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Excitons and band structure of highly anisotropic GaTe single crystals
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Exciton characteristics of GaTe single crystals grown by vapor-phase transport were studied by optical
measurements. A hydrogenlike exciton series up-tat was clearly observed in the absorption spectra at 2 K.
In then=1 exciton energy region three types of exciton lines were found. By analyzing microphotolumines-
cence and micro-Raman-scattering spectra on the basis of group theory, it was clarified that these exciton lines
are not due to different polytypes but to intrinsic exciton states. Furthermore, optical-absorption spectra in a
magnetic field at 4.2 K were measured. In the Voigt configuration, one and two componeali® fandE L b
polarizations, respectively, were observed in kel and 2 exciton lines. These magnetic-field dependencies
cannot be interpreted on the basis of the previously proposed L-S coupling regime. The electronic band
structure of GaTe was studied by thle initio tight-binding linear muffin-tin orbitals method. It was found that
GaTe is a direct-gap semiconductor and that the band edge is locateMaiant of the Brillouin zone. From
a comparison of exciton absorption spectra and the calculated band structure, the existence of the three types
of excitons was interpreted from the viewpointjef coupling. Our model calculation was also able to explain
the Zeeman splitting and the diamagnetic shift of the exciton peak energies.
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[. INTRODUCTION Although GaTe is a material of low symmetry, Camassel
et al reported that the optical properties near the band-gap
Most 11I-VI compound semiconductors, such as GaSegnergy region are very simple and that there is no significant
GaS, and InSe, have a layered structure. Because of the agnisotropy in the absorption spectrum. Wetal® studied
isotropy and polytypism of these materials, their opticalphotoluminescencéPL) and transmission spectra, and they
properties have been studied extensiveyonversely, the  fond that the lowest excitonic state splits into two levils,
optical properties and even band structure of GaTe, which IShd X,. The X, exciton was observed only for polarization

one of the 1ll-Vl compound semiconductors, are less Wellg | , “\ hije the X, exciton was observed for both polariza-
known. One of the reasons is that GaTe crystallizes in a morﬁons' Elb and E||2b Thev interpretedX. and X» as bein
complicated structure than do other IlI-VI compounds. : y P 1 2 9

The crystal structure of GaTe has been investigated b inglet and t'riplset excitons, respectiv.ely., from the viewpoint
Pearsor.One layer has two kinds of Ga-Ga bonds: One lies2f L-S coupling” Although the transmission spectra reported

perpendicular to the layer, similar to GaSe, and the other lieBY them are not clear, the oscillator strengths<gfand X,
in the layer. The crystal symmetry is monoclinic with the S€em to be almost the same. This fact contradicts their as-

space groupC,,. Generally, in layered materials, the main signment, because the triplet exciton is optically f(grbidden.
symmetry axis is perpendicular to the layer plane. HoweverR€cently, they reconsidered the originsXf and X.” Al-
there is no such symmetry axis in GaTe, and only one twothough their explanation is inconsistent, they suggested that
fold symmetry axis exists in the direction parallel to the X; andX; for Ellb are due to singlet excitons constructed
axis, which is in the layer plane. from heavy- and light-hole bands, respectively. Howe¥egr,
Irwin etal® reported Raman-scattering and infrared-for ELb is a triplet state, and their assumption still contra-
absorption spectra of GaTe, and they reported that no conjuicts the experimental results. The purpose of the present
gate mode(lattice vibrations of in- and out-phase mogles study was to clarify the origins oX; andX, states. For this
was observed. This result means that the primitive cell opurpose, we synthesized single GaTe crystals and studied
GaTe has only one layer; i.e., there is no polytypism. Whervarious optical properties such as absorption, PL, micro-PL,
the crystal has some polytypes, the exciton states becommicro-Raman, and absorption in a magnetic field. The ex-
complicated, and hence, the polytypism makes study of thperimental setup is described in Sec. Il, and the experimental

precise excitonic properties difficult. In this sense, GaTe igesults are presented in Sec. lll. In Sec. IV the electronic
an excellent material to study the excitonic properties of layband structure calculated by thab initio tight-binding
ered structures. scalar-relativistic linear muffin-tin orbitals(TB-LMTO)
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method is presented, and then the origin of the excitons is T T
discussed in detail. "

Il. EXPERIMENTAL SETUP

The samples used in this study were grown by a vapor-
growth techniqué. The same molecular weights of 6N gal-
lium metal (purchased from Nilaco Cpand 6N tellurium
(purchased from Rare Metallic Co., Lidwvere sealed in a
guartz ampule in vacuum. They were reacted at 870 °C for 1
h and then kept at 820°C for one week. Many flakelike —— % T
single crystals were grown in the quartz ampule. The sample ’ PHOTON ENERGY (eV)
crystallinity was checked by x-ray diffraction measurement.

