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Electronic structure of the chainlike compound TISe
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An ab initio pseudopotential calculation using density functional theory within the local density approxima-
tion has been performed to investigate the electronic properties of TISe, which is of chainlike crystal geometry.
The energy bands and effective masses along high symmetry directions, the density of states, and valence
charge density distributions cut through various planes are presented. The results have been discussed in terms
of previously existing experimental and theoretical data, and comparisons with similar compounds have been
made.
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[. INTRODUCTION and 1.16 A, respectively. The length of ionic bond between
) ) ) i the monovalent thallium placed in an octahedron of divalent
Thallium selenide is a IlI-VI corPSpound with body- gelenjum ions isd(TI*—Sé7)=3.428 A, which is smaller
centered-tetragongbct) structure of Dy, (14/mcm) space  than but close to the sum of the respective ionic fadii
group! The quasi-one-dimensional nattiref its structure of 159 A and 1.98 A. Other typical bond lengths
makes TISe a generic example for a series of similar binargre d(TI™=TI"™)=3.5 A, d,(Se—S&€7)=3.853 A,
and ternary chainlike compounds with the formula unit of§(Ti3*-T1*)=4.01 A, andd,(S& —Se&7)=4.06 A.
TI*(TI3*Se,>")~ where for the ternary compounds monova- |t has been shown that TISe-type crystals are promising
lent and trivalent cations are of different atoms like in materials in device app"ca’[ions such as near- and far-
TlinSe,, TIGaTe, and TlinTe. The trivalent T#* ions are infrared sensors, pressure-sensitive deteétarsg asy-ray
surrounded by four tetrahedrally bonded®Sens. These  detectors. Switching phenomerdand low-temperature me-
tetrahedra share edges to form long negatively chargegjlic conductivity! in TISe have been described success-
chains of (TI*Se,?")~ units that are parallel to the axis fully.
coinciding with the opticat axis (see Fig. 1. Monovalent The energy band gap published by different authors is not
TI* ions, on the other hand, are surrounded by eight octahen accordance and varies between 0.6 and 1.0 eV at
drally positioned S& ions, and they electrostatically hold 300 K1213Band structure calculations and comparisons with
these chains together by means of ionic interchain forces thae existing experimental data showed that TISe-type mate-
are weaker than the intrachain bonds of'¥6€", which are  rjals are indirect gap materials; the direct transitions are for-
ionic covalent in nature. This leads to easy cleavage of TISepidden according to symmetry selection ruté<lectronic

type crystals into plane parallel mirrorlike plates along ¢he band structures of TISe and related crystals were obtained by
axis. As a result one has a “natural’10) plane with a mir-

rorlike surface that is particularly useful for optical measure-
ments and device applications. Also for the same reasons
these crystals are highly anisotropic in many physical prop-
erties that consequently are enhanced under the influence of
high pressure¥® In addition, the spin-exchange coupling
between Ti and TPF* ions is observed to be stron§eas
compared to the intrachain coupling of the same nature be-
tween TI" and T ions.

The unit cell contains 8 atoms with atomic positions of
two TI** ions at €0,0,c/4), two TI" ions at £a/2,0,c/4),
and four S& ions at #»a/2,nal2,c/2) and Hnal/2,
-yal2,0), where 7 is the internal parameter. The primitive
translation vectors aré-a/2,a/2,c/2), (al2,-al2,cl/?2),
and(a/2,a/2,—c/2). The lattice constants for TISe can be

. . 5 L
found in the literature® as a=b=8.02+0.01 A andc FIG. 1. (Color onling Crystal structure of TISe. Thallium atoms

=7.00£0.02 A with the internal parameter of the basis as;e represented by larger spheres and selenium atoms by smaller

