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ABSTRACT

Angle and temperature dependent photoelectron spectra with high energy and momentum resolution
(AE = 30meV, Af < +0.5°) were taken near the Fermi energy (Ebs < 1eV) of the quasi-two-dimensional,
metallic layer compound TiTeg along the direction TM . The aim was to test the range of the validity of
the Fermi liquid model using a Taylor expansion for the self-energy used by Claessen et al. [1] for a system
whose low energy properties are those of a normal metal. Single crystalline samples have been prepared by
vapor growth technique using different amounts of Te in order to influence the intercalation of surplus Ti.
We found a dependence of the dispersion of the Ti-3d,a2-derived band on the stoichiometry of the samples.
For an exact line shape analysis the spectra were fitted by a least-squares-method to a Fermi-liquid-type
spectral function taking into account the crucial effects due to the apparatus, as there are the energy
resolution and finite angle resolution which leads to a limited integration in k-space. In the region where
the Ti-3d,2-derived band crosses the Fermi level we found excellent agreement between the experimental
line shape and the Fermi liquid model. On the other hand there are distinct deviations between the
theoretical and the experimental line shape at the Brillouin zone boundary even for a self-energy proposed

by Matho [2] without Taylor expansion.

1 Introduction

Angle Resolved Photoemission Spectroscopy
(ARPES) is a powerful tool to investigate the oc-
cupied band structure of condensed matter. For
this purpose usually only the energy positions of
the emission maxima in the experimental spectra
are used. However, much information of the pho-
toemission spectra — especially the line shape of
the peaks — are ignored, if only the band struc-
ture is derived.

In this work we deal with an already well known
system 1T-TiTes [3] in order to test the appli-
cation of line shape analysis to photoemission
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spectta in a relatively simple case. The results
of such an analysis may give a deeper insight
In many particle interactions (such as electron-
electron correlation etc.). Further applications
of this method could also be of great interest in
the study of HTSC’s. Performing a line shape
analysis we have to distinguish between intrinsic
effects of the sample and effects due to the ap-
paratus. Only if we have a good knowledge of
the latter effects a line shape analysis can give us
correct insight into physical processes in the sam-
ple. Additionally a well defined spectrum of the
sample is required which should contain if possi-
ble clearly identified single peaks with neglegible
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inelastic background. Finally a theoretical based
model-function describing the measured feature
1S necessary.

The two-dimensional layered transition metal
dichalcogenide TiTe, satisfies the mentioned con-
ditions. We examined the strong emission of
the Ti-3d,>-derived band along the TM direction
which crosses the Fermi energy and fully disap-
pears for angles # < 12°. The behaviour of this
peak near the Fermi energy depends weakly, but
noticeably on the stoichiometry of the investi-
gated sample. We carried out several measure-
ments that showed this.

TiTe, differs from the other transition metal
dichalchogenides because no CDW/PLD induced
phase transitions occur. Moreover the clear sep-
aration of d- and p-bands allows a line shape
analysis of the Ti-3d,2-peak. Regarding resis-
tivity measurements [4] the conduction electrons
of TiTes show the same behaviour as found for
quasiparticle excitations combined with phonons
in a normal metal. The temperature dependence
of resistivity is linear in the range from room tem-
perature down to 60K. Between 60K and 10K
there is a dependence like «T5 as expected for
electron-phonon scattering in a Fermi hquid.

2 Theoretical Aspects

Within the usually applied three step model of
photoemission and using the sudden approxima-
tion, the ARPES signal is proportional to the
product of the transition matrix element, the
spectral function A(]_c',w), and the Fermi-Dirac-
distribution fr(w). However, going beyond this
simple description there are additional compli-
cations that might affect the photoemission line
shape. For example, in the more comprehen-
sive one-step theory it is shown that the lifetime
of the photoelectron adds to the total ARPES
linewidth. Since the final-state energy width is
mixed in with a weight factor vy fv.., where
var and ve, denote the band velocities of the
photohole and the photoelectron perpendicular to
the surface, the effect of the final electron state
broadening is sufficiently suppressed for quasi-
two-dimensional systems, where vn) < vey [5].
That is the reason why detailed line shape studies
in the way mentioned above can best be per-

formed on layered systems like TiTe; or HTSC’s
or - provided that the intensity is high enough - on
surface states. Finally scattering processes at sur-
face imperfections and diffraction of the cutgoing
photoelectrons can influence the photoemission
spectrum and its line shape. Only if all these
mentioned effects are small enough the ARPES
signal can be taken to be representative of the
electron removal spectrum.

