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Angle-resolved photoemission and band-structure results for linear chain TlGaTe2
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TlGaTe2 has a quasi-one-dimensional crystal structure consisting of Tl and linked GaTe4 tetrahedral chains.
We have studied the electronic band structure of TlGaTe2 by means of photoemission spectroscopy and
band-structure calculation. Comparison between both results is rather favorable and energy bands show strong
dispersion perpendicular to the chain direction. We have measured the temperature dependence of the spectra
and attributed the observed spectral shifts to a downward shift of the Fermi level with decreasing temperature.
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I. INTRODUCTION

A series of compounds TlMX2 (M5Ga, In; X5S, Se,
Te! have highly anisotropic crystal structures. TlGaS2,
TlInS2, and TlGaSe2 have quasi-two-dimensional layere
structures and exhibit para-to-ferroelectric phase transit
through an intermediate incommensurate phase. TlGaT2 ,
TlInSe2, and TlInTe2 have the TlSe-type (B37) quasi-one-
dimensional chain structure1 shown in Fig. 1 and exhibit
nonlinear transport properties.2,3 This structure is body-
centered tetragonal and featuresc-axis chains of Tl atoms
and edge-sharing GaTe4 tetrahedra. TlSe undergoes
pressure-induced semiconductor-metal transition.4 Under
ambient conditions, the resistivity ratio parallel and perp
dicular to thec axis (r i /r') of TlSe is ;2. Under high
pressure,r i /r' becomes unity at about 0.6 GPa, decrea
continuously, and becomes as low as 0.016 at 5.0 GPa.
r i and r' decrease continuously with pressure and re
metallic values at about 2.7 GPa. According to NM
studies,5,6 it is suggested that the indirect nuclear spin-s
interaction of Tl isotopes between chains is stronger than
along the chain. Band-structure calculations using the se
empirical pseudopotential method7,8 show a dispersion along
the direction perpendicular to the chain. According to t
x-ray-diffraction study,9 TlGaTe2 has an incommensuratel
distorted phase with a reduction of the lattice constanta in
going from 290 to 110 K. According to a calorimetric me
surement, a second-order structural phase transition occu
98.5 K.9

So far the anisotropy of the resistivity in TlGaTe2 has not
been measured. However, if the electrical resistivities of
TlSe-type compounds have common features with TlSe,
anisotropy of the resistivity in TlGaTe2 may be opposite
(r i /r'.1) to what would be expected from the chain stru
ture (r i /r'!1), and one-dimensional behavior may be
alized only under high pressure. To understand the an
tropic transport properties of the TlSe-type compounds, i
useful to investigate the electronic band structure experim
tally and theoretically. In this paper, we study the electro
band structure of TlGaTe2 by photoemission spectroscop
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~PES! and first-principles band-structure calculation, focu
ing on the anisotropy of the electronic structure.

II. EXPERIMENT

Single crystals were grown by a modified Bridgem
method, as reported previously.10 Angle-integrated and
angle-resolved photoemission~AIPES and ARPES! spectra
were measured using a VSW hemispherical analyzer an
VG He discharge lamp. The HeI (hn521.2 eV! and HeII

(hn540.8 eV! lines were used for excitation. Energy ca
bration and the estimation of the instrumental resolut
were done by measuring the Fermi edge of Au evaporated
the sample manipulator. Clean~110! surfaces were obtaine
by cleaving the samplesin situ. We took Laue photograph
to confirm the direction of the crystal axis. The energy re
lution of AIPES was about 30 meV for HeI and about 90
meV for HeII . The acceptance angle of the electron analy
for AIPES was about68°. The angular and energy resolu
tion for ARPES was about61° and 90 meV, respectively
The take-off angleu could be varied along only one direc
tion and the accuracy of the emission angle along the o
direction was about6(2 –3)°. The measurements wer
made at 22 K and room temperature. The base pressure i
analyzer chamber was below 1310210 Torr.

FIG. 1. Crystal structure of TlGaTe2.
©2001 The American Physical Society10-1
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III. BAND-STRUCTURE CALCULATION

The body-centered-tetragonal TlGaTe2 structure contains
two formula units per unit cell. The structural paramete
utilized in the present calculations include the lattice para
etersa58.429 Å andc56.868 Å,12 and the Te atom interna
position parameters (x50.175, y50.675) from the struc-
tural data for TlSe.7 These parameters yield a Ga-Te tetrah
dral bond length of about 2.70 Å and a Tl-Tl bond leng
along thec-axis chain~3.43 Å! which is only slightly smaller
than the 3.55-Å separation between Tl and the Te ato
which make up the GaTe4 tetrahedra.