7=0.358. . ) _ones in order to emphasize the chains for better visualizatioi. Se
The covalent bond between trivalent thallium and the di-jons are tetrahedrally bonded to*Tions, forming chains of edge-

valent selenium is of lengthi(TI®*~S&7)=2.68 A, being sharing tetrahedra, along tleaxis. The Tt ions are the spheres
just a little larger than the sum of the covalent radii, 1.48 Awith no bonds shown.
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various groups and available in the literatéet® c*
Thallium selenide-type crystals possess a three-
dimensional electronic nature in spite of their chainlike crys-
tal structure. But still the direction normal to the chains b*
shows stronger band dispersion and consequently may b ,
more conductive. This can be seen from the experimenta a
valueg? of direct and indirect gaps for different polarization
directions. The direct gap is measured as 0.99 eV when the
polarizations of the electric-field vector of the incident elec-

tromagnetic wave is normal to the opticat axis (z axis),
whereas whef is parallel to thec axis it is measured to be
1.05 eV. Similarly, the indirect gap values are observed to be
0.68 eV and 0.72 eV, respectively, for the normal and paral-
lel fields. ;
The effect of pressure and temperature on the electronic
band structure of TISe was first reported by Gashimzade an¢ ,/
OrudzheV? and phase transitions in TISe-type crystals under,’ >
pressure were reviewed by Allakhverdiev and co-worKérs.
In the present work the results of alb initio pseudopo- -ky
tential calculation using density functional theory within the . _ . )
local density approximation for the electronic band structure F!G. 2. (Color onling The irreducible wedggheavy lines of
as well as the density of states of TISe are presented. M]e_ first BI’I||9UIH zone for TISe _stru_cture with the high symmetry
addition, the valence charge density distributions for variou®©"ts and high symmetry lines indicated.
atomic planes are calculated. Effective masses for various
valleys in different symmetry directions were estimated by . RESULTS
using a qurvature fit tq the bands. All these resul'gs areé Com- e first Brillouin zone for TISe in thdct structure is
pared with the experimental and other theoretical valuei1
available.

iven in Fig. 2 where the high symmetry points and high
symmetry lines are indicated on the irreducible par16th
of the Brillouin zone and they are given by
R=(0,w/a,m/c), P=(wla,w/a,wlc), N=(w/a,w/a,o),
Il. METHOD r=(0,0,0, T=(0,27/a,00=T'=(0,0,27/c),  and

We have used a pseudopotential method based on densf=(0,0.,(1+u?)m/c)=H'=(0,2w/a,(1-u?)w/c), where
functional theory in the local density approximation. Theu=c/a. Major symmetry lines of the BZ areK
self-consistent norm-conserving pseudopotentials are gener{k,m/a,m/c), D=(m/a,w/a,k), Z=(kk,0), A=(0k,0),
ated by using the Troullier-Martins schefi¢for Se) and the  A=(0,0 k), andG=(k, 27/a-Kk,0). _

Hamanni! schemgfor Tl), which are included in theHigspp The dashed box in Fig. 2 has edges 02(2w/a)
package? Plane waves are used as a basis set for the elec< V2(27/a) X 2(2#/c), the corners of which are the centers
tronic wave functions. In order to solve the Kohn-Sham(T'’) of neighboring Brillouin zones. Similarly, the poikt’
equationg3 the conjugate gradient minimization metibes  is equivalent toH since it is theH point of the neighboring
employed as implemented by theBINIT code?® The  Bz. The reciprocal lattice vectors for our choice of primitive
exchange-correlation effects are considered using thganslation vectors are given b§,=(0,2n/a,2x/c), G,
Perdew-Wang scherffeas parametrized by Ceperley and =(2w/a,0,2m/c), and G3=(27/a,2n/a,0) along a*, b*,
Alder?’ andc* axes, respectively.

