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Three-dimensional Fermi surface determination by angle-resolved photoelectron spectroscopy
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Angle-resolved photoelectron spectroscd@RPES is commonly applied to map the shape of Fermi
surfaces. Here we quantify the errors of simple criteria for extracting Fermi vectors by ARPES that are induced
by strongly varying matrix elements. Sophisticated methods for determining the three-dimensional Fermi
vector based on temperature and photon energy dependent photoemission are discussed with reference to data
of the quasi-two-dimensional systenT-TiTe,.
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I. INTRODUCTION curate method for determining the Fermi vector parallel to
the surfacé.In this technique, intensity modifications due to

The Fermi surfac€FS) of a metal is intimately related to the matrix elements are eliminated by examining the tem-
many of its low-energy properties such as transport, specifiperature variation of ARPES integrals. Finally, we show that
heat, and magnetic susceptibilitylhe canonical method for the Fermi vector component perpendicular to the surface can
FS determination is based on the de Haas—van Alphen effef€ determined with moderate accuracy by comparing photo-
and measures extremal cross sections of the FS in a plafénission measurements at various photon energies with band
normal to an applied magnetic fildWhile this bulk- ~ Structure calculations. .
sensitive technique requires rather low temperatures and al- All results described in this paper were obtained from the
most defect-free crystals, angle-resolved photoelectron speg-asi-two-dimensional Fermi liquid = reference material
troscopy(ARPES has emerged as an alternative approach td-T-TiT€z, which crystallizes in the Cdlstructure[space
FS determination which can overcome these restrictions. ligroup P3M1 (ng)]z the hexagonal metal layers are sand-
particular, ARPES has played a key role in the study of theviched between anion sheets in such a way that each Ti atom
high-temperature superconduct@TSC’s) and other corre- is octahedrally coordinated to six Te atoms and each Te-
lated materials. Ti-Te sandwich is separated from the adjacent one by a van

During the last few years, a method based on ARPES hader Waals—type gap. SinceT4iTiTe, does not show any
been developed that provides a direct image of two-dndication of electronic or structural phase transitions, exhib-
dimensional FS cross sectioh.In this FS mapping tech- its a high-quality surface, and has a Td-3like conduction
nique, one records the angul@and hence|) distribution of  band that is well separated from other emissitth&?it may
only those photoelectrons that are excited from a small enserve as an ideal candidate for assessing the accuracy of FS
ergy window centered on the Fermi energy. The Fermi levetletermination of quasi-two-dimensional systems by ARPES.
crossing of a conduction band, i.e., its Fermi vector, may

then appear either as a maximum in the photoemissio_n inte_n- Il EXPERIMENT
sity or, in the case of narrow band systems, as a maximum in
the momentum space gradient of tlienergy-integrated Clean IT-TiTe, samples grown by chemical vapor trans-

ARPES intensity. Formally, these interpretations of FS mapgort were prepared by cleavage in ultrahigh vacuum. Photo-
rely on the assumption that ARPES measures the oneemission spectra were taken with synchrotron radiation sup-
particle spectral function times the Fermi-Dirac function andplied from the beamlines W3.2 and BW3 of the storage ring
matrix elements do not play a significant role. However, inDORIS 1l at Hamburg Synchrotron Radiation Laboratory
the light of the lively discussion about the true topology and(HASYLAB) using our angular spectrometer for photoelec-
character of the normal state FS’s of the HTSC's in generaltrons with high-energy resolutidcdSPHEREB. ASPHERE is
and of B,SrL,CaCuyOg, , in particular®® it turns out that a 180° spherical analyzer with a three-channeltron detector
the photon energy and wave vector dependence of the matrand is mounted on a two-axis goniometer with computer-
elements, if not properly accounted for, can lead to strongontrolled stepper motors, which enables an absolute angular
misinterpretations of ARPES data. precision of better than 0.1°. In the ED@nergy distribu-
Employing high-resolution photoelectron spectroscopytion curve mode the energy and angular resolution were set
we explicity demonstrate and quantify here the effect ofto 30 meV and 1 ° full width at half maximuttFWHM), the
matrix elements on the different criteria for FS determina-photoelectron angular distributions were recorded with an
tion. Moreover, we present a recently developed, highly aceverall energy resolution of 60 meV. The position of the
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Fermi level was determined from photoemission spectra of (a) Experiment
polycrystalline gold which was in electrical contact with the
samplet® All spectra shown were normalized to the incom-
ing photon flux and no further data manipulation such as
smoothing, symmetrization, or background correction was
done.