The spectral function A(i? ,w) itself is given by

AR, w) = %Im(G(ic',w)) 1)

G(k,w) is the Green’s function of the interacting
electron system. The one-particle Green’s func-
tion is given by

1

G E,w = ——————
() w— e — D(k,w)

(2)

where ¢; denotes the free-particle energy of the
non interacting system. X(k,w) describes the
complex self-energy containing all contributions
due to electron-electron interactions. In this pa-
per we describe the experimental consequences
for two different types of self-energies. For
a three-dimensional Fermi liquid one normall
finds a 2nd-order Taylor expansion for the k-
independent self-energy [6] in the form

o(w) = aw 4+ ifw? (3)

Using this self-energy the Fermi liquid spectral
function is given by

o ﬂlw2
Ak, w) @)= “4)
with €, = 2-¢; and #' = 2. Figure 1 shows

this spectral function for various values of e;. For
¢x = 0 a delta-peak indicating the infinite lifetime
of quasiparticles at the Fermi surface is cbtained.
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Fig. 1: Spectral-function of Fermi liquid model used
by Claessen et al. [1].

However, since the approximation for the self-
energy is valid only for small values of w the re-
sulting spectral function is enly correct in the di-
rect neighbourhood of the Fermi energy. Espe-
cially for w > 1/’ Matho [2] shows in his com-
ment on the work by Claessen et al. [1] that the
used self-energy produces an incorrect propaga-
tor with a pole in the physical sheet leading to a
violation of the fermionic sumrule, Matho points
out that the Taylor expansion of the self-energy
corresponds to a Green’s function on the Fermi
surface (kK = kr) in the form

- _ZF
k ==
G(kr,w) =
with Zp = —— and wy = —+. The two sum-

l—o
mands in this Green’s function describe the quasi-

particle peak and the elastic but incoherent back-
ground due to quasiparticle excitations, respec-
tively. For the quasiparticle peak one obtains the
correct weight Zr but the weight —Zp for the
background is quite unphysical. For that reason
Matho suggests a more correct propagator on the
Fermi surface of the form
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Fig. 2: Spectral-function of Fermi liquid model pro-
posed by Matho [2].

(Q Zr) (6)
(w -Ww 1)

This propagator models the low energy spectrum
of weight Q (consisting of the quasiparticle weight
Zr and the low-lying incoherent excitations), be-
ing separated from the high-energy incoherent
excitations such as plasmon or Hubbard satel-
lites which have to be taken into consideration
by other additive terms in the propagator. The
imaginary part of wy is given by

The real part of wy shifts the energy posltion of
the incoherent background. In this paper we deal
with @ = 1 and Re(wy) = 0 only. Starting with
the new Green’s function on the Fermi surface
one obtains the self-energy from the equation

1
G(E: k;‘,w)

G(kp,w) =

Im({w,) = —

Y(w) =

Inserting this in (2) and (1) yields the spec-
tral function A(k,w). The analytical form of
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A(K,w) in this case is rather complicated but it
can be easily calculated numerically. Figure 2
shows in comparison to figure 1 the spectral func-
tion obtained for different values ¢, for the self-
energy proposed by Matho. For ¢ = 0 there
is again a delta-peak, but note the strong de-
viations of the line shape especially for higher
values of the peak binding energy ¢r. Be-
side the variation in the line shape the max-
imum of the spectral function lies at different
energy positions when compared with figure 1.
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Fig. 3: Energy position of the maxima of the spec-
tral function as function of the parameter
€k. The triangles mark the maxima for the
Taylor-expanded self-energy, the maxima of
the spectral function proposed by Matho are
denoted by squares.

In figure 3 the maxima of the spectral function
(Taylor expansion: triangles, Matho’s self-energy:
squares) are plotted as a function of the binding
energy €. Asindicated by the dashed line the po-
sition of the maxima of Matho’s spectral function
equals — as expected — ¢ for ¢z < —0.1eV.

3 Experimental

Single crystals have been prepared using the va-
por growth technique with iodine as transport
agent. The pure substances are filled in quartz
tubes together with an amount of iodine and an
excess of Te. The tubes are exposed to an ex-
actly fixed temperature gradient for several days
yielding single crystal samples up to the dimen-
sions about 5mm x Smm. These samples then are
mounted on a cryostat with five degrees of free-
dom and cleaved in UHV using a lever fixed on
the sample with silver glue yielding exact planes
of cleavage along the van-der-Waals gap.