The crystalb-axis, which is along the growth direction, can FIG. 1. Absorption(solid lineg and PL(dashed Iine)sspectra of
be determined easily. We selected transparent as-grown cry§aTe at 2 K. Upper and lower spectra shows the polarizatianis
tals and attached them stress free to a sample holder. TIREdEID, respectively.

typical size of these samples was 1 i@ mmx0.5 um.

A tungsten lamp was used as a probe light source for thexciton states. There exists a small PL peak at around 1.776
absorption measurements, and a 514.5-nm light from aeV whose intensity depends on the sample. aal> re-
NEC GLS3200 Ar ion laser was used as an excitation lighfported that this PL originates from the exciton bound to a
for the PL measurements. The absorption and PL spectiacalized state induced by the strain in the sample. In the
were obtained using a Jobin-Yvon T64000 triple monochro-absorption spectrum foEL b, X; and X, have almost the
mator with a charge-coupled devi¢€ECD) camerd Each  same oscillator strengths. Therefobs, is not related to a
sample was immersed in pumped liquid helium to be cooledriplet state, which is dipole forbidden. Figure 2 shows more
to about 2 K. An optical microscope was also used forprecise absorption structures in the=1 (a) andn=2,3 (b)
micro-PL and micro-Raman measurements. exciton energy regions. The solid and dashed lines show the

For the studies of absorption spectra under a magnetispectra forEL b and Ellb polarizations, respectively. Since
field, two experimental setups were used: a superconductingie sample used in the experiment for which the results are
magnet for a low-magnetic field up to 7 T, and ashown in Fig. 2 was thinner than that used in the experiment
nondestructive-type pulse magnet for a high-magnetic fieldor which the results are shown in Fig. 1, the interference
up to 40 T. For measurements in low-magnetic fields, affect of excitonic polariton makes the spectra a little com-
white light from a tungsten lamp was used as a probe lightplicated. Figure @) shows that the peak energiesXf for
and the transmitted light was analyzed using a Jobin-Yvon
T64000 triple monochromator equipped with a CCD camera.
Each sample was immersed in pumped liquid helium to be
cooled to about 2 K. For measurements in a high magnetic
field, a white light from a xenon flash lamp transmitted
through the sample immersed in liquid helium was dispersed
by a Jobin-Yvon HR-320 monochromator and detected by a
CCD camerd.In both experiments, the magnetic-fiddvas
applied parallel to the crystd axis (Bllb), and the absorp-
tion spectra were measured in bdEhb andEL b polariza-
tions.

OD (arb. units)
PL INTENSITY (arb. units)

1.

®
o

OD (arb. units)

1.776

IIl. EXPERIMENTS

T
A. Absorption and photoluminescence spectra

The absorption and PL spectra of GaTe are shown by
solid lines and dashed lines, respectively, in Fig. 1. The up-
per and lower curves are for the polarizatidaisb andEllb,
respectively. A Wannier-type exciton series upnte 4 can
be clearly observed in the absorption spectra. In both the
absorption and PL spectra, two peaksandX, can be seen
at around then=1 exciton energy region in thEL b polar- [ . ! . !
ization, and one peaX, is observed in th&|lb polarization. 0 L OTON ENERGY 1(';%4)
The polarization dependence and spectral shape of PL spec-
tra are almost the same as those previously repdrite FIG. 2. Precise absorption spectramt 1 (a) andn=2, 3 (b)
Stokes shifts of both th&; andX, peaks are about 0.1 meV. exciton energy regions at 2 K. The solid and dashed lines corre-
Such a very small shift indicates that they are due to fre@pond to the polarizationgL b andElb, respectively.

OD (arb. units)
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TABLE |. Observed and reported exciton energies and calculated exciton binding eritygied energy
gapEg in meV. The estimated=1 exciton energies by using, andEg are also shown in parentheses.

a B Y X1 @ X, @
n=1 1779.3%0.02 1777.850.02 1777.750.02 1779.7 1778.5
(calc) (1778.0 (1777.2 (1777.2
n=2 1791.52-0.02 1791.320.02 1791.320.02 1792.0
n=3 1794.04-0.03 1793.950.02 1793.950.02 1794.4
Ro 18.1+0.4 18.9:0.3 18.9-0.3 15.6 17.6
E 1796.06-0.07 1796.050.06 1796.05:0.06 1796

8Reference 5.