Ill. THEORY

E-E; (V)

The band structure calculations were carried out employ-
ing density functional theory within the local-density
approximationt* We have used the norm-conserving, nonlo-
cal pseudopotentials of Bachelet, Hamann, and ‘$ehtd
The exchange-correlation energy was taken into account us-
ing the Ceperley-Aldéf form as parametrized by Perdew M r K M
and Zunger’ 4

As a basis to represent the wave functions, we employ
130 Gaussian orbitals & p, d, ands* symmetry per unit
cell and spin. These orbitals are localized at the atomic po- ]
sitions, namely, 50 at each Ti and 40 at each Te atom. The
decay constants of the Gaussians{@&é7, 0.47, 1.30, 3.56,
9.95 for Ti and {0.17, 0.43, 1.05, 2.60for Te (in atomic
units). A linear mesh of about 0.13 A in real space is used
for the representation of the charge density and the potential. E

The spin-orbit interaction is considered in each step of the 6
iteration. It is treated in an on-site approximation, i.e., only
integrals with the same location of the Gaussian orbitals and FIG. 1. (a) Experimental valence bands foff iTiTe, obtained
the spin-orbit potential are taken into account. The latticeby ARPES in the EDC mode at room temperature with

parameters used in the calculations *ra=3.777 A, c =24 eV. Photoemission intensity values are represented in a linear
=6.498 A, andz=0.262%. gray scale with black corresponding to high intensity. Corre-
sponding calculated band structure.

E-E; (eV)
PO

IV. FERMI SURFACE MAPPING BY ARPES . . . .
Third, the center of gravity of the quasiparticle peak can be

ARPES data on band dispersions naturally also contaitraced along the selected pathkirspace and extrapolated to
information on the Fermi surface and its topology. This isthe intersection with the Fermi energy. Although these
illustrated in Fig. 1, showing photoemission spectra fromguidelines are adequate for gaining a rough qualitative over-
layered Tr-TiTe,. The dispersion of bands in the EDC's view of FS topology, they cannot provide an accurate and
measured along thEM andI'K directions is visualized by reliable means of extracting Fermi vectors because they do
an intensity map in the energy versus wave vector plaige ~ not rely on a solid theoretical basis. In particular, they are
1(a)] and thus can be compared directly with the calculatedusually not implemented with proper consideration of the
band structurdFig. 1(b)]. In addition to the good overall Fermi-Dirac cutoff function, the experimental resolutions,
agreement of experiment and theory, one can easily identifand the matrix elements of the photoemission process.
the bands that generate the FS, i.e., the two strongly disper- Recently, an alternative technique of Fermi surface map-
sive Te $ bands around thé' point and the narrow Ti ping has been introduced, in which one records the angular
3d-like band at theM point, which is well separated from distribution of only those photoelectrons that are excited
other emissions. Along thé&'M direction, the respective from a narrow energy window centered on the Fermi
crossing points of the measured bands with the Fermi levetnergy*> By acquiring a single data point rather than a com-
are roughly located at 20% and 60% of thé/ distance plete EDC for eaclk vector, it is possible to densely sample
(0.96 A1), the entire Brillouin zongBZ) much faster and more com-

