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Abstract

RbHgSbTe, (1), a novel two-dimensional quaternary mercury antimony telluride, was synthesized via an unconventional
low-temperature route. Single crystals of I were grown at 180°C from solvothermal reactions using ethylenediamine as solvent.
The crystal structure of 1 was determined by X-ray diffraction methods. The structure belongs to the orthorhombic crystal
system, space group Cmem (no. 63), a =459 (2) A, b=15745 () A, c = 11.737 (D) A, Z = 4. The crystal structure of this
compound consists of two-dimensional layers of i[HngTe_{ Jwith Rb™ counterions located between the layers. Optical studies
performed on the powder samples of 1 suggested that the compound is a narrow-gap semiconductor, A band-gap of (1.2 eV was
estimated from its diffuse reflectance spectrum.  © 1997 Elsevier Science S.A.
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1. Introduction

Many of the solid state materials with interesting
chemical and physical properties were synthesized in
the old fashioned way at relatively high temperatures
(e.g. 500°C and above). The use of lower temperature
routes to metastable phases have demonstrated that a
number of compounds with unique structural fea-
tures, unprecedented electronic, optical and catalytic
properties can only be obtained under mild condi-
tions, Our approaches to the low-temper:ture synthe-
sis of solid state chalcogenides focus mainly on the
exploration of solvothermal reactions below 200°C. By
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incorporating chalcophilic elements into these reac-
tions, we have produced a number of new compounds
with extended one-, two- and three-dimensional struc-
tural frameworks and molecular tellurometalates con-
taining elements such as mercury [la,1b,1¢), indium
[2], tin [3), and silver {4). Most of these are not
obtainable by high temperature methods. While
binary and ternary mercury and antimony chalco-
genides have been studied quite extensively, the num-
ber of known quaternary phases is very limited. In
fact, KHgSbS, is the only example whose crystal
structure has been reported [5). Here we report on
the low-temperature solvothermal synthesis, crystal
structute determination and optical studies of the first
quaternary mercury antimony telluride, RbHgSbTe,
.
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2. Experimental section
2.1. Chemicals

Mercury (I) chloride, (99.5%, Fisher Scientific), Te
(99.8%, Aldrich Chemical Co.), Rb,Te and Sb,Te,
were used as starting materials. Rb,Te was prepared
by direct combination of Rb and Te in liquid ammo-
nia and Sb,Te; was prepared by direct synthesis of Sb
and Te in stoichiometric amounts. Ethylenediamine
(99%, anhydrous, Fisher Scientific) was used as the
solvent in all reactions.

2.2. Crystal growth of RbHgSbTe, (1)

Black needle crystals of I were grown initially in a
reaction containing 0.075 g (0.25 mmol) of Rb,Te,
0.059 g (0.125 mmol) of Hg,Cl,, 0.100 g (0.25 mmol)
of Sb,Te; and 0.096 g (0.75 mmol) of Te as starting
materials. These starting materials were weighed and
mixed in a glove box under an inert argon atmo-
sphere. A thick-wall Pyrex tube (9 mm o.d., approx. 5
inches long) was used as the reaction vessel. Approxi-
mately 5.5 mmol of the solvent, ethylenediamine (en),
was added to the mixture. The tube was then sealed
under vacuum (approx. 10~ torr) after the liquid was
condensed by liquid nitrogen. The reaction took place
in an oven at 180°C for 7 days. After cooling to room
temperature, the reaction product was washed with
35% and 95% ecthanol and dried with diethyl ether.
Crystals of 1 were collected in a yield of approxi-
mately 15%. The remaining product was identified by
powder X-ray diffraction to be Te (60%), Sb,Te,
(15%) and HgTe (10%). The approximate composi-
tion of 1 was cbtained by microprobe analysis on the
selected crystals using a JEOL JXA-8600 Superprobe.

