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Random defects destroy long-range phase coherence, and inhibit the metal-insulator transition in the
charge density wave (CDW) systelif-TaS. Photoelectron spectroscopy with high resolution reveals
corresponding changes in the electronic structure. Core level spectra indicate a temperature-dependent
limited growth of commensurate CDW domains. Screening by free carriers from the domain boundaries
reduces the Coulomb repulsion in the ddand by~1/3, compared to pure samples, yielding a finite
spectral weight at the Fermi level. [S0031-9007(98)06833-1]

PACS numbers: 71.30.+h, 71.45.Lr, 73.20.Dx, 79.60.Bm

Metal-insulator (MI) transitions in two-dimensional by defects. We find spectroscopic evidences that defects
systems of correlated fermions are a subject of continulimit the size of the CDW domains in the NC phase. More
ing interest. Quasi-two-dimensional (quasi-2D) materialsimportantly, we find that disorder modifies the electronic
like the layered transition metal dichalcogenides, whichstates near the Fermi surface. Valence band spectra
exhibit broken symmetry ground states [1], can help usndicate that the electron-electron Coulomb interaction
understand the emergence of long range order in systenssrength is reduced by-1/3 in the disordered material.
dominated by strong local interactions. We present her@he system is frozen short of a Mott-Hubbard transition,
results onl17-TaS, a 2D system which offers a fasci- and the spectral weight at the chemical potential remains
nating example of Ml transition, where local interactions,finite at all temperatures.
long-range charge order, and defects are all important and 17-Ta$ single crystals were grown in fused silica am-
interrelated. poules by halogen chemical-vapor transport, from high-

1T-TaS presents a modulation of the electronic den-purity Ta wire (Alpha 99.997%) and vacuum-resublimed
sity, or charge density wave (CDW) which, depending onsulfur (Atomenergic 99.9999%). We used JGls trans-
temperature, is incommensurate (IC), nearly commensiport agent, and a gradient of 700-650 C. Crystals grow
rate (NC), or commensurate (C), with the underlying lat-as yellow-metallic platelets in the cooler zone of the
tice [1]. In the NC phase, stable at room temperature, th&urnace, in 10-14 days. The crystals obtained by this
CDW forms a hexagonal array of commensurate domainprocedure, which does not require quenching from high
with typical size of 60 A. The domains are separated bytemperature [11], exhibit the 1T polytype, and are consid-
domain walls, or discommensurations, where the CDWerably thicker (up to 2 mm) than those obtained by using
phase changes rapidly [2—4]. At lower temperature théodine as a transport agent. They present a clear first order
CDW locks-in to the lattice via a first order transition to a NC-C transition at 160 K, with a characteristic hysteresis.
commensurate (GY13x /13 phase. At the transition, the By using less pure Ta (Alpha 99.98%-Niobium 50 ppm),
in-plane resistivity increases by 1 order of magnitude, andnd the same nominal growth conditions, we obtained 1T
the whole Fermi surface is disrupted [5]. This major re-samples (hereafter disordered-fa® d-TaS) which did
arrangement of the electronic structure is now understoodot exhibit the NC-C transition [11]. The stoichiome-
as a Mott-Hubbard localization, triggered by the NC-Ctries of the two kinds of samples, measured by microprobe
transition [6]. analysis, were identical within the sensitivity of the tech-

Experiments on alloys [7] and on irradiated samplesnique <1000 ppm.