Human subjectivity naturally plays an important role in pletely than is feasible in the conventional EDC mode, even
identifying and tracing the dispersive quasiparticle peaks irthough one naturally loses information on band dispersion
such a data set. Nevertheless, there are a number of simpiad Fermi velocity. The essential assumption that is made in
criteria that are commonly applied to extract Fermi vectorghis technique is that the Fermi level crossing of a conduc-
from a series of EDC's. First, the energy position of thetion band will appear as a local maximum in the detected
midpoint of the leading edge of the EDC may be observedphotoemission intensity‘maximum intensity method?.
with the Fermi vector found at the point where this quantity =~ Figure 2 shows FS maps ofTiTiTe, taken with two
reaches its maximum value. Second, the Fermi level crossindifferent photon energiesh¢=24 eV, top panel, andv
may be ascribed to the point where the binding energy of the=98.4 eV, bottom pangl One can easily identify the two
peak maximum or the peak width has its minimum value.types of FS sheets that have already appeared in Fig. 1: the
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(a) hv=24¢eV
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(b) Theory

FIG. 2. Fermi surface mapping forTtTiTe, at room tempera-
ture using photon energies @) 24 eV and(c) 98.4 eV compared
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FS maps, matrix element effects lead to strong variation of
the photoemission intensity in equivalent parts of the BZ,
particularly seen in the pronounced difference betwien
andM’ points. This corroborates the fact that, although the
maximum intensity method has intuitive appeal and repro-
duces the FS topology quite well as compared to the theoret-
ical Fermi surface cut in Fig.(B), the precise physical mean-
ing of the quantity being measured cannot be interpreted in
simple terms.

A third technique, which has been proposed very recently,
can be justified from a much more physical point of
view.2°=22 Assuming the validity of the sudden approxima-
tion and neglecting photoelectron and experimental broaden-
ing, ARPES measures the product of the transition matrix
element 15(k) with the one-particle spectral function
A(k,w), i.e., the photocurrent is approximately given by
I (k,w)=1o(K)A(K,w)f(w) (“spectral function
interpretation”,?®> where f is the Fermi-Dirac function.

If I, does not have any significantdependence, the energy-
integrated ARPES  spectrum  will be  propor-
tional to the momentum distribution functiom(k)
=["_dwf(w)A(k, »),>* modulated, of course, by tHede-
pendence of the matrix element prefactor.

It is well known that, within the Fermi liquid framework,
the momentum distribution function drops discontinuously at
the FS, with the size of the step being directly related to the
mass renormalizatiofr. Although at nonzero temperature
and with finite experimental resolution, the discontinuity is
smeared out, the measune¢k) will still display rapid varia-
tions at the Fermi vectors. Under the assumptionveékly
varying matrix elementsthe location of the Fermi vectors
can thus be determined from the extrema of the momentum
space gradient of the energy-integrated ARPES intensity
[V [1o(k)n(K) ]| =~|Vn(K)| (“maximum gradient
method”). Since the momentum distribution sum rule holds
for many-body systems independent of the details of interac-
tion, this approach to FS determination is also valid for
strongly correlated and non-Fermi-liquid materials, if there is
still an anomaly inn(k) atkg.

In the experimental implementation of the maximum gra-
dient method, photoemission intensity has to be accumulated
over a sufficiently wide energy range, ideally the entire con-
duction band width. In practice, the energy integration is
often replaced by the finite energy resolution of the photo-
electron spectrometer, but there is nevertheless a need to
check on the adequate energy integration window, especially
in the case of overlapping bands, which may lead to spurious
peaks in the momentum space gradient. For this reason, it is
essential to retain energy distribution information, even if

to (b) theoretical Fermi surface cut &t =0 obtained by bulk band One is only interested in FS topology.
structure calculation. Photoemission intensity is represented in a

logarithmic gray scale with white corresponding to high intensity. V. THE EEFECT OF MATRIX ELEMENTS ON EERMI

The Brillouin zone and the high-symmetry points are indicated.