the two polarizations are slightly different. The characterpolytypism. To confirm their results, we measured position
table of C,, symmetry® shows that all of the irreducible dependence of micro-PL and micro-Raman spectra with a
representations are one dimensional; i.e., there is no degespacial resolution of 1um. o
eracy, and hence, th¢, peaks for the two polarizations are  Figure 3 shows typical Raman spectra undéfyy)z’
thought to be due to different states. Furthermore, it can bandz’(x’y)z' configurations at 18 K, whene’ andy are in
seen thah=2 exciton forEL b splits into two peaks. These the layer plane defined througfib andyLx’, andz’ is
facts suggest thahere are three exciton seri@sthe absorp-  normal to the layer plane. The irreducible representations of
tion spectra. Consequentl¥;, X, (Elb), and X, (ELDb) phonon modes at the center of the Brillouin zdBZ) for
are now denoted as,, B1, and vy, respectively, where the C,,, symmetry are described by
subscript indicates a principal quantum number of the exci-
ton states.

Table | shows excm?n peak Eenergies obta|r'1ed from OURaman active modes are 12 Ag and 6 Bg modes, which are
work and those of previous studies for comparison. The ex-

citon binding energie®, and band-gap energiés, are also a}llowed forz’(yy)? andz’(x’y)? configurations, respec-
shown in the table. In general, the observed 1 exciton tively. Among the Raman active modes, 11 Ag and 3 Bg

; : . odes have been reported by Irvéhal® and Abdullaevet
energy shows a discrepancy from the simple expression df' 11 The numbers indicated in Fig. 3 correspond to the pho-

. al
Eg—Ro because the average distance between electron a'?]%n modes numbered by them. The inset shows the precise
spectra of the energy region of mode 13. It has a shoulder in

I'=12Ag+ 6Bg+ 6 Au+ 12Bu. (3.2

hole of then=1 exciton is rather small and a static dielectric

constant cannot be used for calculating Coulomb force. Cong, o lower-energy side. We fitted this spectrum by the sum of
sequently R, andE4 were calculated from=2 and 3 ex-  two orentzians, which is shown by the solid curve. The
citon energies in this study. Since the exciton energlqsnof dashed lines show the two Lorentzians, and we numbered
and y, (n=2) are the same, the calculated energie€@f them 13 and 13’ from the higher energy side. As shown in

are identical. The values &; for the three exciton series are Fig. 3, we obtained one Ag and one Bg modes denoted 13’
the same within the experimental error. This fact indicates

that these exciton series arenstructed from the same elec- T T
tron and hole bandsAs will be mentioned in the next sec-
tion, it should be noted that the observed exciton peak ener-
gies are sensitive to an inner strain and shift within 3 meV.
The exciton peak energies shown in Table | were obtained
from Fig. 2. Unfortunately, the exciton energies &4
could not be determined because of the small absorption in-
tensity.

260 270 284
o 12

6
A 311[
s

INTENSITY (arb. units)

z‘(x'y)z‘

B. Micro-PL and micro-Raman measurements g 3

In layered materials, a polytypism generally appears due 0

Mo

9j1o10'

U

100

200
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to the difference in the stacking sequence. When the crystal
has some polytypes, the energies of exciton states, especially
n=1 exciton states, of the polytypes are slightly different.  FIG. 3. Raman-scattering spectra of GaTe crystal at 18 K under
This fact suggests that the three exciton series originate frofhe configurations o’ (yy)z’ andz’(x'y)z' which correspond to
the polytypism. Irwin etal,®> however, have reported A, andB, symmetries, respectively. The inset shows precise spec-
Raman-scattering and infrared-absorption spectra of GaTe ifia of the energy region of mode 13. The solid line shows a fitting
which no conjugate mode is observed. This result means thatirve assuming two Lorentzians. The fitted two Lorentzians are
the primitive cell of GaTe has only one layer; i.e., there is noseparately shown by dashed lines.

RAMAN SHIFT (cm™
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TABLE Il. Observed Raman-active phonon symmetries and en- 1.782 — 7
ergies (cm?). Previously reported values are also listed. % Fo e (a)
< 1,780 P .
Feature Symmetry Present work Inf¥in  AbdullaeV § L AR
number G03cmh) (x2cmb) (x2cmY) W 1.778 e, e Y ’
i | an - "mmma,, s
1 Ag 40.9 41 41 17— 1
2 Ag 52.8 52 53 osl ®) 14
3 Bg 57.1 58 57 ~ osk RN 1.3
4 Ag 671 67 67 —é . feeesa,, “......llo-t...........noooo.o_ LLl?i
5 Ag 76.6 76 76 I T, L
6 Ag 111.3 110 110 021 S 1!
0.0 1 1 1 0
7 Ag 116.2 115 115 0 50 100 150 200
8 Ag 155.2 155 153 POSITION (um)
9 Bg 166.6 164 163
10 Bg 171.8 170 169 FIG. 5. (a) Position dependence of peak energiesrpfand y;.
10’ Bg 178.8 (b) Position dependence of the peak intensity ratjg/(,) and peak
1 Ag 181.2 178 177 energy differencek,—E,).
12 Ag 211.5 208 210
13 Ag 270.5 271 271 v1, are indicated by arrows. The two peak energies are plot-
13 Ag 272.1 ted as a function of the position in Fig(éh. The position
14 Ag 287.5 284 284 dependence of the PL intensity rati,(l,) and energy dif-

