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Abstract: The two isostructural compounds, AdS®; (A = K, Rb), adopt the orthorhombic space grdopnm
ATh;Se has a two-dimensional structure which is related to the Zt@g®e structure with K/Rb* cations
stabilized between the layers. These compounds represent the intercalated form piith®e5 equiv of

alkali metal ion. The stacking arrangement of the layers is slightly modified from that of ZrSeder to
stabilize the newly introduced alkali metal ions between the layers. Electron diffraction studies reveal a static
charge density wave (CDW), due to electron localization, resultingir 4b superstructure. An atomic pair
distribution function analysis and spectroscopy confirmed the presence of diselenide groups in tHgp&Se
layer (invisible by the single-crystal structure analysis) and support the notion that these Se atoms in the
[ThoSej] layers accept the extra electron from the alkali metal, and this results in breaking one out of four
diselenide bonds. The superstructure is due to ordering of the thgée Bl two S& species along both
directions. Optical absorption, Raman spectroscopy, and atomic force microscopy as well as magnetic

susceptibility measurements support these conclusions.

1. Introduction
The reactions of lanthanides i@y (A = alkali metal, Q=

S, Se, Te) fluxes have led to new phases which repeat several

structural motifs seen in known binary and ternary chalco-
genidest Recently, we have extended the molten salt synthetic
method to thio? and selenoantimonate fluxes which are little
investigated:* We were attracted to the possibility of combining

lanthanides and actinides with chalcoantimonate fragments

because of the potentially interesting structural distortions which
could develop around the 8bcenters (due to the lone pair of
electrons) and the rather large f elemetft§. In most cases,
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depending on the flux basicity, quaternary phases were obtained
at temperatures 0f650°C, while binary or ternary phases were
Eund to be thermodynamically stable at higher temperatures.
or example, the KThSBe;® forms under such conditions, but
when we attempted to prepare A/Th/Sb/Se quaternary phases
at temperatures of700 °C, phase separation occurred and
instead the ternary compounds, ABe; (A = K, Rb), were
isolated. These compounds have a two-dimensional structure
with layers that are equivalent to those seen in Zr@éh alkali
metal ions between the layers. Since Th8ko adopts the
ZrSe structure typé,we recognized that ATiSe; represents a
well-crystallized version of intercalated ThSe&ith 0.5 equiv
of an alkali metal. This is significant because, normally,
intercalated samples have much poorer crystallinity than the
pristine parent ones. The lack of ability to perform single-crystal
structure investigations in these samples leaves many of the fine
structural details unresolved. Often these details are important
in understanding the properties of intercalated layered materials
such as the nature of intralayer guest sites for alkali ions and
the effects of charge density waves on electrical conductivity,
ion mobility, color, etc.

Two kinds of structural modifications of the ZrSgpe
structure are expected for the AoB® compounds. The first
structural modification is that of the layer itself. This layer, in
which the formal charges balance as"T®¢(Se?"), undergoes
reduction by the alkali metal. Either the diselenide groug?Se
or the TH* center could act as a possible reduction sites. We
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wanted to investigate where and how the layers could accom-around the diselenide group. This verified the structure distor-
modate the extra electrons from the alkali metal and how the tion and the presence of short -S8e bonds, which are
presence of these electrons influences the Zt§ee structure. “invisible” by the single-crystal X-ray crystallographic analysis.
In fact, this system has a lot of similarity to the Li-intercalated

ZrSe, which has been extensively investigated for possible 2. Experimental Section

battery ,appl'cat'ons' W'th L(ZrSg 0=x= 3)'9 there is still . 2.1. Synthesis. The following reagents were used as obtained:
uncertainty about the intercalation mechanism, the local envi- Thorium, 100 mesh, Cerac, Milwaukee, WI; selenium powder, 100
ronment of the Li ion, and the structural change of the host mesh, Aldrich, Milwaukee, WI; potassium metal, analytical reagent,
material during the intercalation process. In this respect, our Mallinckrodt Inc., Paris, KY; rubidium metal, analytical reagent,
study on AThSe (x = 0.5; A= K, Rb) could shed new light  Johnson Matthey, Ward Hill, MA. The #Se/RbSe starting materials
on the intercalation process of Li in Zr$gpe compounds by were prepared by a stoichiometric reaction of potassium/rubidium metal
providing structural insight as to how the host structure responds and selenium in liquid Nkl

when electrons are inserted into it. The second type of structuralmizzt‘ 82?)%/1 ;‘éng(bO) -SJ&eniilngi%Z“?gso""zegg Z)/(rgg%Squ?r(]jo];;ooT a
modification is attributed to the stacking arrangement of the y : ) :