The measurements were carried out with Hel,-
radiation (kv =21.22¢V) using an energy ana-
lyzer mounted on a two-axis-goniometer. The en-
ergy resolution of the analyzer was 31meV and
the angular acceptance about 30.5°. The energy
scale is fixed to the Fermi level which was deter-
mined with an inaccuracy of £3meV by measur-
ing the Fermi edge of a thin polycrystalline gold
film at T=30K.

First we investigated samples prepared by differ-
ent excess of Te. In the following we label sam-
ples prepared with 1mg/cm? and 3mg/cm?® excess
of Te as SAMPLE1 and SAMPLE2, respectively.
In fig. 4 photoemission spectra of SAMPLEL at
T=75K are shown. Beginning at ¥=27° we see
a broad structure at -80meV binding-energy dis-
persing to lower binding-energy for smaller 4§
down to ¥=15° where the dispersion goes back-
wards. For angles ¥ <10° the structure disap-
pears. Comparing with fig. 5 where the spectra of
SAMPLE2 are plotted we detect in principle the
same behaviour for 9 >15°. However, for smaller
¢ the peak does not move backwards to higher
binding-energy and disappears at ¥ =11°. These
differences are shown in fig. 6 where also the be-
haviour at room temperature (T=300K) is dis-
played. Due to the smaller cut-off effects by the
Fermi-Dirac distribution the differences become
larger. Maxima of the ARPES-weight can be de-
tected especially above the Fermi level. Again at
T=300K SAMPLEZ2 does not show a backwards
directed dispersion for ¥ <15°. As the spectra
plotted in fig.4 and fig. 5 are normalized to the
same height we have to mention as an additional
effect the rapid decrease of the ARPES intensity
for ¥ <15°.
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Fig. 4: Photoemission spectra of TiTe; (SAM-

PLE!) along TM direction taken at T=75K
(AE=38meV |, hv=21.22¢V).
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Fig. 5: Photoemission _spectra of TiTe, (SAM-
PLE2) along I'M direction taken at T=75K
(AB=38meV , hy=21.22eV).
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Fig. 6: Positions of ARPES intensity maxima (de-
termined without any fit procedure) of
SAMPLE1 and SAMPLE2 at T=300K and
T=75K. For T=300K there are maxima of
spectral intensity located above the Fermi
level. The differences between SAMPLFEI
and SAMPLE2 concerning dispersion be-
come smaller for decreasing temperatures.

4 Line Shape Analysis of the
Ti-3d,z2-Peak

In a line shape analysis a model function is fitted
to the experimental data varying the different fit
parameters.

In this paper we look at the two different the-
oretical model functions mentioned above. The
general procedure of the line shape analysis is
shown in fig.7. First we have to consider the
model-function and the corresponding fit parame-
ters with respect to the physical background. Un-
der these conditions we have three direct fit pa-
rameters: the energetical position €}, the renor-
malised quasiparticle decay constant 3, and an
mntensity factor I.

The model-function is multiplied with the Fermi-
Dirac distribution containing as fixed parame-
ters the Fermi energy Er and the temperature T
which are determined accurately during the mea-
surements.

The angular acceptance of the analyzer is directly
connected to the kj-resolution by

Ak‘u = 0.5123 Ek,'"/CVCOS’l?A’I? (8)

The estimated &) resolution manifests itself in an
energy resolution due to

oL

Ak 9

where 0E/0k| denotes the energy dispersion of
the structure under investigation. Because this
factor is obtained as a result of the fit we have to
estimate it in a self-consistent way. Taking into
account the effect of limited angle resolution we
have to integrate the model-function over a range
in k-space determined by the factor 87/0k. This
integration is weighted by the distribution of k
determined by ray-tracing calculations for the
electron analyzer. The experimental energy res-
olution is simulated by convoluting the model-
function with a gaussian profile of width AE.

Finally we have to consider effects which add to
the background of the spectra such as inelastic
scattering of electrons and satellites due to the
He-discharge-lamp. For ¥ > 15° the background
of the spectra is neglegibly small. For J < 15°
we subtracted a small Shirley-background [7].



1. Fermi-liquid spectral function

Fit—parameters: i, £

2. Multiplication with Fermi-—Dirac—distribution

Parameters: EF' T (fixed)

3. lntegrati.on in k—space, weighted with
electron angle distribution of analyzer,
obtained from ray-tracing calculations

Parameter: 3E/5, (fixed, self—consistent)

4. Convolution with gaussian—profile

(energy resolution of anslyzer)

Parameter; AE (fixed)

5. Multiplication with intensity factor

Fit—parameter: I

Fig. 7: Procedure for a Fermi liquid fit.