ference E,—E,) of a; and y, are also shown by circles
and squares, respectively, in Figbh If the ; and y, are
due to different polytypes and the density ratio of the poly-
t d th I iti the PL int it ti
and 10’, respectively; i.e., all A modes are observed, aI=yloes depends on the sample position, the Intensty rato

though there are two unobserved Bg modes. There are sorr'1sethow‘:‘lht to be changed by the sample position. As is shown

unnumbered peaks in the lower spectrum that are thought 0 Fig. 5b), however, the PL intensity ratio does not depend

be Ag modes. Forbidden Ag modes are presumably observed' the sample position, and hence, polytypism is not thought

. NS . . .. 1o exist. On the other hand, the peak energies of the two
in thez' (x"y)z' configuration, because of a small misalign-

ment in the experimental setun. Table Il shows the obser esexcitons continuously shift without changing the energy dif-
' Xper | SEtup. W Vefrence betweer, andvy;. This energy change is thought to
phonon modes and previously reported data for compariso

rt])'e due to a small spacial difference in inner strain. We notice
If the sample has a polytype, there is a possibility to observe P '

zone-folded modes of acoustic phonbnm the energy re- di_scontinuities shpyvn by the downward pointi_ng arrows in

gion lower than 30 cm!. As was also reported by Irwin Fig. 4. These positions correspond to boundaries of the crys-

et al,> however, no such phonon mode was observed, indital domain, wh|ch_can be seen in thg microscopic rea_l image.

cating that GaTe has no polytype. We also measured thehe crystal domains .have qm‘fe_rent inner strains, WhICh pre-

position dependence of the Raman spectra, and no significafigmably cause the discontinuities of the PL map image.

change was observed.

Figure 4 shows a map of the PL spectra obtained by mov- o )

ing the laser spot relative to the sample position at intervals ~ C- Magnetic-field dependence of absorption spectra

of 5 um with EL b polarization. Two main peaksy, and Absorption spectra foEllb andE L b in various magnetic
fields at 4.2 K are shown in Figs(d and &b), respectively.

8Reference 3.
bReference 11.

o 17847 In the lowest spectrum for a zero magnetic field, a Wannier-

2 4782 type exciton series can be seen umte 3. Figure 7 shows

5 LT8G the absorption peak energies as a function of the magnetic

- field. The closed and open circles correspond=tob and

Z 1778 g oy Ellb polarizations, respectively. 8, andy, are triplet states

% 1.776 = 8 and theg value is assumed to be the same as that of GaSe,

= O ) g=2.71 the energy splitting under 40 T is estimated to be 6
1.774 0= he - .

% i Q 0] meV. The spectral resolution is sufficient to observe this

B e splitting of the triplet state, if this state exists. With increas-

ing magnetic field, however, no paramagnetic splitting is ob-

served. This result also suggests that the exciton state of
FIG. 4. Position dependence of the PL spectra at 18 K. The PIX2 (81 and y;) is not the triplet state. Magnetic-field de-

peak positions of; and y, excitons are indicated by the arrows. pendence clearly differs betwegh andy, excitons. As was

The two downward pointing arrows shows the positions of domainstated in Sec. Il A, it is obvious thaé and y are different

boundaries of the GaTe crystal. states.

POSITION (um)
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) T T T T TABLE 1. Crystal structure parameters of GaTe.
[ (@ B 1
5 Legend X-param. z-param.
8
; Gay(4i) 0.78171 0.91910
% Gay(4i) 0.559 45 0.800 60
5 Ga(4i) 0.019 46 0.58270
a Te (4i) 0.98054 0.82226
2 Tey(4i) 0.28707 0.827 36
&) Tes(4i) 0.605 33 0.44874
0 & E,(22) 0.0 0.0
X Y T Sa— E(4i) 0.27559 ~0.349 41

PHOTON ENERGY (gV) Es(4i) 0.33223 0.35306

E,(4i) 0.19124 —0.100 42
@ . . . . Es(4i) 0.498 50 —0.084 83
g0 B i Eq(4i) 0.15293 0.402 93
sl 4117 ] E,(8j) 0.106 34 —0.260 81
8 ] y=0.2629
31.2T o T

i r ] b-axis unique C-axis unique
B o107 a=17.404 A a=17.404 A
Z o] — —
& . b=4.077 A b=4.077 A
3 i 10.7T c=17.930 A c=10.456 A
I 1 B=145.61° B=104.44°
ST oT | B B
|_
& 1 1 ]
o 178 180 182 and results are described in Sec. IV A. In Sec. IV B the origin

PHOTON ENERGY (eV) of the exciton series is discussed in detail.