layers. In ZrSe the stacking arrangegment gf the layers Rb;Se for RbThSe), 0.1856 g (0.80 mmol) of Th, 0.3158 g (0.40

d . Lori ic sites b he | Th - mmol) of Sh, and 0.4158 g (4.0 mmol) of Se. These reagents were
produces trigonal prismatic sites between the layers. ese Sltes’fhoroughly mixed, sealed in a carbon-coated fused silica tube (9 mm

however, are not large enough to accommodate R ions. diameter), and heated at 72C for 5 days (cooling 2C/h). Pure
Therefore, the layers must stack in such a way that they cangolden-black planks of AT#Se were obtained by isolation in degassed
provide enough space for the newly introduced alkali metals. dimethylformamide (DMF) % 90% vyield based on Th). The composi-
One of these compounds, KI3s;, was reportetf while this tions of the materials were analyzed by scanning electron microscope
manuscript was in preparation. Only the space group of this (SEM)/energy dispersive spectroscopy (EDS). No Sb impurities were
compound was mentioned, without complete characterization detected in the compounds. Homogeneity was confirmed by comparing
of the structure or physical properties, and it was concluded the powder X-ray diffraction pattern of the product against one
that KTh:Se; is isostructural with KThTest® and CsThTesl! calculated using X-ray smglt_e-crystal data_. Itis interesting to_n_ote that,
on the basis of the unit cell parameters and the Systematiceven though the Sb was not incorporated into the compound, it is needed
. g : to grow large crystals of this material in high yield by forming a suitable
absences determined by _OSC|IIat|on and We|sser_1berg photo-AbeSe/ (A = K, Rb) flux. Other reaction mixtures without Sb did
graphs. However, according to our results, K3& is crys- not give as pure products or as large crystals as the ones obtained from
tallographically different from that of KTfTes. The known the AShSg fluxes. The reactions at lower temperature 700 °C)
difference between selenium and tellurium to engage in chal- gave a lower yield of the compounds.
cogen-chalcogen interactions does not allow A%k (A = 2.2. Physical Measurements. Semiquantitative Microprobe
K, Rb) to have the exact same stacking arrangement of theAnalyses. The analyses were performed using a JEOL JSM-35C
anionic layers and cations as Kilkes, even though their scanning electron microscope (SEM) equipped with a Tracor Northern
compositions and basic frameworks [ (Q = Se, Te) are energy dispersive spectroscopy (EDS) detector. Data were acquired

the same. In fact, it is instructive to compare these two on several crystals using an accelerating voltage of 20 kV and 40-s
' ' accumulation time.

ZT#; (;t;r:teitrabncc:ul:gderstand why the selenide adopts a slightly Solid-State UV/Vis Spectroscopy. Optical diffuse reflectance
) measurements were performed at room temperature with a Shimadzu

Here we report a complete structural study of A3& (A = UV-3101 PC double-beam, double-monochromator spectrophotometer
K, Rb) and discuss it with respect to the structures of grSe operating in the 2002500-nm region. The instrument is equipped
and KThTes. In addition to a single-crystal X-ray crystal-  with an integrating sphere and controlled by a personal computer.8aSO
lographic analysis which gives the average structure, electronwas used as a 100% reflectance standard for all materials. Samples
diffraction studies on AT}Be have revealed a subtle, but were prepared by grinding them to a fine powder, spreading them on
significant, structural modification which originates from an & compacted surface of the powdered standard material, and preloading
electronic instability caused by the extra electrons added on thethém into a sample holder. The reflectance versus wavelength data
ThSe framework. With the aid of Raman and optical spec- generated were used to estlmat'e the material’'s band gap by converting
troscopy as well as magnetic susceptibility measurements, WetheRreflethnce tdata to algsorptnon da:ta afst:escr't:eld else.Where'
suggest that this structure distortion is due to the reductive aman Speciroscopy.kaman spectra of fhe crystal specimens were

. . . recorded on a Holoprobe Raman spectrograph equipped with a 633-
cleavage of one-quarter of the total diselenide groups in the \, Hene laser and a CCD camera detector. The instrument was

lattice and represents a charge density wave (CDW) on the idealcqypled to an Olympus BX60 microscope. The spot size of the laser
structure of ThSg'? In addition, we also carried out an atomic  peam was 1&m when a 5& objective lens was used.

pair distribution function (PDF) analysis of the X-ray diffuse Magnetic Susceptibility. The magnetic response of the compound
scattering generated by KI®e; to probe the local structure  was measured over the range300 K using a MPMS Quantum Design
SQUID magnetometer. Samples were ground to a fine powder to
minimize possible anisotropic effects and loaded into PVC containers.

