, which
agrees well withb50.7 from our line-shape analysis.

B. The temperature dependence of the quasiparticle lifetime

Scattering between electrons on the Fermi surface is
bidden, atT50, by Pauli’s principle. In these conditions,
only electron-electron and electron-phonon scattering p
cesses were active, the QP lifetime would be infinite. T
QP’s at the Fermi surface still acquire a finite lifetime, and
finite Lorentzian linewidth, through scattering by impuritie
and, at finite temperatures, by phonons. In this section
consider the temperature dependence of the QP lifeti
which reflects electron-phonon interactions, since impu
scattering is temperature independent, and theT-dependent
term in Se-e @Eq. ~3!# is always quite small.

Figure 3 shows ARPES data measured between 13 K
room temperature at theGM Fermi surface crossing of Fig
1. As expected, the spectrum is sharpest at the lowest
perature. The peak appears at a finite binding energy, ra
than atEF , due to the combined effects of the FD functio
and of the finite experimental resolution. With increasi
temperature the progressive broadening of the FD func
shifts spectral weight back towardEF . At the same time, the
peak intensity decreases, and the width increases due t
creasing electron-phonon scattering.

The temperature-dependent spectral linewidthG(T)—the
half width at half maximum~HWHM! of the underlying
Lorentzian line shape—decreases almost linearly from ro
temperature down to 70 K, and then saturates at low te
perature. This dependence is well reproduced by
electron-phonon self-energy@Eq. ~4!# plus a constant term
G0517 meV. The best agreement over the whole tempe
ture range~dashed line in Fig. 4! is obtained for ane-ph
coupling constantl50.22 and a Debye cutoff frequenc
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\Vm5kBQD520 meV. The smalll is consistent with the
absence of superconducting or CDW transitions in 1T-TiTe2
down to 1 K. On the other hand, neither thee-e nor thee-ph
scattering mechanisms, which vanish atT50, can account
for the residual low-temperature linewidth. ThereforeG0
must reflect contributions from impurity scattering and fro
other extrinsic effects, as discussed in a later section.

The temperature evolution of the spectral function is
lustrated in a direct way by Fig. 5. Following a procedu
that is now common in high-Tc work, each spectrum wa
symmetrized around the Fermi energy to remove the FD
off: I * (v)5I (v)1I (2v). Under the assumption o

FIG. 3. ARPES spectra of 1T-TiTe2 measured at the Fermi su
face at various temperatures. The lines are the result of a FL fit
a temperature-dependent self-energy describing electron-ph
scattering.

FIG. 4. Comparison of the temperature-dependent spectral
width G ~HWHM! ~open symbols! from Fig. 3, with the in-plane
electrical resistivityrab ~solid line!. The dashed line illustrates th
theoretical prediction for an electron-phonon coupling param
l50.22 plus a constant termG0517 meV. Notice the offset be
tween the two vertical scales.
11510
-

t-

electron-hole symmetry@A(kF ,v)5A(kF ,2v)#, which is
certainly satisfied near the Fermi surface,I * (v) is then sim-
ply proportional to A(k,v). Indeed, all the symmetrized
curves exhibit maxima exactly atEF , as expected for QP’s a
the Fermi surface. Having thus removed the FD cutoff,
temperature-dependent broadening and the saturation t
unvarying Lorentzian line shape below;60 K are quite evi-
dent ~notice the perfect overlap of the 13 K and 54
curves!.

It is instructive to compare the temperature dependenc
the spectral properties of the QP’s with a transport prope
like the electrical resistivity~Fig. 4!. The in-plane resistivity
rab(T) exhibits a typical metallic behavior and, apart fro
the offsetG0, the same temperature dependence as the
linewidth G. This is a strong indication that the transpo
relaxation timet* follows the spectroscopic lifetimet. In
other words, the transport properties of 1T-TiTe2 reflect the
scattering of the quasiparticles. The good agreement betw
the two quantities is remarkable, and perhaps surprising
two reasons:~i! t* is an averaged value over the who
Fermi surface, while our QP analysis is limited to a spec
point in k space;~ii ! small-angle scattering events, whic
limit the QP lifetime, have a small effect on the electric
resistivity. A more accurate sampling of the Fermi surfa
will be necessary to clarify this observation.