SURFACE MAPPING

small hole pocket at the center of the BZ derived from the Te As noted in the previous section, the maximum intensity
5p—like bands and the Ti @-related ellipsoidal electron and the maximum gradient method are both affected bkthe

pockets centered on ti andM’ points!® In the photoelec-

dependence of the matrix element factor, which may lead to

tron angular distribution withh»=98.4 eV, this FS pattern uncertainties in the determination of Fermi vectors. In order
is nicely repeated in higher BZ's. Note, however, that in bothto quantify this matrix element effect, we have determined
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FIG. 3. (8 ARPES spectra of the Ti B-related band of

=19.5 eV compared to line shape fit using a Fermi-liquid-type
model. (b) k dependence of the matrix element factor as obtained

from the fit. i (b)

scenarid®*?° Here we want to focus on the Fermi level

crossing and matrix elements. - ) . . . .
Figures 3a) and 4a) show ARPES spectra of the Ti

3d-derived band along thEM direction taken at low tem- 12 14 16 18 20 22

the prefactot (k) and the band dispersian close toEg for
the model system T-TiTe, by analyzing the ARPES line
shapes of the Ti 8-like emission in terms of a refined Fermi
liquid (FL) model?®~2 It was shown before that ARPES
data of IT-TiTe, can be successfully described within a FL

intensity @ E;
(arb. units)

perature(30 K) and a photon energy of 19.5 eV. At these 9 (deg)
experimental parameters, thermal and photoelectron broad- : -

ening of the spectra are expected to be irrele¥aNote that > (C)
the spectra are virtually free from any background and other = 1
emissions, except for a small Tep5related structure at g =

~300 meV binding energy and low emission anglese = *é‘

Fig. 4@)]. To fit the theoretical line shapes to the experimen- _; =

tal data, the real parametdrs, €., andZ and the complex L g

Q, were used! where the latter two correspond to the qua- Sy

siparticle weight and the background pole, respectivebe %0 ~

Refs. 28 and 29 for detajlsThe finite angular and energy §

resolution of the spectrometer were taken into account via ;

Gaussian distributions in momentum and energy space and, 15 20 25 30
as an entire EDC series served as input vectorktdepen- ¥ (deg)

dence of the fit parameters was modeled by smooth low-
order polynomials. The results of this analysis are displayed FIG. 4. (a) ARPES spectra of the Ti &-related band of
in Fig. 3. 1T-TiTe, along the I'M direction taken at 30 K withhy
The complete model function is compared with the ex-=19.5 eV. Photoemission intensity is represented in a linear gray
perimental data in Fig. (8. Not surprisingly, the FL-type scale with black corresponding to high intensity. The energy disper-
model produces a good least squares fit of the spectra closin obtained by line shape analysis is indicated by the solid white
to kg with Z and Im(Q,) values similar to the ones found line. The centers of gravity of the EDC’s and the positions of the
before[Z=0.11-0.41, Im(};) = 33—67 me\]. An important maxima_ of the MDC’s'ar_e de_noted. by open circles and squares,
point is that the fit quality could be significantly improved by respectively. Photoemission intensitiéiiled circles (b) at the
including the additional parameter R&{)=—39-19 meV, _Ferml_lgvel ar_lo(c) mtegra}t(_ad over the whole spectl_rum. _Slmulated
which means absence of particle-hole symmetry globally!mens't'es’_ using a_Ferml-Ilqwd-type_ spectral func_tlon with param-
However, at the Fermi vector, which is located at 15.5°Cters obtained by line S.hape analysis .and assuming a constant ma-
+0.1° [kFH: (0.529+ 0.003) A‘l], the fitting procedure re- trix element factor, are indicated by thick solid lines.
veals Re),)~0, and thusA(kg,— w)=A(Kg,w). Note
that the fit quality becomes worse at higher emission angledine shape analysis is shown. Obviously, the fittg(k) var-
indicating that the FL model is valid only in a small energy ies strongly withk giving a dominant contribution to thle
and wave vector interval aroundtg ,kg). dependence of the photoemission intensity on a relatively
In Fig. 3(b) the matrix element factor as obtained from thesmall k interval aroundkg . The fitted energy dispersion is
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shown in Fig. 4a) (white line) together with the centers of shown before than(kg) is independent of temperatuf®,
gravity of the experimental EDC'&ircles and the positions while n(k) for k near kg is generally not. Accordingly,