Pseudopotentials are generated using the following elec-
tronic configurations: for Tl, in addition to the true valence
states(6s and &), 5d semicore states are also taken into
account in the calculation, and the nonlinear core corrections The energy bands calculated for tkepoints along the
are included. For Se, s4semicore and @ true valence states high symmetry lines are shown in Fig. 3. Also shown in the
are treated as valence states. The optimized calculation hésur rightmost panels are the normalized total density of
produced lattice parameters asb=7.91 A andc=6.90 A,  states for the TISe compound, as well as the local densities of
both of which are close to their experimental values withinstates for the individual ions, g TI®*, and T ions, respec-
~1.4%. In the rest of the calculations we have used thaively. The local DOS curves are not normalized because of
experimental lattice parameters as input. the method they are extracted by; however, they give an idea

Good convergence has been obtained for the bulk totabout the dominant orbital character of the groups of bands
energy calculation with the choice of a kinetic energy cutoffin the indicated regions of energy.
at 20 Ha for TISe. In the density of states calculations the At the bottom of the figure there are 4 bands originating
irreducible Brillouin zongBZ) was sampled with 8R points ~ from 4s states of the Se atoms located in the range
using the Monkhorst-Paékscheme. 13 to 13.7 eV below the top of the valence band, which is

A. Energy bands
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FIG. 3. The energy bands for TISe along the high symmetry lines of the Brillouin zone, the corresponding total density of states, and the
local densities of states for the SeTI*, and TI, in panels from left to right, respectively. The densities of states for the lower valence
(semicorg states due to TI&and Se 4 electrons are shown in a scale reduced by a factor of 10 in order to fit into the same frame with the
rest of the densities above —9 eV. The top of the valence band is taken to be zero.

chosen as zero. Above this group there are 20 bands con- The bottom of the conduction band is located almost at
sisted of & states of Tl atoms located in the range fromthe midwayD,=(=/a,w/a,/2c), along the lineD joining
-10.6 to —-12 eV, and being semicalestates they are not the pointsP andN, and corresponds to the irreducible rep-
much dispersed in mogt directions, except a little alonQ, resentatiorD,. Two additional minima are situated along the
and alongA. symmetry lineA that connects the poinis andH, one very
In the region between —4 and -7 eV, there is an isolatedlose to the midwayA,) and the other is very close to the
group of four bands that are made up of mostly teestates  point H. The band at poinT is a little higher in energy.
of monovalent Tl ion, and some Se 4tates at the bottom of  The top of the valence band is sharply defined and located
the valence band mixed with the 6tates of trivalent cation. at the high symmetry poir, which corresponds to the irre-
Another group consisting 10 bands in the upper part of thejucible representatiofi;. The T;— T, vertical transition is
valence band is mainly due to Se étates and 6 states of  forbidden in the dipole approximation; however, minimal di-
both Tl atoms. However, the uppermost valence band, whickect transition is allowed at poirl (nearT alongA). The
tops at the symmetry poink, is composed of mainly non- bottom of the valence band is also at the symmetry pdint
bonding Se p and & states of monovalent TI. with s-like minimum, and the valence band width is found to
The two bands in the lower part of the conduction bandse 7.21 eV.
are the antibonding mixture of the Se 4tates with the §
states of Ti*, and intermixed only slightlyaroundH) with
the 12 upper conduction bands that are located above
~1.5 eV, and made up ¢f states of all three ions. All of the The energy gap is underestimated relative to the experi-
bands along the lin& joining R and P points are doubly mental value due to the well known artifact of the local den-
degenerate due to time reversal symmétry. sity approximation calculatiord,and as a result the indirect

B. Structure of the gap
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0.33 mN

FIG. 4. Energy gap values and effective masses for valleys
along various directions. The conduction bands are rigidly shifted
upward in energy by a fixed amount of 0.8 ¢s&e text

gap appears to be negative, which instead should be about
0.7 eV. Note that a similar deficiency is observed by Oka-
zaki et all® for the semiconductor TIGaJeusingab initio
linearized augmented plane wave method, and resulting in a
band structure with slightly negative gap also, leading to a
semimetal with a hole pocket & and electron pocket &;.
Hence, for a rough correction, if the whole conduction band - &
(of 14 statepas a block is rigidly shifted upwards by 0.8 eV (b) The (001) plane
to arrive at the indirect gap valu®.69 eV seen in Fig. Yof

TISe, then a direct gap of 1.27 eV is obtained as a conse- FIG. 5. (Color onling (a) Oblique surface plots an¢) top
quence, which is to be compared with the experimental valusiews of the total valence charge density contours for TISe cut
of roughly 1.0 eV23 The other indirect gaps will then be seen thrpugh the _toq001) plane containing the Seions (larger ball;.

as 1.11 eV for the valley along and 1.17 eV for the valley Tl ions (medium ballg and half qf the Se ionsmallest ballsare in
along the same direction but just a few meV’s away from the004 and(002) planes, respectively.