[8], as well as theoretical considerations [9], indicate We performed high-resolution core level and angle-
that disorder has a strong influence on the properties aksolved (ARPES) photoemission measurements at the
1T-TaS. Defects and impurities act as pinning centersFranco-Swiss SU3 undulator beam line of the Super-
for the CDW [10], and failure to establish long-range Aco storage ring, in Orsay, and at the Wisconsin Syn-
order inhibits the NC-C and Mott-Hubbard transitions. chrotron Radiation Center. The samples were cleaved at
But what is the effect on the electronic structure? Wea base pressure df X 1070 torr, and their temperature
addressed this question by high-resolution photoelectrooould be varied between RT and 85 K. We used low-
spectroscopy, comparing pure samplesi@tTaS with  energy electron diffraction (LEED) to verify the sample
samples where the MI transition had been suppressearientation, and the CDW superstructure. Photoelectrons
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were analyzed by a 150 mm mean-radius hemispheriigh-symmetryl'M direction. In the NC phase, the Ta
cal electrostatic analyzer. The total energy resolutionis,:—,. band [13] disperses upwards from th point
(electrons+ photons) was 60 meV for the core level and and crosses the Fermi level atl /3 of the I'M distance.
30 meV for the valence band spectra, and the angulaVeakly dispersing states also appear né&ar around
resolution wasAg = 2°. the I' point. The observed blurring of the band can be

Figure 1 compares the in-plane resistivity of represenattributed to the finite domain size. In the C phase, under
tative Tag andd-TaS crystals. The data for the pure the influence of the CDW potential, the band splits into
sample are consistent with the literature [5]. The jump athree subbands [6,13], which can be identified in the
the NC-C transition is entirely suppresseddiTaS, and  intensity plot. According to the model of Tosatti and
the resistivity is that of a disordered semimetal. The RTFazekas (TF), electronic correlations further split the half
value is close to that of the pure sample, but large differfilled narrow subband straddling the Fermi level, and yield
ences are observed at low temperature, in close analo@n insulating ground state. The flat lower Hubbard band
with data on doped or irradiated samples [7,8]. (LHB), is well visible aroundI’ at a binding energy of

Transmission electron microscopy (TEM) measure-0.19 eV [16].
ments on very thin flakes cleaved from the same crys- The MI transition is closely linked to the growth of the
tals show corresponding differences in the structure an@ domains, in the NC phase, as temperature is reduced.
morphology of the two samples. We collected selectedCore level spectra provide information on the domain
area electron diffraction (SAED) patterns between 39G&ize, complementary to structural techniques [3]. The Ta
and 120 K. We observed sharp IC-NC (aB50 K) and  4f binding energy is sensitive to the local charge density
NC-C transitions in pure TaS The disordered sample, at Ta sites, which is modulated by the CDW [12,17-19].
on the other hand, showed only a gradual transition fronin the IC phase® > 350 K), all Ta sites are inequiva-
the IC to the NC phase, and the SAED pattern of thdent, and the spectral line shape is simply broadened. The
NC was still visible at 120 K, indicating a lower degree C phase has only three inequivalent Ta sites, with occupa-
of phase coherence ih TaS. The bright field images of tion 6:6:1, and thetf levels are split into well separated
Fig. 2 suggest a possible cause for these differences. Bogublevels (only two are readily identified). In the interme-
crystals show an extended dislocation network with rathediate NC phase, the splitting is incomplete, reflecting the
straight dislocations, separated by sevdfalum, which  relative size of the commensurate domains and domain
we attribute to deformations induced by the TEM sampleboundaries. In Fig. 4, the progressive splitting of the Ta
preparation. Ind-TaS, however, additional intrinsic de- 4f7/, line in the pure sample (and of its spin-orbit partner,
fects appear as slightly wavy or bent weaker contrashot shown), follows the domain growth. Because of the
lines, with a typical separation of 0.2 ®©5 um. Simi- large hysteresis of the transition [5], the spectrum mea-
lar defect structures are absent from pure;Ta®he data sured at 190 K upon cooling or heating from the C phase
indicate that these additional defects may stabilize the N@o not coincide.
phase ind-TaS, preventing the metal-insulator transition. The 300 and 190 K T&f spectra of the disordered