FIG. 6. Magnetic-field dependence of the absorption spectra at
4.2 K. The applied magnetic fields are indicated in the figure. The
polarizations of the incident light ai€lb (a) andEL b (b). Exciton 1. Details of the calculation
seriesay, By, andy, (n=1 and 2 are denoted.

A. Electronic band structure

Gallium telluride crystallizes into a monoclinic structure
made up by a set of layers bound by weak van der Waals
interaction with atoms at the special positions shown in

In order to understand the origin of the three exciton seTable 111.X3 The unit cell contains 12 molecules of GaTe, but
ries, we calculated the band structure and its density of statdBe primitive cell contains only six molecules within each
(DOS) of a GaTe crystal. The electronic band structure wadayer. The gallium atoms occupy three sets ofpbsitions
studied by theab initio TB-LMTO method. The calculations (G&,Ga,Ga), and three types of tellurium atoms
(Te;, Te,, Tey) also exist at 4 positions. Here, (8, (2a),

IV. DISCUSSION

1.82 — r T r T (8j) in Table 11l are Wyckoff positions.

o FEib s As in other layered semiconductoistralayer bonds are

¢ Elb o o mainly covalent with some ionic contribution, airderlayer
%‘ i e 0 4 *] bonds are of a weak van der Waals type. The main inter-
~ e O ; 3 s atomic bonds within each layer of a GaTe crystal are ar-
(>5 * § g ; o 9 ranged to give a fundamental unit, where each gallium atom
180 n=3_ § ? $s o is surrounded by another gallium atom and by three tellurium
= oo o 8 s ] atoms. Each tellurium atom, in turn, is linked to three nearby
> | ‘;:2 | gallium atoms, and, in addition, supplies the weaker inter-
O - layer bond with other tellurium sites facing it from the adja-
5 . ¢ cent layer.
T 178 eee e M ; ; g 83 S Electronic structure calculations of GaTe were done by

oot using the TB-LMTO method in atomic-spheres-

approximation(ASA) including combined correctioff. Ex-
L L L - 4'0 change and correlation contributions to crystalline potential

were included through the von Barth-Hedin local density ap-
proximation (LDA) (Ref. 15 to the density functional
FIG. 7. Peak energies of three types of exciton series as a functheory.le'17

tion of the magnetic field. The closed and open circles correspond In our open structure under consideration and with only

to ELb andEllb polarizations, respectively. atom-centered spheres, the ASA would cause substantial er-

20
MAGNETIC FIELD (T)
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rors, either due to a large overlap and misrepresentation of
the potential or due to the neglect of charge in the van der
Waals gap mentioned above. Therefore, it is necessary to
pack the van der Waals gap with interstitiampty) spheres.

In general, the requirements for choosing the sphere posi-
tions and radii are that the superposition of spherical poten-
tials approximate the full three-dimensional potential as
close as possible, so that the overlap error for the kinetic
energy is acceptable and that the entire charge is inside the
spheres. The positions of the interstitial spheres are chosen
among the nonoccupied symmetry positions of the space
group. This procedure was carried out automatically using a
computer progran®® The band structure is not very sensitive
to the relative sphere radii.

The results showed that five types of interstitial spheres
are placed at thei4positions(total number, 1pand that one
empty sphere is at thea2position in the origin of the frame
reference shown in Table IIl. All of the above-mentioned (b)
spheres are situated inside the layer on the face of the primi-
tive unit cell. Four further interstitial spheres are placed at 5
the 8 positions just between the layers in the van der Waals
gap. Therefore, the primitive unit cell contains 12 real atoms
(six Ga atoms and six Te atoms of three types gactl 15
fictitious interstitial spheres of seven types.

The TB-LMTO basis set consists of Gag4nd 4p) and
Te (5s and %), and the interstitial empty sphere consists of
1s and 20 LMTO's, or so called “low orbitals.” The Ga
(4d) and Te (&l and 4f) and interstitial 3 partial waves
(“intermediate orbitals’), ¢g|(e,r), were taken at the fixed
energiese g, Which are the centers of gravity of the occu- 10k
pied parts of theRkl projected bands, and were included only
in the tails of the above-mentioned LMTO's.