The present band-structure calculation has been ca
out in the local-density approximation~LDA ! using a full-
potential, scalar-relativistic implementation11 of the linear
augmented plane-wave~LAPW! method.13 The LAPW basis
includes plane waves with a 8-Ry cutoff (;80 LAPW’s/
atom! and spherical-harmonic terms up tol 58 inside the
muffin-tin spheres. The crystalline charge density and po
tial have been expanded using;5700 plane waves~35 Ry
cutoff! in the interstitial region and lattice harmonics wi
l max56 inside the muffin-tin spheres (RTl;3.14 a.u.,RGa
;2.36 a.u.,RTe;2.66 a.u.!. Brillouin-zone~BZ! integrations
have utilized a 12-pointk sample in the 1/16 irreducible
wedge. Exchange and correlation effects have been tre
via the Wigner interpolation formula.14 The atomic Tl
(5d106s26p1), Ga (3d104s24p1), and Te (5s25p4) states
were treated as valence electrons in this study whereas

FIG. 2. Comparison of the AIPES spectrum with the calcula
DOS. The dotted line shows the integral background.
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more tightly bound levels were included via a frozen-co
approximation.

IV. RESULTS AND DISCUSSION

We show in Fig. 2 the AIPES spectra of TlGaTe2 taken
with He I and HeII radiation and the calculated density
states~DOS! broadened with an energy-dependent Loren
ian and a Gaussian for the lifetime broadening and the
strumental resolution, respectively. We have assumed
full width at half maximum~FWHM! of the Lorentzian is
equal to 0.13EB as usual.15 The integral background ha
been added to the broadened DOS. One can see five s
tures ~labeled as A–E! in the He I spectrum. Two pro-
nounced features A and C are not seen in the HeII spectrum,
and hence these structures are mainly attributed to Tep
states, because the Te 5p cross section is dramatically re
duced in going from HeI to He II .16 On the other hand,
structures D and E atEB55 –8 eV are seen in the HeII
spectrum, and hence these are assigned to Tl 6s, and Ga 4s
states. This assignment is confirmed by the muffin-tin p
jected partial DOS shown in Fig. 3. The HeII spectrum, for
which the cross sections of the Te 5p, Tl 6s and Ga 4s states
are not so different as those for the HeI spectrum,16 is in
rather good agreement with the broadened total DOS.

Next, we show ARPES spectra of TlGaTe2. In the follow-
ing, k denotes the electron momentum in the solid andki and
k' denote the components parallel and perpendicular to
~110! surface, respectively.~Thusk5ki1k' .) They are re-
lated to the momentumk8 of the photoelectron in vacuum
via ki5ki8 , uk'u5A(2m/\2)@(\2k82/2m)cos2 u1V0# ac-
cording to the free electron final-state model,17 whereu is a

d

FIG. 3. Total and muffin-tin projected DOS.
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take-off angle of the photoelectron andV0 is an inner poten-
tial. In the ‘‘ki i c arrangement,’’ki is parallel to the@001#
direction, while in the ‘‘ki'c arrangement,’’ki is parallel to
the @11̄0# direction. For both arrangements,k' is parallel to
the @110# direction. Figure 4 shows ARPES spectra taken
22 K. The left panels show wide-range spectra measure
theki ic andki'c arrangements. In spite of the chain stru
tures running along thec axis, one can clearly see dispersi
features for both arrangements, i.e., the band dispersion
TlGaTe2 depend on the momentum not only parallel but a
perpendicular to the chain direction. The right panels sh
spectra in a narrow energy range. The tail of some p
seems to overlap with the Fermi level for theki 'c arrange-
ment. However, we consider that this is due to the fin
energy resolution of;90 meV. Peaks do not cross the Fer
level.

The calculated band dispersion of TlGaTe2 is shown in
Fig. 5. The four bands from;27 to ;24 eV evolve
mainly from Tl 6s and Ga 4s states while the ten bands from
;24 to ;0 eV originate from Te 5p states. According to
Fig. 5, the remaining two Te 5p bands are essentially spl
off from the ten occupied 5p bands to form a broad conduc
tion band that overlaps Tl 6p and Ga 4p derived states.