One should note that the agreement between spec
scopic and transport lifetimes is not limited to a trivi
rescaling of the two sets of data. Assuming a rigid-ion sc
tering potential, the resistivity and QP lifetime, are related
r5(4pG/Vp

2),28,29,33so that the ratioDr/DG determines the
plasma frequencyVp . From the data of Fig. 4 we obtai
\Vp51.160.1 eV. We are not aware of experimental me
surements of the plasma frequency in 1T-TiTe2, but our es-
timate is certainly in line with the plasma frequencies
other metallic TM dichalcogenides determined from optic
data.34

C. The spectral consequences of disorder

In this section we compare spectroscopic and resisti
data for pristine 1T-TiTe2, with data from irradiated sample

th
on

e-

r

FIG. 5. Symmetrized curves@ I * (v)5I 0(v)1I 0(2v)# ob-
tained from the Fermi surface ARPES spectra of Fig. 3, showing
thermal broadening of the QP peak. The maxima of the curves
at the Fermi level at all temperatures. Notice the overlap of the
K ~solid circles! and 54 K~dashed line! spectra.
2-5
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L. PERFETTIet al. PHYSICAL REVIEW B 64 115102
with increasing amounts of disorder. From the tabula
cross sections and from previous irradiation experiments
other layered TM dichalcogenides26 we estimate defect con
centrations in the 1023 to 1022 dpa~displacements per atom!
range in our irradiated samples@F t5(1.5–3.75
31019e cm22#. The effect of disorder on the resistivity i
clearly illustrated in Fig. 6. The slope of ther(T) curves
remains unchanged, indicating that neither the electr
phonon interaction nor the carrier concentration is affec
by disorder. The curves are rigidly shifted upward in t
more strongly irradiated samples. We conclude that the p
defects created by fast electron irradiation introduce a
sidual resistivityr0 proportional to the irradiation dose.

Disorder produces distinctive changes in the ARP
spectra. The spectra of the pristine sample and of an irr
ated crystal (F t53.7531019e cm22), both measured at 13
K at theGM Fermi surface crossing, are compared in Fig.
The broader QP peak of the disordered sample reflects
shorter QP lifetime. Once again, the effect can be quanti
by a FL analysis. The extractedG values, shown in Fig. 8
increase linearly from 17 meV in the pristine sample to
meV for the largest defect concentration. The similar dep
dence ofG and r0 on the amount of disorder confirms th
proportionality between the transport relaxation time and
QP lifetime.30

Two semiquantitative considerations support this conc
sion. The mean free path for QP scattering on the impuri

FIG. 6. Resistivity curves for pristine~bottom! and irradiated
1T-TiTe2 samples, with increasing amounts of disorder~expressed
by the electron fluenceF t). Notice the identical slopes and th
increasing residual resistivities.

FIG. 7. High-resolution spectra atk5kF of a pristine and an
irradiated (F t53.7531019e cm22) 1T-TiTe2 sample. The larger
spectral width indicates a shorter lifetime in the disordered sam
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is l 5tvF . From the differences in theG values of Fig. 8,
and the estimatedvF , we obtainl;100 Å for the sample
with the largest disorder.35 The mean free path can also b
expressed asl 5(a/d), wherea is a lattice parameter andd is
the density of scattering centers. Forl;100 Å and a
;3 Å we obtaind;331022 which is, within a factor of 2,
the estimated density of irradiation defects for this samp
Furthermore, the ratio (Dr/DG), where the variations are
now due to impurities, yields a plasma frequencyVp51.2
60.2 eV, which is in excellent agreement with the val
deduced from Fig. 4 in the different context of phonon sc
tering.