of the peak maximdsquares of the momentumiangulai  pointskg on the FS can be identified by a change of sign in
distribution CUfVEiMDC’S), the latter being cuts through the the temperature variation Oi(k), i.e., the photoemission
data set at constant energy, the former at constant anglgytensity integrated over the entire conduction band width.
While the center of gravity of the EDC’s at least resemblesHere we want to compare this approach with the more accu-
the fitted excitation energyy for higher emission angles rate “AT method” which is based on the temperature depen-
(>18°), the maxima of the MDC'’s are far off the fitted dence of ARPES intensities that are integrated over only a
dispersion. In fact, the MDC’s should be affected to mUChtiny energy interval centered ofg 2 The AT method has
greater extent by the matrix elements than the EDC's, bethe advantage that all assumptions made are required to hold
cause the variation of the matrix element factpas shown  only in this very small energy window.

in Fig. 3(b)] is supposed to be much stronger than its energy The difference of ARPES intensities takenBt=0 for

dependence, which may presumably be neglected in thgmperature§, andT, is given by
small energy window {300 meV) aroundeg. Neverthe-

less, even the center of gravity of the EDC’s cannot exactly &
reproduce the dispersion close kp because of the Fermi- Al(k)= |o(k)ff ‘de(k’w)[f(w'Tl)_f(vaz)]W(w)'
Dirac cutoff and possible extrapolations of the data points ¢
may lead to an error of up to 1.2 Ak=0.04 A™Y) in FS  wherew is a symmetric energy resolution function which is
determination. zero outsidé — e,&]. With respect taw, the difference of the
After this rather cumbersome determination of the FermiFermi-Dirac functions is oddA(kg,w) is even, and there-
vector involving an enormous computational effort, we nowfore the integral of their product over a symmetric energy
turn to the question as to what extent the fadgk) affects ~ window® vanishes. Thusk=kg follows from Al(k)=0.
the more applicable maximum intensity and maximum gra-This is valid for all A that are temperature independent for
dient methods. In Figs.(8) and 4c), we show the intensities the intervals of interest and satisfy jn-¢,&] the require-
at the Fermi level and the intensities integrated over thenents thatA(kg,— ) =A(Kg,0) and A(k, — 0) #A(K, )
whole spectrum as taken from the data set of Fi@).4The  for k+kg nearkg. A variety of spectral functions fulfill
strong influence of the matrix element can directly be seen ifhese conditions, including the Luttinger mod&h sugges-
the rapid decrease of the integrated intensity at high emissiofion by Matho?®?” and two-dimensiondf and marginal
angles (>23°). Both criteria, the maximum intensity Bt~ Fermi liquids® Recently, the applicability of the criterion
as well as the maximum gradient of the energy-integratethas been extended to arbitrary FL scenarios with quadratic
intensity, locate the Fermi level crossing at 17.&f ( damping®® With high k resolution, the criterion generally
=0.598 A™1). With respect to the fitted value (15.5°), this remains stable.
corresponds to an experimental error in FS determination of In Fig. 5&) we show photoemission spectra of-TiTe,
Ak=0.069 A~ or 7% of the relevant BZ dimension in- along the'M direction of the BZ for 30 K and 100 K. The