All k-space integrations were performed by the tetrahe- P X r A P L
dron method.” For complex crystal structure_s_, it _iS important FIG. 8. (a) and(b) Band structure of GaTe crystal along high-
to co.ntrol apd manage the process of stab|I|zat|or_‘1 of the seg mmetry directions in the monoclinic BZ.
consistent iterations. Convergence to self-consistency wasd
achieved with a mesh of 372 irreducible points for the ) i . I
monoclinic lattice and was checked through the total energyPCints are defined as 1/2(G,+G,+Gg) and 1/2G,+G;
which was stable within 1Ry at the last successive itera- +Gs3), respectively, wheré,, G,, and G are reciprocal
tions towards self consistency. To generate the densities dattice vectors of (0.41474+ 1.0, 0),(0.41474, 1.0, §) and

states(DOY), we used 77% points in 1/4 C3;) irreducible  (0.33221, 0, 0.22738respectively, in the unit of 2/b. Un-
parts of BZ. derestimation of the band gap energy is well known and is

In monoclinic crystals two primitive unit cells with vari- common to all LDA calculations. The calculated band gap

ous centerings can be choserb-éxis unique” and ‘t-axis ~ Can be improved by using the computationally intensive GW
unique” (see Table Ill. We performed TB-LMTO bench- method.™ However, the GW technique becomes prohibi-
mark calculations for these two centerings and found that thévely time consuming when it is applied to complex systems

electronic structures were practically identical. such as low-symmetry crystals with many atoms per unit
cell.

The valence band consists of four groups of bands. The
lowest portion of the valence baifsix bands extending from

Figure 8 shows the calculated TB-LMTO energy bands in—12.2 to —10.5 eV) is composed of Tes5states, with
several directions in the monoclinic BZ for GaTe. The en-some covalent admixtures of Gas 4tates, and a smaller
ergy zero is taken at the highest occupied level. It can beontribution due to Ga @ states. This part of the valence
seen from Fig. &) that most bands have a weak dispersionband is split off from the upper part of the valence band by
in the plane perpendicular to thie, axis reflecting the an energy difference of about 3.3 eV, due to the effect of the
strongly two-dimensional layered structure of GaTe. strong Te ion potential on its owslike states. The next two

We obtained a direct band gap of 1.13 eV at Bhgoint,  upper portions of the valence ban@sx bands in the range
or equivalently at the? point, which is about 37% smaller from —7.2 to —4.2 eV) consist predominantly of Gas4
than the experimental value, 1.796 eV. Here, itheand P states with significant contributions of Te States and with

ENERGY (eV)

W@Mﬁ
<

ENERGY (oY)
IV
)
W
b

;><>

2. Electronic structure
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VT 1] dicated that GaTe is a direct-gap semiconductor and that the
25| (@) Total DOS band gap is located at thé point. From these experimental
20 F ] and theoretical aspects, we will discuss here the origin of the
15[ ] three exciton series.
1ok 1 In a similar 11I-VI compound semiconductor, GaSe, exci-
sk A ton states are interpreted inLaS coupling regimé, which
Tt seems to be different from the case of GaTe. Here, we pay
3 X ’ : ’ o ’G ' attention to the fact that the spin-orbit splitting energy of a
> 10 _( ) ! G: ES;_ Te atom, 589 meV, is larger than that of a Se atom, 247
2 | T G (z) ] meV 2 Therefore, not the_-S coupling regime but thg-j
§ 5L e ] couplipghregime is expected tg b_? sugable for anI interpretﬁ—
= | [ l tion of the exciton states in GaTe. Consequently, we wi
§ 0 bean | .L@A m explain the exciton states in terms of thjej coupling
15F | © “mo-Teds) | scheme.
b Tedp) From the results of band-structure calculation, the band-
or &' """" Teld 1 gap exciton is assumed to be the optical transition mainly
5L ,‘l. 4 from p (Ga 4p and Te P) to s (Ga 4s) orbital states at the
o L Lo ] M point. By introducing spin functions, they are described as
0 10 5 0 5 10 sTe and s|. for conduction bands and-(py+ip,)Th
ENERGY (eV) +pylnhand px—ip,) lnt+pyTH for valence bands. Theaxis

is defined parallel to the crystal symmetoyaxis. Here,s
FIG. 9. (a) Total DOS of GaTe crystalb), (c) Partial DOS's of  stands for a wave function transforming lilelype atomic