(9) Sourisseau, C.; Gwet, S. P.; GardJPSolid State Cheni988 72,
257—-271 and references therein.
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10708 J. Am. Chem. Soc., Vol. 120, No. 41, 1998 Choi et al.

was sealed in a quartz ampule under vacuum. A quartz ampule of Table 1. Summary of Crystallographic Data and Structural
equal mass filled with AO; was sealed and placed on the reference Analysis for KThSe and RbThSes

side of the detector. The samples were heated to the desired temperaturgy,ula KThSe RbThSe
at 5°C/min and isothermed for 10 min, followed by cooling -a6 formula weight 976.94 1023.31
°C/min to 50°C. The stability and reproducibility of the samples were  ¢rystal habit golden-black needle  golden-black plate
monitored by running multiple heating/cooling cycles. Residues of the space group Immm(no. 71) Immm(no. 71)
DTA experiments were examined by X-ray powder diffraction. a, 4.1899(5) 4.2031(1)

2.3. X-ray Crystallography. Single crystals ofKTh,Se; with b, A 5.6337(5) 5.6347(1)
dimensions 0.4k 0.04 x 0.06 mm and of RbTiSe; with dimensions c, A 21.860(4) 22.4714(1)
0f 0.29 x 0.13 x 0.03 mm were mounted on the tip of a glass fiber. Z V: A® 2;516.01(13) 2,532.19(2)

Decalc, g/Cm3 6.288 6.386

Intensity data forKTh,Se; were collected at room temperature on a

Rigaku AFCG6S four-circle automated diffractometer equipped with a temp, K 298 173

. ! A(Mo Ka), A 0.71073 0.71073
graphite-crystal monochromator. The unit cell parameters were 4,

) ) X . (Mo Ka), cm 502.74 528.98

determined from a least-squares refinement using the setting angles Ofllé(OOO) 806 842
20 carefully centered reflections in thé & 20 < 30° range. The 20ma deg 50.0 56.5
data were collected with the scan technique over a full sphere of  total no. of data 1812 2822
reciprocal space, up to 5th 26. Crystal stability was monitored with measd
three standard reflections whose intensities were checked every 150no. of unique data 29@{int) = 0.0399] 420 R(int) = 0.0960]
reflections. No significant decay was observed during the data no. of variables 19 _ 19
collection period. An empirical absorption correction was applied on refinement method full-matrix least-squaresFn
the basis ofyy scans. Since the cell parameters given by the four- final Rindices R1=0.0212 R1=0.0390
circle automated diffractometer had high standard deviations, Guinier _ [ > 20] ] wR2 =0.0528 vR2 = 0.0875
X-ray powder diffraction patterns (calibrated with a Si standard) were R indices (all data) RE 98%35% 4 va\RZ_—OC?A(f)%SB 0
used to obtain more precise cell parameters for #§h LATCON oodness of fit ofF2 ‘i"lzo_ ) 1 11; )
in Xtal3.2 softwaré® was used to refine the cell parameters with 38 9 : :

reflections selected in the 13< 260 < 44° range, and the resultant AR =3 ||Fo| — [FdlI/3|Fol. PWR2 = { T [W(Fo? — FAZ/ ¥ [W(FH?]}.
values were used for the calculation of bonds and angles.

The crystallographic data for RbI®e; were collected at 173.1 K Table 2. Fractional Atomic Coordinates and Equivalent Isotropic
on a Siemens SMART Platform CCD diffractometer using graphite D!tsr?llezlctemetnt dpgtraﬁéet%r@s@) \_/at\_lues forPKThStﬁ and RbThSe;
monochromatized Mo K radiation. The data were collected over a ' stimate andard beviations In Farentheses

full sphere of reciprocal space, up t0°56 26. The individual frames atom X y z U, A2
were measured with a@ rotation of 0.3 and an acquisition time of KTh,Se;

25 s. The SMART® software was used for the data acquisition and Th 1/2 0 0.3225(1) 0.010(1)
SAINTY for the data extraction and reduction. The absorption Se(1) 0 0.2420(2) 0.3976(1) 0.020(1)
correction was performed using SADABS.The complete data Se(2) 0 0 0.2267(1) 0.010(1)
collection parameters and details of the structure solution and refinement K 0 0 0 0.030(1)
for both compounds are given in Table 1. RbThSe,

Structure solutions and refinements were performed, for both  Tp 1/2 0 0.3204(1) 0.006(1)
compounds, using the SHELXTLpackage of crystallographic pro- Se(1) 0 0.2421(2) 0.3936(1) 0.015(1)
grams. Systematic absence conditions of the data sets gave three Se(2) 0 0 0.2273(1) 0.005(1)
possible acentric space groupd22 (no. 23),12:2:2; (no. 24),Imm2 Rb 0 0 0 0.016(1)