H point. The curvature of the lowest conduction band alongp 4ccordance with the local density of states results in iden-
TH has the same sign but is larger than that of the highesifying the electronic structure of the compound. Figure 5
valence band along the same edge of the BZ, and thus thghows the plot for th€001) plane which cuts through the
vertical gap at théd point, being 1.22 eV, is 0.05 eV smaller s&- jons at positions fa/2,-7a/2,0). The bottom plane
than the direct gap af point, where the valence band top is of (002) containing the other $e pair of the same tetrahe-
located. dron gives(the mirror image of the same charge density
From the curvatures of bands the effective masses arglot. Figure 6 shows the case for t(i@04) plane that con-
obtained by a linear fitting oE versusk? plots at the close tains TP* ions at £0,0,c/4) and Tl ions at #a/2,0,c/4).
proximity of the extrema. They are shown in Fig. 4 for dif- The TI" ions, having been stripped of theip &lectron, show
ferent valleys in units of free electron masg. The hole  their s-like character due to the outermosf @lectrons par-
effective masses alon and= are found to be very close to ticipating in the valence bands. This can also be seen in the
each other, beingy,(Ts)=0.33ny; however, alongHitis as  energy band picture as a rather quadrasitike) minimum
high asm,(T3)=1.16m,, and increasing curvature aftéf  and maximum at the high symmetry poifit(see Fig. 3.
along A reduces it to 0.61, (at H), giving rise to a com- Donating their § and & electrons to bond formation, ¥
bined value of 0.8, at T. The electron effective masses at ions, on the other hand, show some charge density extending
T along A and X are again similar and have values of towards S& ions and a negligible amount dfinfluence in
m,(T,)=0.37m, and 0.38n,, respectively. AlongrH the cur-  Fig. &b).
vature of this band is opposite of those alah@gndG, caus- These findings can only be roughly compared with the
ing T, to be a saddle point, as is well known. Other valleysearlier empirical calculatiod$ since the charge density con-
along A correspond to effective masses of h@4and tours for(001), (002, and(004) planes were superimposed
0.22m, as seen in Fig. 4, and the electron effective mass foin one plot and the amplitude variations along the bonds
the lowest minimum alond is found to be 0.16,. The were depicted in a different figure. Therefore, in order to
experimental values obtained from conductivity and Hall ef-compare the pronounced charge accumulation at the- Tl
fect measuremeri$arem,=0.3my andm,=0.6m, and from  S€~ bonds found in the empirical calculation, the charge
thermoelectric measuremetitss m, =0.86m,. density distribution on two other planes both passing through
these bonds are also presented. Figure 7 shows the total va-
lence charge density plots for th@20) plane that passes
through the T¥*-S€&~ bonds, where most of the charge is
The total valence charge densities for different planes oéeen to be accumulated on the?Smn rather than on the
atoms were calculated to show the charge transfer, which ateond. The second plane that contains the bonds under con-

C. Charge density
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FIG. 8. (Color onling Contour plots of(a) the total valence
(bonding charge density ant) the charge density due to the low-
est two conduction band&@ntibonding for TISe cut through an
incommensurate plane containing all three ions.