We use a least-squares-method to accomplish
the fit. In fig.9 the result of a Fermi liquid
fit corresponding to the model-function used by
Claessen et al. isshown. For 4 <15° we observe a
good agreement between experimental data and
the fit. For 9 >15° the differences between fit
and data become larger and above ¥=17° the
model is not suitable to describe the experimen-
tal line shape. In fig. 10 the fit corresponding to
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the model-function proposed by Matho is plot-
ted. The model-parameters QQ and Zr were kept
constant to 1 and 0.2, respectively, in order to
minimize the number of free fit-parameters. In
comparison to fig. 9 there is now a much better
agreement between data and fit also for large 9.
Something special happens at ¢ =15°, where the
intensity decreases and the band is crossing the
Fermi level at room temperature. Looking at the
fit-parameter ¢, we detect a change of sign, in-
dicating that the main line crosses the Fermi en-
ergy. Therefore the fits for ¢ <14° are performed
not with the main line, but with the remaining
spectral weight in the photoemission region ( i.e.
€ < €F).

oo T=300K

06 04 -0.2 0 0.2
E”EF /ev
Fig. 8: Comparison of the spectra at the M-point
(9=27°) at different temperatures T=300K
and T=30K of SAMPLE2 (AE=31meV ,
hy=21.22eV).

] | €;leV] | B'[eV~'] | Amplitude
27 | 874 18.78 0.0136
23 | -85.4 16.94 0.0101
19 | -68.4 19.68 0.0066
17 | -50.4 16.83 0.0057
16 | -32.0 16.65 0.0038
15 | -18.5 18.78 0.0029
14 | +19.7 17.45 0.0033
13 | +24.6 15.66 0.0027
12 | +29.6 13.90 0.0027

Tab. 1: Parameters corresponding to the fit of fig. 9.
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Fig, 9: Fermi liquid fit corresponrding to the model~ Pig. 10: Fermi liquid fit corresponding to the
function used by Claessen et al. [1] (SAM- model-function proposed by Matho [2]

PLE2, T=30K). (SAMPLE2, T=30K).



At the zone boundary the fit in fig.10 still
shows some deviations from the experimental
data. Fig.8 shows a comparison of spectra at the
M-point taken at T=300K and T=30K. The ener-
getic position of the ARPES-maximum is shifted
to lower binding-energies. Although the temper-
ature decreases the FWHM of the structure in-
creases due to a broadening at higher binding-
energies. The lower energy tail of the structure
is cut off strongly due to the temperature depen-
dence of the Fermi-Dirac distribution resulting in
an asymmetrical line shape.

O] | ex[eV] | BleV 1] | Amplitude

27 | -79.6 252.2 0.0331
23 | -T1.0 271.6 0.0272
19 | -54.6 363.7 0.0244

17 | -40.9 4244 0.0381

16 | -28.5 402.6 0.0414
15 | -24.8 431.7 0.0313
14 -2.2 369.1 0.0338
13 | +43 383.4 0.0246
12 | +10.9 | 339.1 0.0284

Tab. 2: Parameters corresponding to the fit of
fig. 10.

5 Results and Discussion

Angle resolved photoemission studies on the
quasi-two-dimensional, metallic system 1-T-
TiTe; demonstrate that ARPES line shapes -
recorded with high energy and momentum res-
olution - are able to reflect the nature of an in-
teracting electron system.

We compared two model-functions describing
Fermi liquid behaviour with different low energy
expansion of the complex self-energy. Within a
tiny interval around the Ferm energy the two
model-functions give the same result and are in
good agreement with experimental data. Beyond
this interval the model-function using the low en-
ergy Taylor expansion is not able to reproduce the
measurements. In comparison the fit correspond-
ing to the model-function proposed by Matho 1s
distinctly better. Especially for ¥ >16° the devi-
ations of the fit to the experimental data become
small.

In agreement with each other both models pre-
dict that the Ti3d,. derived band crosses the

119

Fermi level at 9 =14°-15°. This is the same point
where intensity maxima can be detected above
the Fermi energy at room temperature.

An extension of this type of line shape analysis
to the photoemission spectra of HTSCs, which
are characterized by rather broad and asymmet-
ric peaks and a large apparently k-independent
background, depends essentially on the identifica-
tion of the near-Ef features as of intrinsic nature,
which so far has not been unambiguously estab-
lished. In any case, our Fermi liquid model fit to
experimental line profiles of the relatively simple
case of TiTe, demonstrate, how with careful con-
sideration of the underlying many-body physics
such a line shape analysis can be successfully per-
formed.
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