Ga and Te, where ths p, _andd compongnts of those_atoms are statesip, , p,, andp, are wave functions transforming like
shown by the dashed, solid, and dotted lines, respectively. Py-, Py, andp,- type atomic states; arith, and | o rep-

resent the up and down spin functions of an electiuie),
some admixtures of Tesband Ga 4 states. The highest respectively. We assume that tipg component strongly
group of band¢15 bands from-4.2 eV to 0 eV is formed mixes withp, andp, components due to the large spin-orbit
mainly by highly hybridized Te p and Ga 4 states with interaction of a Te atom. The mixing coefficients of the
small contributions due to Gasdand 4d states. The states at orbital functions are included in the functions. As was de-
the valence-band edge originate completely from peahd  scribed in the previous section, the symmetry of Mh@oint
Ga 4p states. The low-energy conduction bariffem 1.13  is C,,, which is the same as that of thepoint. Thus, we
eV to 3 eV) are mixtures of comparable contributions from use the notation of" point for convenience hereafter. Ac-
Te 5p, Ga 4s, and 4 states with somewhat smaller contri- cording to the coupling coefficients table f@,,,° four
butions of Ga 4 states and Te d states at the conduction- wave functions of the excitons formed by the above electron

band edge. and hole states are described as
The total DOS is depicted in Fig. 9 along with the local .
partial DOS of Ga and Te. Note that DOS show a quasigap at P17 =S(—PxX1— P2X3t PyXs),
about—4.2 eV, which was found in ultraviolet photoelec- .
tron spectroscopyUPS.?! Three UPS features visible in the hy " =S(—PxX3t P2X1 T PyX2),
0to —4 eV region and two other UPS peaks in thé& to 72 4.7
—8 eV region are in qualitative agreement with the calcu- 3 “=S(PxXs™ PzX2 Pyx1),
lated DOS's. ,
From the above calculations, we found that GaTe is a s “=S(Pxx2t PzxsT Pyx3),

direct-gap semiconductor and that the band gap is located g ere the superscript of the wave functiohsorresponds to

the M point. If _there is more than one t_aquivaIeMtpoint in _the representation in th@,,, symmetry group. In Eqg4.1),
the first BZ, intervalley scattering might occur, and this . is a spin function of a spin singlet state, apg, x, and

would cause energy splitting of excitons as was observed i : : P

22 e N X3 are spin functions of the spin triplet states. In Gg,
TICIL.““ The symmetry _of thelv_l point is Cyy,, wh|ch_ is the symmetry, these are described as
same as that of thE point. This means that thd point has

only one star, and thus, there is only one valley in the first = — 12,

BZ. Therefore, the possibility of intervalley scattering is ex- xs=(Teln= LeTn/ V2

cluded. x1=(leln+ Leln)/V2,
. (4.2

B. Origin of the three excitons X2=i(Telnt leTn)/V2,

As we described in the previous sections, there appears Ya=i(ToTn—Loln)/\2.

three optically allowed exciton series, i.e,, 8, andy in ' _ PR 5 _
GaTe, which are constructed from the same conduction an8ince the functions of), =, 3, and ¢, “ have a singlet
valence bands. The results of band-structure calculation ircomponent f.), they are optically allowed, whilealxz’1 is a
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pure triplet state and optically forbidden. @y, symmetry,
I'}] andI';, states are optically allowed fdEllb and EL b,
respectively. Thus, they; * state is allowed forElb, and
3% andy, ? states are allowed fdL b. If the wave func-

tions of 4, %, ¢, andy3? correspond to the experimental
exciton seriese, B, and y, respectively, they satisfy the

selection rule. Here, we define the pure triplet siafé ase.
The Zeeman term in the Hamiltonian is written as

MB - - MB - n
H="" (et 08B (T +0nén)B, (43

whereug=efi/2m is the Bohr magnetor e, andsep, are

orbital and spin angular momentum operators, respectively,

and geny is a g factor of an electronhole). In the Bilb
configuration,a and vy states ang3 and e states mix with

each other. The energies of the diagonalized exciton states

are

5
V.=[Eg+E,*(Eg—E,)?+4H*HB?]/2+ UTBZ

(4.4)
5 5 5n*+n?
W.=[E,+E,*\(E,—E,)*+4F*FB 12+ 0——B%

whereE,, Eg, E,, andE, are exciton energies @f, 3, v,
ande at B=0, respectively, an@ is a diamagnetic coeffi-

PHYSICAL REVIEW B 64 035210

1.788 — . . . T

_ 1786 1

(@]
~1.784
>

9]
o 1.782

Z 1.780

1.778 |-

1.794 -

1.793 -

ENERGY (eV)

1.792

0 2 4 6
MAGNETIC FIELD (T)

FIG. 10. Peak energies of=1 (a) andn=2 (b) excitons as a
function of the magnetic field. The closed and open circles corre-
spond toEL b andEllb polarizations, respectively. The solid lines
represent the fit using Eq4.4) with adjustable parametel$|
=7.0x107° eVIT, |H|=0 eVIT, ando=2.03x10"% eV/T?