FIG. 4. ARPES spectra in wide region~left panels! and narrow
region ~right panels!. Top: for kiic. Bottom: for ki'c ~b!. Inset:
measurement geometry showing the definition ofki andk' .
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Although the experimental results show that TlGaTe2 is a
semiconductor, the present calculations suggest that TlGa2
is a semimetal which has a hole pocket at theM point and an
electron pocket on theW line. This may be due to the inher
ent deficiency of LDA. If we assume the inner potential to
;12 eV as usual,17k is obtained as shown in Fig. 6. There
some ambiguity in thek' value thus deduced because of t
‘‘finite photoelectron lifetime.’’17 Thus ARPES spectra mea
sure one-dimensional DOS integrated around thisk' for
eachki and one can compare thekii c andki ' c ARPES
dispersions a few eV fromEF with the calculated band struc
ture along theX-W-P and X-Y-M symmetry lines, respec
tively. Figure 7 shows the results of such comparison
tween the experimental and calculated band dispers
within a few eV of EF . The gray-scale plot is the secon
derivative of the experimental spectra. It seems that the
shows a discontinuity at theX point. This may be due to a
small misalignment of the surface normal off the emiss
plane. One can see several bands in the experimental re
The highest band disperses from just belowEF at the M
point (2p/a,0,0) to;1.0 eV belowEF at theP point. Other
bands are seen around 0.8 eV at theM point, 1.0 eV at theX
point, 1.8 eV at theX point, and so on. One finds that the
bands have corresponding ones in the calculated resul
particular, the highest band representing the valence-b
maximum at theM point seems to agree well with the ca
culated band.

The present LAPW results for TlGaTe2 suggest a very

FIG. 5. Calculated band structure of TlGaTe2.
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FIG. 6. Momentum of the photoexcited elec
tron in the solid according to the free-electro
final-state model.
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simple picture of the underlying chemistry of this materi
For example, assuming that the formal valence of both
and Ga is 11, then the corresponding Te formal valen
would be 12 and the Fermi level would be expected
occur near the top of the Te 5p bands, i.e., at an energ
where, on average, ten of the 12 5p bands are occupied
However, because of the very short Ga-Te bond leng
(;2.70 Å! within the GaTe4 tetrahedra, the strong G
4s–Te 5p interaction raises two of the 12 Te 5p bands
aboveEF , thereby opening a band gap at the TlGaTe2 Fermi
level. At theM point in Fig. 5, for example, these antibon
ing Ga 4s–Te 5p bands occur at energies 0.9 and 2.3 e
respectively. These unoccupied antibonding bands are o
lapped by the Tl 6p and Ga 4p type states, producing th
complicated conduction-band complex shown in Fig. 5.

Analysis of the LAPW wave function for the valence
band maximum at theM point reveals that;50% of the
weight consists of Te 5px,y and;20% Tl 6s. The interac-
tion between the Tl 6s and Te 5p orbitals is analogous to
that of the Ga-Te interaction, but is reduced by the fact t
the Tl-Te bond length (;3.55 Å! is significantly larger than
the corresponding Ga-Te value (;2.70 Å!. As a result, this
Tl-Te antibonding band falls at a lower energy and forms
valence-band maximum. It is clear that the electronic pr

FIG. 7. Comparison of the ARPES spectra~gray-scale plot! with
the calculated band structure~white dotted curves!.
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bination interchain Tl-Te interactions as well as intracha
Te-Te hopping. Although the Tl-Te bond length is rath
large, these interchain interactions are enhanced by the
that each Tl has eight Te nearest neighbors. As a resu
these considerations, one can readily understand why the
pected one-dimensional features in the TlGaTe2 band struc-
ture are masked by interchain interactions.

We have also studied the temperature dependence o
ARPES spectra. The second derivatives of ARPES spe
taken at 22 and 300 K are shown in Fig. 8. One can se

FIG. 8. Temperature variation~22 and 300 K! of the experimen-
tal band structure.
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rigid shift of the whole spectral features toward lower bin
ing energies when the temperature is decreased. This is
naturally explained by a downward shift ofEF . Since
TlGaTe2 is ap-type semiconductor,3 at low temperaturesEF
is pinned close to the accepter level which is usually loca
near the valence-band maximum. At high temperatures,EF
is shifted towards the middle of the band gap. This large s
of EF may cause a large Seebeck coefficient in this mate
In fact, large Seebeck coefficients have been reported
other TlSe-type compounds.18 Some other changes have al
been observed. The bandwidth is increased~by ;0.1 eV!
and the highest two bands are more clearly split~by ;0.05
eV! at low temperature. Normal-incommensurat
commensurate structural phase transitions and a sec
order phase transition have been reported9 between these
temperatures. Spectral changes may be related to these
sitions, but we cannot draw a definite conclusion at this m
ment.
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V. CONCLUSION

We have studied the electronic structure of TlGaTe2 using
photoemission spectroscopy and band-structure calcula
Comparison between the ARPES spectra and the calcul
band structure is rather favorable. The top of the vale
band is identified at theM point in the BZ and mainly con-
sists of Te 5p states. From the strong band dispersion p
pendicular to thec axis around theM point, it is concluded
that TlGaTe2 has a three-dimensional electronic structure
spite of the chain structure at least for the transport proper
associated with thep-type carriers. The rigid shit of the ban
structure with temperature variation is explained by a shift
EF expected for ap-type semiconductor. A possibility of a
large Seebeck coefficient is suggested. The increase o
bandwidth and the splitting of the highest two bands at l
temperature have been observed.
e

n
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