D. Finite photoelectron lifetime

The line shape analysis of the previous sections indic
the existence of a residual (G0517 meV) spectral linewidth
in the pristine samples. At the measurement temperatureT
513 K) both Se-e and Se-ph are very small atEF . Still,
their values at finite binding energies may affect the lin
width of a QP at the Fermi surface. The energy depende
of Se-e @Eq. ~3!# is explicitly included in the FL fit. We have
estimated the inaccuracy due to the simplifying assump
of a constantSe-ph , and found it to be negligible with re
spect toG0. Therefore we conclude that neither electro
electron nor electron-phonon scattering processes may
plain the residual linewidth. The possible role of impuriti
must be assessed more carefully. The residual resistivityr0
52 mV cm of the pristine sample is quite low, and mo
than one order of magnitude smaller thanr0 in the strongly
disordered crystal, where the contribution of defects to
total G is only ;8 meV. We conclude that bulk defects i
our pristine crystals can account for only a small part of
measured linewidth. We cannot exclude a larger concen
tion of surface defects, e.g., cleavage-induced defects, w
could influence the measured spectra, given the large sur
sensitivity of ARPES. This was observed for instance
high-resolution spectra of clean metal surfaces.36 We notice,
however, that various samples and cleaves consiste
yielded similar G0 values, suggesting that surface-relat
features do not represent the main contribution to the m
sured linewidth.

Another extrinsic broadening mechanism, typical of t
photoemission process, may provide an alternative expla
tion. The ARPES spectrum measures the hole spectral fue.

FIG. 8. Dependence on disorder~expressed by the electron flu
enceF t) of the spectral linewidthG and of the residual resistivity
r0.
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tion A(k,v) only in the 2D limit. In a more general case th
spectral linewidth has contributions both from the hole (Gh)
and the electron (Ge) scattering rates. At normal emissio
this is expressed by9

G5
Gh1~vh' /ve'!Ge

12~vh' /ve'!
, ~7!

wherevh' andve' are the perpendicular~to the sample sur-
face! components of the hole and photoelectron velociti
ThereforeG reduces toGh in the absence of perpendicula
dispersion (vh'50), i.e., in a purely 2D system. Previou
photoemission studies on noble metals37 yielded Ge50.07
3hn, wherehn is the photon energy. Using this value as
guideline, and free-electron final states for the photoelect
the measuredG yields vh'50.12 eV Å. By combining it
with the in-plane Fermi velocity\vF50.73 eV Å, we ob-
tain (vhi /vh')2537, which is very close to the measure
resistivity anisotropy, as expected from transport theor30

The small perpendicular Fermi velocity is consistent with t
calculated dispersion of the Tidz2 band, and with the
quasi-2D character of 1T-TiTe2. However, the line-shape
analysis of the high-resolution data clearly demonstrates
this term cannot be neglected when the QP properties
evaluated, and that in fact it becomes predominant at
temperature and near the Fermi surface.

VI. CONCLUSIONS

We exploited high-resolution ARPES and samples w
controlled amounts of bulk disorder to study the compet
11510
.

,

at
re

quasiparticle scattering mechanisms in the model FL syst
1T-TiTe2. A Fermi liquid line-shape analysis of temperatur
dependent ARPES spectra yields the fundamental parame
(b,l) describing the electron-electron and electron-phon
interactions in this material. The spectral properties of t
quasiparticles are consistent with the physical properties
1T-TiTe2, namely, the absence of superconducting
charge-density-wave instabilities. We find that the quasip
ticle lifetime derived from ARPES follows the transport re
laxation time, namely, we observed the parallel linear grow
of the spectroscopic and transport scattering rates in sam
with increasing densities of random point defects.

The FL analysis of the data indicates a residual QP lin
width G0;17 meV, which we attribute mainly to the con
tribution of the photoelectron lifetime. The three
dimensional character of the electronic states is clearly
negligible, and becomes the main source of spectral bro
ening near the Fermi surface and at low temperature. T
observation invites a systematic evaluation of the influen
of this term on the spectra of the complex and still poor
understood cuprates and layered CDW materials.
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Hüfner, Phys. Rev. B62, 1631~2000!.

20J.J. Paggel, T. Miller, and T.-C. Chiang, Phys. Rev. Lett.83, 1415
~1999!

21F. Theilmann, R. Matzdorf, and A. Goldmann, Surf. Sci.420, 33
~1999!.

22D.K.G. de Boer, C.F. van Bruggen, G.W. Bus, R. Coehoorn,
Haas, G.A. Sawatzky, H.W. Myron, D. Norman, and H. Pa
more, Phys. Rev. B29, 6797~1984!.

23G.-H. Gweon, Ph.D. thesis, University of Michigan~1999!.
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