duced by thek dependence of the matrix element. To furtherbroadening of the Fermi-Dirac function due to temperature is
illustrate this strong effect, we have simulated photoemissiovident. An important point in comparing data at different
intensities by convoluting thk dependent spectral function temperatures is the normalization of the EDC’s. All spectra
as obtained from the line shape analysis with the experimenshown were normalized to the incoming photon flux and no
tal resolutions under the assumption of a constant matriturther correction needed to be made: since layered
element factor. While the point of inflection of the integrated 1 T-TiTe, exhibits a large nonreactive sample surface, the
intensity now coincides with the Fermi vector determined bymeasurements do not suffer from adsorption of gases or the
the fitting procedur¢see Fig. 4c)], the position of the maxi- small thermal expansion of the sample holder. Intensities at
mum of the simulated intensity & still deviates from this the Fermi level measured with an energy resolution of 30
value by 0.9 °[Fig. 4b)]. This explicity demonstrates the meV and intensities integrated from200 meV to 50 meV
fact that for narrow band systems at finite temperature andorresponding to the bandwidth are depicted in Figé) 5
resolution, the maximum intensity method cannot produceand 5c). The corresponding intensity differences are shown
reliable Fermi vectors even for negligible matrix elements. in the bottom panels.
According to theA T method, the Fermi vector is given by
the intersection of the two curves wheké =0 [Fig. 5b)].
VI THE AT METHOD This point can be identified at 15.2-0.1° [k =(0.519
The essential point of the last section was that simple-0.003) A~1] which agrees with the value obtained from
interpretations of ARPES intensities neglecting the influencehe line shape analysis within an uncertainty of less than 2%.
of matrix elements may lead to substantial errors of FS deThe small deviation might be due to finite resolution,
termination. We will now show how Fermi vectors can bewhich could be concluded from the fact that the experimental
obtained very accurately from ARPES integrals that arek resolution window does not lie within a regime of perfect
taken at different temperatures. Assuming the spectral fungoint symmetry ofAl (k) aroundAl=0 [see Fig. %), bot-
tion interpretatiorl (k,w)=1o(k)A(k,w)f(w), with |y being  tom pane]. Note that for a tiny energy interval the required
independent of w and T, and provided A(kg,— w) fixedk mode of photoemission corresponds to the fixed-
=A(kg,w) for all o (“particle-hole symmetry’), it was angle mode employed. As can be deduced from the symme-

125104-5



K. ROSSNAGELet al.

PHYSICAL REVIEW B 63 125104

k(A1) k, (A1)
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sl *100K 5| 100K
8} E» FIG. 5. (8 ARPES spectra of the Ti
-~ Gl z 3d-related band of I-TiTe, along thel'M di-
El ® = rection taken at 30 K and 100 K witthy
= 2 =| =19.5 eV.(b) Intensities at the Fermi level and
g it % L g /) (c) intensities integrated from-200 to 50 meV.
2 / \&._1_6° k= i 21 The intensity differences are shown in the bottom
§ \WJ ; 2 " ,{ panels. The point of intersection gives the Fermi
E <3 R_15° E | / E vector (Al=0). The hatched area corresponds to
w 140 50 S =0 the experimental angular resolution window.
x3 13 g gc
04 02 00 02 3 14 16 18 < 14 16 18
E-E, (eV) ¥ (deg) O (deg)