2.3. Direct synthesis of powder samples

In the subsequent reactions, attempts were made to
obtain a single phase of L. Direct syntheses by mixing

stoichiometric amounts of Rb,Te, Sb,Te, (or Sb) and
HgTe were made at different temperatures. Powder
X-ray diffraction analysis showed that a high vield
(> 85%) was produced in reactions conducted at
400°C using Rb,Te, Sb,Te, and HgTe in a 1:1:2 ratio.
A small amount of Sb,Te; was aiso found in the final
product. As the temperature increased to 600°C, the
yield decreased to approximately 60%. Reactions at
800°C produced almost exclusively HgTe with a small
amount of Sb,Te;. Alternatively, using Rb,Te, Sb,
HgTe and Te as starting materials (1:2:2:3) resulted
predominantly in unreacted Te and binary phases:
approximately 90% HgTe and 10% Te at 400°C, 60%
HgTe and 40% Te at 600°C and 40% Sb.Te; and
60% Te at 800°C.

2.4. Single crystal structure determination

A black needle crystal (0.01 X 0.01 X 0.12 mm) of I
was mounted on glass fiber in air cn an Enraf-Nonius
CAD4 automated diffractometer, and 25 intense
reflections [17° < 26 < 23°] were centered using
graphite-monochromated Mo-K« radiation (0.71069
A). Least-squares refinement of their setting angles
resulted in the unit-cell parameters reported in Table
1, together with other details associated with data
collection and refinement. Data were collected using
the w-scan method with a scan interval of 1.5° within
the limits 6°<20<50° for =5sh<35, 0sk< 18,
0 < 1 = 13. The diffracted intensities were corrected
for Lorentz and polarization effects. No decay was
observed. An empirical absorption correction based
on W-scans was applied to all data (transmission range
1.0-0.57). The structure was solved by direct methods
with SIR92 [6] and refined by full-matrix least-squares
on F} using all the 447 independent reflections and
25 parameters (for 892 data collected). Anisotropic
thermal displacements were assigned to all atoms,
The final difference electron density map shows no
features with a height greater than 6% of an Rb
atom. All calculations were performed using SHELX-

Table 1

Crystallographic data for RbHgSbhTe, (1)

Chemical formula RbHgSbTe,
Crystal system Orthorhombic
e 4.590(2) A
b 15.745(4) A
ce 11.73%2) A
Z= 4

Rindices® [F,, > 40 (F,)] QYR data)
R indices” (all data)

Formula weight 790.61

Space group Cmem (no. 63)
7= rC

Ve 848.25) A’
Peale = 0.191 £ Cn]“
g 36971 mm !

R10.0450, wR2 0.0738
R1 00889, wR2 0.0861

'Rl = LIF,| = Fll/EIF,|
"wR2 = [E£(F2 - F)2/SwFi )2, .
Weighting: w = 1 /[0 *(F}) + (0.0255P)°) where P =(F? + 2F?)/3.
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93 [7]. The umque Sb atoms lie 0.47 A from the origin
(2/m) on a Wyckoff position 8f. This produces an
uniealistic very short Sb-8b contact of 0.94 A, Impos-
ing half occupancy on the Sb site obtains the correct
expected formula, RbHgSbTe, in agreement with the
formal charges Rb( + 1), Hg( + 2), Sb(+ 3) and Te(—2)
and the microprobe analysis. Crystal drawings were
produced with SCHAKAL [8]. Final atomic coordi-
nates, average temperature factors, selected bond
lengths and angles are reported in Tables 2 and 3.

2.5. Diffuse reflectance measurements

To investigate the band-gap energy and the band
structure of I, experiments were conducted to mea-
sure its optical diffuse reflectance spectra at room
temperature using a Shimadzu UV-3101PC double
beam, double monochromator spectrophotometer.
The wavelength of the radiation beam was in the
range 200-3200 nm. Initially, the 100% line flatness
of the specirophotometer was sct by using barium

Table 2

Atamig ¢oordinates and equivalent isotropic displacement parame-

ters (A7) for RbHESTe, (1. U (eg) is defined as one-third of the
trace of the orthogonalized Uij tensor

Table 3

Sclected bond lengths (A) and angles (degree) for RbHgSbTe,

Hg-Te(D 2x2.79002) Hg-Te(2) 2 x2.901(2)

Sh-Tel1) 2.925(4) Sb-Te(2) 2X2.906(3)

Sb-- Te(l) 3344) Sb--- Te(2) 2X35143)