Previous ARPES experiments have shown that theample are identical to those of TaSuggesting similar
NC-C transition is accompanied by characteristic changedomain sizes in the two samples. The splitting increases
of the electronic structure near the Fermi surface [12—15]at lower temperature, but it remains incomplete even at
Our data on the pure sample are consistent with thos80 K, indicating the absence of long-range order. Spectra
results. The intensity plots of Fig. 3, obtained from themeasured at 190 K upon cooling and upon heating are
raw ARPES data, outline the electronic bands along th@ow identical, since the hysteresis has disappeared with

the lock-in transition.
The main result of our investigation of the influence of

0.15" ' I - 1 - disorder on the MI transition is illustrated by the valence
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FIG. 1. In-plane resistivity of pure (solid symbols) and disor-
dered17-Ta$S (line). The first order Ml transition in the pure FIG. 2. Bright field TEM images of the pure (a) and disor-
sample occurs at the NC-C transition, and presents a large hydered (b) samples of Fig. 1, showing a much denser dislocation
teresis. The transition is completely suppressed-iraS. network in thed-TaS crystal.
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FIG. 3. ARPES intensity plots ol 7-TaS along the high o
symmetryI'M direction. In the NC phaseT(= 250 K, left)
a single dispersing band of Té& symmetry is observed. In
the C phaseT( = 90 K, right) the Tad band splits into three
subbands (marked by arrows), and a correlation gap opens
around thel point.
band spectra of Fig. 4. Well into the NC phase, the | | 140
line shapes of pure and-TaS are identical. There is ' '
.7 . . . 32 33 32 33
emission atEr, from the flat quasiparticle band seen in N
Fig. 3. However, the spectra of the two samples are Kinetic Energy (eV)

considerably different at lower temperature. The spectrunfIG. 4. Bottom: Temperature dependence of the 4Fay,
of the pure sample is dominated by a sharp feature aiore lines fr = 60 eV) in pure (left) and disorderetll’-TaS
0.19 eV, associated with the lower Hubbard subband(right). The line splitting reflects inequivalent Ta sites in the

; ; ; ; DW state. The incomplete splitting indicates smaller domain
and the intensity aE is extremely small, reflecting the sizesd-TaS. A Shirley background has been subtracted from

correlation gap in the C phase [15]. The 90 K spectruMpe raw data. Top: = High resolution valence band spectra
of d-Ta$ is intermediate between the high- and the low-(1» = 20 eV) of pure andd-Ta$ at thel point.

temperature spectra of TaSThe momentum dependence
of the weak peak at 0.13 eV (not shown) follows that of
the LHB of Fig. 3. The intensity aky is reduced from
the high temperature spectrum, but only b§0%. impossible to disentangle the effects of long range CDW
According to TF, the commensurate domains and therder and Coulomb interaction. A comparison with the
discommensurations play very different roles. Within thedisordered sample provides now this opportunity.
C domains, thael manifold splits under the influence of  Defects, with their random pinning action, freeze the do-
the CDW potential, favoring the opening of a correlationmain structure and prevent the incipient transition. The
gap in the topmost subband. However, the transitiorspectral properties of this frustrated state are intermediate
cannot occur as long as free carriers, available from theetween the high-temperature metal, and the correlated in-
domain boundaries, can sufficiently screen the electronsulator. Free electrons available at the domain boundaries
electron interaction within the narrow subband. Thepartially screen the-e interaction, and the splitting of the
number of free carriers steadily decreases as the domaitgpmostd-band is reduced. From the ARPES spectra we
grow in the NC phase [3]. In the pure sample, possiblycan determine quantitatively this effect. The binding en-
due to the increasing rigidity of the CDW and/or to ergy of the ARPES peak is proportional 8§ and proba-
the larger interplane coupling, the discommensurationsly close toU /2, since tunneling spectroscopy data show
are suddenly expelled from the sample at the lock-irsymmetric features arounflr [20]. For our disordered
transition. Screening is abruptly reduced, and the  sample we obtai/ ~ 0.25 eV, or only~2/3 of U in the
Coulomb interaction strengthl exceeds the critical value insulating phase. Because of the random distribution of
for the Mott-Hubbard transition [6]. The fingerprints defects, it is unlikely that all domains will have exactly the
of these temperature-dependent modifications have beeame size. The degree of commensuration and the strength
directly observed in high-resolution ARPES experimentsof the screened Coulomb interaction will somewhat vary
[14,15]. However, just from the spectra of pure TaGis  from domain to domain. Therefore, tligvalue obtained
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