70.6, 17.6, and 7.8 T fon=1, 2, and 3 excitons, respec-

cient. In Eq.(4.4) a diamagnetic shift is also considered. Thetively. For n=1 exciton, the whole range of the magnetic

asterisk refers to a conjugate complex. The paramétensd
F are defined byH=A+C+D andF=A+C+D*, where

A:i|s|2(|px|2+|pz|2)MB!
C= _igh|5|2(|px|2+|pz|2_|py|2)MB/2a

D=ige|s|(|px?+|p*+|py|%) mal2.

Here,|s| and|p;| (£=x,y,z) are expected values sfand
p; functions, respectively.
Figure 1@a) shows the energies of=1 exciton peaks as

(4.5

fields studied here is in the weak-field regime, and the cal-
culated curves fit well to the experimental data. To satisfy
the limitation of then=2 excitons, we consider the range of
magnetic fields lower than 17.6 T. Figure (D shows the
energies of thev=2 exciton peaks as a function of the mag-
netic field in a weak-field regime. The solid curves show the
calculated results of Eq4.4) using the same values &,
H(=0), ando as those obtained for the=1 excitons. The
calculated curves agree well with the experimental points,
which proves the suitability of our model.

We discuss here why the energiesagf and y; excitons

a function of the magnetic field. The solid lines represent theare different 1.5 meV). Thex andz axes are located at

fit using Eq.(4.4). The fitting parameters at€&|, |H|, ando.
From the energy shift ofr; and y,, we obtain|F|=(7.0
+0.1)x107° eV/T ando=(2.03-0.03)x10 ° eV/T?. If
the value of|H| is not small,8 ande states are mixed with

the plane normal to thle axis, though their directions cannot
be defined. Therefore, the polarizations of the dipole mo-
ments of botha; and y; excitons are not known. If the
polarization direction ofy, is assumed to lie in the layer

each other, and the state becomes optically allowed. How- plane and perpendicular to theaxis, y, is a pure transverse
ever, nos state was observed in our experiment. This resuliexciton, whilea, is a pure longitudinal exciton. In this as-
means that the mixing is not significant and that the value oumption, the energy difference betweenand y, excitons

[H| is small. It is reasonable to assume that the valugHof
is negligibly small because the energy shift f can be
fitted using only the diamagnetic coefficiemt The value of
o is common for the solid lines fox; and y,. Using the
obtained values ofr and exciton binding energR, shown

in Table I, the exciton reduced mass, effective dielectric con-

is thought to be due to longitudinal-transverse splitting.
However, the longitudinal exciton is not optically allowed,
and hence, only the/; exciton is expected to be observed.
This is not the case. Therefore, this assumption is too simple

TABLE IV. Excitonic parameters obtained by usiegand Ry,

stant, and exciton Bohr radius were estimated, and evaluat&gherem, is a free-electron mass.

values are shown in Table IV.

In the above consideration, we assume that the magnetic
fields are in a weak-field regime; i.e., the ratio of cyclotron
energy to exciton binding energy is sufficiently smaller than
unity. This value equals unity when the magnetic fields are

Reduced mass (0.2689.004)m,
Dielectric constant 12:80.2
Bohr radius 31.+20.3 A
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to explain the experimental results. We think bathand y, V. CONCLUSION

excitons are longitudinal-transverse mixed excitamg:and In summary, we have synthesized thin single crystals of
1 are longitudinal-like and transverselike excitons, respecg 1o by avapbr-growth technique and measured absorption
tively. In other words, these two excitons become opticaIIyPL’ micro-PL, and micro-Raman spectra. Three exciton se-,
allowed due to the low crystal symmetry. _ ries were observed near the band edge, and the exact exciton
We noticed similar behavior of the=1 exciton state in i ing energies and band-gap energy were determined. The
Pbl, crystals under a magnetic f|e?qrhe crystal symmetry 444 structure of GaTe was calculated, and it was found that
of 2H'Pb|2+'3 Dsq. The lowest exciton state is construi:ted GaTe is a direct-gap semiconductor and that the band gap is
from anA, valence hole and aA, conduction electroﬁ. located at thevl point. It is concluded that observed excitons
Tr+1e symmetries of the exciton states can be described age associated withi-j coupled, optically allowed exciton
Ap XAy XA, =A; +A; +A; . Here,A; andA; are al-  states. Our model explains the existence of three optically
lowed transitions forEllc and ELc polarizations, respec- allowed excitons and the selection rules for the polarizations.
tively, while A; is a pure triplet state, whereis perpendicu-  Furthermore, magnetic-field dependence of the exciton peak
lar to the layer plane. When the magnetic field is applied irenergies are also explained by our model. From this study,
the direction perpendicular to tleeaxis, the crystal symme- some of the excitonic parameters have been determined.
try is reduced toC,;,. Due to the lower crystal symmetry,
three types of excitons become observablesorc polariza- ACKNOWLEDGMENTS
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