Rb - Te(1) 2X3.6854) Rb---Te(?) 4 X 3.799%3),
2 X 3.866(3)

Te(1)-Hg-Te(2) 4 x 107.78(3) Te(2)-Hg-Te(2) 102.1210)
Te(l)-Hg-Te(1)  10456(10) — —
Te(1)-Sb-Te(2) 2Xx94999) Te(2)-Sb-Te(®) 104.3213)

sulfate (BaSO,). A powder sample of RbHgSbTe, was
mounted on the sample holder housed on an ISR-3100
UV-VIS-NIR Integrating Sphere attachment. To en-
sure the maximum reflection an approximately 1.0-2.0
mm thick BaSO, layer was placed underneath the
sample. The diffuse reflectance data of the sample
were taken by a computerized data acquisition
program (UVPC v.3.7, Shimadzu).

The thickness of the sample was approximately
2.0-3.0 mm, which was much greater than the size of
the individual particles. Therefore, an ideal diffuse
reflection can be assumed, and the scattering factor
(S) can be taken as a constant. The absorption coef-
ficient (&) can be computed using the Kubelka-Munk
or remission function [9):

Atum X y z U teq)
He 0 04516012 174 (0.0268(5) a=const.{1 =R, /2R,
Rb /2 024783 1/4 00348010
Teth 172 03442 /4 0.02347) y
Ted 0 D62 DN ORI Experimental results for the absorption coefficients
X ] ; & y ‘ 3 g § ; s ' o 9
Ao Mol DAGMY D033 for 1 arc shown in Fig. |, in which the F-function
ok 0§, o I (ar/8) is plotted ugainst photon encrgy (o). By fitting
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Fig. 1. Optical absorption spectrum and empirical fit for RbHpSbTe, (1. The empirical fit gives o = constthe = 0.183), indicating an

indirect transition process.
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Fig. 2 Unit cell contents of two possible ordered structures of
RbHpSbTe,.

the sharp edge of a/S vs. photon energy, /v, and
extrapolating the fitting curve to photon energy axis,
the value of the gap energy (or more precisely, the
optical band-gap energy), E; =0.183 eV, was de-
termined. The best empirical fitting of the absorption
was found to be a = const.(hv — 0.183)".

3. Results and discussion

RbHgSbTe, represents a new layered structure type
with Rb*' cations located between the layers. As
shown in Fig. 2, it consists of J[HgSbTe; ] two dimen-
sional networks, formally generated by linking chains
of corner sharing tetrahedra |[HgTe!™] with Sb**
atoms. The assignment of Sb and Te utoms was based
on their chemically reasonable connectivity and mi-
croprobe analysis whose average was 1.0:1.1:1.0:3.1.
To have symmetrical coordination around the chains,
antimony occupies one of the two possible sites (vide

supra) in such a way as to give two types of equivalent
ordered layers that pack for example as in the two
Cmc2; structures (acentric subgroup of Cmecm) shown
in Fig. 2. The presence of Sb in one of the two
possible positions in one layer is uncorrelated with
the layers above or below. Energetically the two types
of layers are equivalent, giving as a final result the
Cmcm symmetry observed. A top view of one layer is
shown in Fig. 3. The Hg forms a distorted tetrahedron
with the Te (Te-Hg-Te ave. 106(2)° and Hg-Te ave.
2.85(6) A), with distances comparable with tetracoor-
dinated Hg found in Rb,Hg;Te, [ic], (Hg,Te,,)*"
[10a], ![Hg,Te3~] [10b], and (HgTey)*~ [10c]
(2.69-2.97 A). The distorted octa-coordination of Sb
with three short and three long contacts (shown in
Fig. 4) is similar to the one observed in the A;SbTe;
(A =K [11a,11b), Na [11c] and isostructural K,BiTe,
[11dD with isolated (SbTe,)*~ pyramids and in
RaSbTe, [12a] (see also the isostructural BaBiTe,
[12b}]). The short Sb~Te bond distances in I are within
the range (2.77-3.09 A) observed in compounds con-
taining Sb-Te (bridging) bonds such as BaSbTe, [12a]
and in several Zintl anions reported by Hauskalter et
al.: (Sb,Te,)'~ [12a,12b], (Cu,SbTe,s)*"
[13a,13b,13d], (Sb,Tes)*~ [13a,13¢,13d], (Sb,Te,)*"
[13a,13¢,13d], (SbTe,)’~ [13a,13¢]. The ecight long
Rb -+« Rb contacts define a bicapped trigonal prism as
illustrated in Fig. 4, with the two longest contacts
(3.866(3) A) defining the capping Te(2) atoms. The
shortest interlayer Te(2) -+ Te(2) contact of 4.363(3) A
is longer than the sum of van der Waals radii of 4.12
A, which eliminates any significant Te=Te bonding
between the layers. Formal oxidation state assignment
suggests that 1 is electron precise and is most likely a
semiconductor.