IV. DISCUSSION

It is shown that the top of the valence band is sharply

@,@/x defined and located at the high symmetry polntwhich
o corresponds to the irreducible representafignThe bottom
of the conduction band is located almost at the midyaia,
mla, m/2c) between symmetry poin andN, along the the
line D, and corresponds to the irreducible representdiign
' The distribution, dispersion, and the orbital characters of
(b) The (004) plane

the bands are in good agreement with the experimental data
of the photoemissiof® The only prior band structure calcu-

FIG. 6. (Color onling (a) Oblique surface plots angh) top view lation for TISe is reported by Gashimzaee al,'5 where

of the total valence charge density contours for TISe cut through th?h h d del d tential and lied
(004) plane containing both TI(center and corneysand TB* €y have used a model pseudopotential and applied an em-

(edge$ ions. S&~ ions shown are not in plane, but either above pirical method. Although there is a genera_l agreement be-
(larger ball3 or below (smaller balls by c/4. tween the two results, there are some major differences as

well. In their result there is an isolated group consisting of
. . . . the top two valence bands that does not appear separated
sideration contains also the monovalent cation. The total V8gom the rest of the valence band in our calculations. And the
Ie_nce charge density calculated for Fh's _plane is shown Msolated group of four bands at the bottom of the valence
E'g' da(g)’t V\;rr:erehthle monqvaler'lot\ C"?‘t'(m é%é;?nbto db? NO%and in our calculations is not separated from the rest of the
onded 1o the chaicogen ions. Again, Ond 1S yalence band in their results. Moreover, the order of their
seen to be more ionic than covalent in nature. Fllnally, Fi9yands at the symmetry poiktdoes not agree for most bands
8(b) shows the same plane that contains all three iorlas i that of the present results. These differences arise from

howe_ver,_ this time the charge density C(_)ntours depict th(ﬁwe fact that Gashimzads al'® used a restricted number of
contributions from the lowest two conduction bands only. It lane waves in their empirical pseudopotential method, and

Itf] clearlaltﬁ)eenrlﬁt:atbthﬁ dmo\?vcr’]\i/ar:en: C?t':’r;] r:ja%rl?aele(r:]t(;on oreover, the wave functions were not deconvoluted
ese antibo g bands, ch are forme s a enough. It is known that in such approximations it is not

S€" 4p states alone, consistent with the rightmost panel II'boszsible to take into account the screening and to include the

Fig. 3. electron-ion interaction as well as the exchange-correlation
effects properly. Another difference with this study is, al-
though they have included thes 4emicore states of Se at-
oms, the 8 states of Tl atoms were not taken into account in
their calculations. To single out the effect dfstates, we
have made separate calculations with and without tde 5
semicore states of Tl. Upon inclusion dfstates the main
B = change was on thes&emicore states of Se, which narrowed
_____ ' . R i == W down from dispersion between -13.7 eV and -12.2 eV to
= i between -13.7 eV and -13 eV, decreasing the bandwidth
= W i,y i from 1.4 eV to 0.7 eV. The other change occurred in the
The (220) plane lowest two conduction bands that are shifted downward and
separated from the rest of the conduction bands by about
FIG. 7. (Color online Contour plots of the total valence charge 0.2 €V in all symmetry directions.

density for TISe cut through th€20) plane containing # and It is worth noting here that a similar electronic band struc-
Sé" ions. TI ions shown are not in plane. The frame shows theture for TlinSe is obtained from a calculatiéh made by
part of (220) plane inside the cube shown in Fig. 6. constructing the pseudopotentials using the scheme sug-
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gested by Bachelegt al3* Although it is a semiconductor performed to investigate the electronic properties of TISe.

with a direct gap, the valence band structure is qualitativelyThe energy bands along different symmetry directions, the
analogous to that of TISe presented here. Isolation of théocal and total densities of states, and total valence charge
group of lowest four valence bands, the shape of the highesfensity distributions for certain plane cuts are presented. The
valence band, especially along th&HI' symmetry direc-  curvatures of energy bands defining the gap for various val-
tions, and the sharpness of the valence band top are featurgys in different symmetry directions were compared in

showing similar behavior. Another material to be comparederms of corresponding effective mass values. All these re-

is TIGaTe, the ab initio balgd structure of which has been g5 are discussed in view of the experimental and other
published by Okazaket al® Not mentioning the quantita- theoretical values available.

tive differences, in general, the two band structures are re-

markably similar, apart from some variations in the vicinity

of theI" point of the Brillouin zone. ACKNOWLEDGMENT
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