trized spectra at the Fermi vectd(Kg,w)+1(kg,— o) knowledge of the final state band dispersion, which is gen-
=1lo(kp)A(Kg ,w) 37 shown in Fig. 6a), a possible influence erally not available. However, for FS measurements of Cu
due to temperature dependent broadenintyté:)A(kg ,w) ~ and IT-TiTe, it has been shown that the final states can
can be neglected in the experimental energy resolution winkeasonably well be approximated by a free-electron-like dis-
dow centered on the Fermi energy. In addition, the centers dersion with a suitable inner potenti.**®
gravity of the EDC's along th&M direction taken at 30 K One way to map the shape of a three-dimensional FS by
and 100 K indicate that mainly the width of the Td®and ARPES is to measure the photoemission inteniky , E)
changes due to temperature, while the Fermi level crossings a function of the photon enerdw, i.e., one performs
remains unaltered within an uncertainty of 0.fSee Fig. constant initial energy spectroscopglS) using electrons
6(b)]. from the Fermi level for an appropriate range of polar emis-
For comparison, the point of temperature independent insion angles and photon energies that span the bulk BZ cross
tensity integrated over the entire bandwidth can be found agection® In Fig. 7(a) we show such a measurement for the
16.1° [see Fig. &)]. The larger deviation from the fitted I'MAL plane of Ir-TiTe,. The surface-parallel component
value might result from a slight dependence of the over- Of the wave vector was determined using the usual equation
lapping Te H-related structure at low emission angles,kj=(2m/#?)E,i, sin? andk, was calculated from the for-
which contributes to the integrated intensity but not to themula Eyin+ Vo) = (A%/2m)k? assuming a free-electron final
intensity atEr . Concerning the accuracy of this method, it is State band. The best fit between experiment and theory was
important to notice that all assumptions leadingTtinde-  obtained when an inner potenti®,=14.0 eV was used,
pendence ofi(kg) must hold in a much wider energy inter- which agrees well with the value found before (14.5 eV in
val than is required for thA T method, the latter being thus Ref. 12. The topology of the theoretical FS cfihick solid
more accurate and having wider application. However, bothines), with the Te J—related bands close 10A and the Ti
approaches to FS determination are at any rate superior #d—derived emission neaviL, is clearly mimicked by the
simple interpretations of ARPES intensities because they exshotoemission intensity map. However, note that the maxi-
plicitly consider thek dependence of the transition matrix

element. 0.00 — -
2@ — 0K, (b) " 30K
g e e 100K
VIl. DETERMINATION OF k _2 < -0.051 '.
— L [ ]
So far, we have discussed only the problem of determin-‘z i "
ing the surface-parallel component of the Fermi vegtqr, Z ; m 0.18 ':;.
whereas a precise determination of the complete threeg [ .~ . ity
imensional Fermi vector additionally requir ntrol of the ™ ] 0.155 : : ’
SuercZ—o earl ereldicuI:rCcc:)n?dgndciﬁa yuﬁgourtjnsa(t:gl (i)n :m ° 0100 01 o 15 20 25 30
perp P - Y E-E, (V) 9 (deg)

ARPES experiment one directly controls only the energy and
surface-parallel momentum of the detected photoelectrons, FiG. 6. (a) Symmetrized spectra of the Tid3emission of
while the surface-perpendicular momentum corresponding t@T-TiTe, at the Fermi vector taken at 30 K and 100 K whiy

an observed ARPES peak is implicitly given by the condition=19.5 eV. The hatched area corresponds to the experimental en-
that the photon energy connects initial and final states in @rgy resolution window(b) Centers of gravity of EDC's along the
direct transition. Thus, the exact determinatiorkpfrequires  I'M direction for 30 K and 100 K.
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mum photoemission intensity never coincides with the cal-
culated FS, while on the other hand th& method produces
almost exact Fermi vectofindicated by filled diamondg®

Within this analysis, the surface-perpendicular component
of the three-dimensional Fermi vector, whose component
parallel to the surface has been determinetiat 19.5 eV
by using theAT method, iskg, =2.698 A~ 1. If the inner
potential was in error by as much as 2 eV, this would give an
experimental error oAk, ~0.1 A~. However, the accuracy
of the technique is essentially limited by the photoemission
process itself. Since photoemission is a many-body phenom-
enon involving quasiparticles with finite lifetimes, the initial
and final state wave functions in the solid are damped, which
leads in particular to a relaxation &f conservatioff: For
instance, the eigenstates of photoelectrons from Cu are
smeared out itk space byAk, ~0.1 A~ for hy~20 eV*?