RbHgSbTe, is the first quaternary mercury anti-
mony telluride and one of the few mercury tellurides
containing a two-dimensional network. As far as we
are aware, the only other known example is
Rb,Hg,Te, [Ic]. A chemically related compound is
KHgSbs, [5], which is the only other known quatet-
nary mercury antimony chalcogenide. KHgSbS, has a
one-dimensional structure that contains pyramidal
(SbS,;)3~ and almost linear coordination of Hg [5).

Optical absorption spectra have been extensively
used as onc of the most important tools for probing
the energy gaps and band structures of semiconduc-
tors [14-16). Due to the quantized band structure of a
semiconductor, the absorption spectrum is strongly
dependent on the energy of the quanta of the incident
clectromagnetic wave. In principle, the absorption
spectrum of a semiconductor displays a sharp increase
(absorption edge) when a photon energy, hv, is equal
to the gap energy, Eg. Such behavior results funda-
mentally from the creation of electron-hole pairs and



n 2 Lietal /Journat of Allovs and Compounds 262-263 (1997) 28-33

Fig. 3. View down b axis of one layer of J[HgSbTe, 1.

transport of electrons from valance band to conduc-
tion band [17}. The threshold of continuous optical
absorption (absorption edge) can be explained by the
quantum mechanical perturbation theory of electron-
photon interaction [18]. For different transition mech-
anisms, it has been proved that along the sharp ab-
sorption edge, the encrgy of incident photons and the
energy of the band-gap of the semiconductor have a
simple relation as [18,19}:

a=const.h = E.)
or
a=const.Uhe = ) /ho

where the index n depends on the interband transi-
tor mechanism, If n=1/2, the interband transition
i the allowed direct transition: for n = 3/2, the trun-
sition is the forbidden direct transition: ard for n =2
the transition is an indirect one [20). Experimentally,
the expressions have been successfully applied to ex-
plain the absorption edges of a number of semicon-
ductors [16-19,21-23],

It is of interest to point out that the fitting index
parameter for RbHgSbTe, (D) is 2, which indicates
that the interband transition in this material is of the
indirect transition. In such a case. an additional
phonon must be absorbed or emitted so as to keep
the total momentum conserved in the clectron-pho-
ton interuction process [18], Tt is apparent that there
are several small shoulders along the absorption edge
in the spectrum, which is typical for an indirect transi-
tion. Those staircase-like shoulders indicate the
threshold for the formation of free excitons with
emission or absorption of phonons. Similar structures
were observed in Ge, Si, and GaP materials, ete. [24),

Fig. 4. Coordination of the antimony (top) and coordination of the
Rb cation (bottom).

In addition, since the absorption spectrum was
measured at room temperature, the phonon energy
involved in the indirect interband transition is rather
small compared to the band-gap energy and thus can
be neglected [17,21]. Assuming this is true for the
absorption edge of RbHgSbTe, mcasured at room
temperature, we might conclude that this material is a
narrow-gap semiconductor with an assessed small
(optical) band-gap cnergy of 0.2 (0.183) ¢V. The small
bund-gap of 1 is consistent with its black color, In fact,
narrow band gaps have been observed in a number of
other Sh-containing materials, for example, PISh (0, 1
eV), ShyTe,y (0.2 ¢V), InSh (0.2 eV), CdSh (1.5 V),
ZnSh (0.5 eV) and GaSh (0.7 ¢ V) [19.21).
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