In Fig. 7(b) we show a vertical cut through the intensity
map of Fig. 7a). The Lorentzian function of widthAk,
=0.18 A1, which has been fitted to the experimental inten-
sities, approximates the distribution of the final state. This
simple interpretation seems very likely since the photon en-
ergy dependent factors such as escape probability and matrix
elements may be assumed to vary slowly with and the
initial state lifetime contribution is very small because the
initial state lies aEg .** The intrinsick-space error appears
then to beAk, =0.18 A1, In fact, this value is an upper
limit for final state broadening because the linewidth in a
CIS spectrum Witrkﬂ=const is approximately given bl
=(vs, lv; )T;+T¢,* whereT and v, =JE/dk, denote
the lifetime width and group velocity of the initial and final
state, respectively, ang, is very small for the present case.

Thus, the error in determining, using the assumption of
a free-electron-like final state is comparable to the intrinsic
k-space error for the energy range studied. Improvements to

intensity (arb. units)

0.30F the accuracy of the technique should then arise not only from

more sophisticated final state wave functions but also from

= 025! different experimental conditions. One promising way is to
ot T use either very low €10 eV) or high ¢-100 eV) photon

\:‘ energie?’ at which the mean free path of photoelectrons in-
= 0.20¢ creases, giving smaller errors afk, <0.1 A~1.4% In Fig.

7(c) we show the energy dependent momentum broadening
for 1T-TiTe, as obtained by vertical cuts through the inten-
sity map in Fig. 7a). While it remains an open question
12 14 16 18 20 22 whether the measurement follows the universal ctfrier
momentum broadening, i.e., the inverse electron mean free
hv (eV) path, with the strong decrease®dk, at low photon energies
(<10 eV), it is obvious that\k, decreases for higher pho-
ton energies in accordance with the universal curve. Conse-

FIG. 7. (a) Fermi surface map of I-TiTe, obtained by ARPES quently, at photon energies higher than 1&)}(\) eV the intrinsic
at room temperature by employing polar angle scans at photon erllg—space error should b? sm.aller than 0.05°A0On the other
ergies from 11 to 26 eV compared to theoretical Fermi surface cuf?@nd, one has to keep in mind thathat=100 eV, the wave
The two diamonds mark Fermi level crossing points determined by€ctor of the photon, usually neglected, already has a value
the AT methodk, values are calculated under the assumption of 20f 0.05 A™*, which again limits the accuracy &f determi-
free-electron final state. Photoemission intensity is represented in ation due to the constraints of the photoemission process.
logarithmic gray scale with white corresponding to high intensity.

0.15¢

The high-symmetry points of the Brillouin zone are indicated. The VIIl. CONCLUSIONS

thin dotted line marks the vertical cut shown(ip) together with a

Lorentzian fit. In(b) the intensity scale is lineafc) Experimental Within a spectral function interpretation of ARPES, we
energy dependent momentum broadening. have discussed several criteria for determining surface-
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parallel Fermi vectors with special reference to the questiorergy dependent measurements with a band structure calcula-
of how much they are influenced by tkgdependence of the tion, we have finally determined the surface-perpendicular
transition matrix element. Employing high-resolution Fermi vector component with an accuracy of 0.1-0.2'A
ARPES on the layered compound1TiTe,, we have ex- and discussed the limitations due to the constraints of the
plicitly shown that simple interpretations of photoemissionphotoemission process. In conclusion, the methods described
intensities neglecting the matrix element factor may lead tan this paper offer reliable and precise ways to experimen-
large errors in the extracted Fermi vector. A method fortally study three-dimensional Fermi surfaces and interrelated
quantitative Fermi surface determination based on the tenphenomena.

perature variation of ARPES integrals taken at the Fermi

Ieyel is further equdated_ and is demonstrated to produce ACKNOWLEDGMENT
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