(no. 34), and one centric space groupmm(no. 71). The MISSYM
algorithnt® as implemented in the PLATON progréhnevealed a center

of inversion in the structure, suggesting that the correct space group is
Immm The space group reported for KB, earlier wasCmcni®
because it was assumed that K3k was isostructural with KTiTes,

aUeq is defined as one-third of the trace of the orthogonalizgd
tensor.

equivalent sites in thEmcmspace group, was very largéd;= 0.398).
which crystallizes in this space group. The only evidence that led these The structure was solved and refined successfully usingnivenspace

authors to this conclusion was two systematic absence conditi@hs ( group withRindices shown in Table 1. . The_coordinates of all ato_m;,
h+k=2n+ 1; hol, | = 2n + 1) obtained from oscillation and average tgmperature factors, and their estimated standard deviations
Weissenberg photographs. These two conditions, however, are not2'€ given in Table 2. _
sufficient enough evidences to conclude the correct space group because 2-4- Electron Diffraction Study (TEM). - Electron crystallographic

they are also subconditions bEentering kkl, h + k + 1 = 2n + 1). studies were carried out on a JEOL 100CX transmission electron
As a matter of fact, we found that 912 reflections out of the 1812 total Microscope (TEM) using an electron beam generated by @ @afent
reflections collected for KTiBe violate the systematic absence and an acceleration voltage of 120 kV. After the samples were ground
conditions ofCmemsuch ashkl. h + k= 2n+ 1: 0kl k= 2n + 1 to a fine powder in acetone, the specimens were prepared by dipping
hol, h, | = 2n + 1, etc. Nevertheless, we still tried to refine the structure @ carbon coated copper grid in the suspension. The samples showed

using the atomic coordinates reported for @racmspace group. This ~ NO decomposition under the electron beam.
gave a significantly higher values BIL = 0.0876 and W2 = 0.1860 2.5. Pair Dlstrlbutlon Fun_ctlo_n Anal_yS|s (PDI_:). The prqcedures
for all data. In addition, the isotropic temperature factor for the K~ USed to perform atomic pair distribution function analysis of X-ray
ions, which are equally disordered over two crystallographically diffraction data have been published elsewr?é?éP(_)wder diffraction
data were collected out to62ax of 140° on an in-house powder
(15) Hall, S. R., Flack, H. D., Stewart, J. M., Edétal3.2 Reference diffractometer in BraggBrentano geometry using Modradiation.
Manual University of Western Australia: Australia, Geneva, Switzerland, 2.6. Atomic Force Microscopy (AFM). Contact AFM images
and Maryland, 1992. were acquired using a Park Scientific Instruments Autoprobe CP

19&6) SMART: Siemens Analytical Xray Systems, Inc., Madison, W1, g0 nhing probe microscope, with auf high-resolution scanner.

(17) SAINT, Version 4+ Siemens Analytical Xray Systems, Inc.,  Microlever cantilevers (Park Scientific Instruments) having a spring
Madison, WI, 1994-1996. constant of approximately 0.5 N/m and an integrated silicon nitride

(18) Sheldrick, G. M. University of Gtingen, Germany, to be published.  probe with a radius of curvature of approximately 50 nm, according to

(19) Sheldrick, G. MSHELXTL, Version 5; Siemens Analytical Xray
Systems, Inc.: Madison, WI, 1994. (22) Warren, B. EX-ray Diffraction; Dover: New York, 1990.

(20) Le Page, YJ. Appl. Crystallogr.1987, 20, 264—269. (23) (a) Egami, TMater. Trans.199Q 31, 163. (b) Billinge S. J. L,;

(21) Spek, A. L.Acta Crystallogr, Sect. A199Q 46, C34. Egami, T.Phys. Re. B 1993 47, 14386.
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Figure 1. ORTEP representation and labeling of k$k; viewed down
thec axis with 90% thermal vibrational ellipsoids. The labeling scheme
for the RbThSe; is analogous.

the manufacturer, were used. The experiment was conducted in air
using either pristine (as made) or a freshly cleaved surfaces of single
crystals of RbTkESe;.

The AFM data were recorded in constant height mode under
controlled ambient conditions (35% humidity and’Zl). In this mode
of imaging the deflection of the cantilever is measured as the sample

is raster scanned beneath the tip. The force used to acquire these image
was 10 nN. The samples were scanned at a rate of 32 lines per secondf

Each image was 100150 A and 512x 512 pixels. Distances were
calibrated using the 5.1-A lattice spacing obtained from freshly cleaved
muscovite mic&*

3. Results and Discussion

Structure. ATh,Se; (A = K, Rb) has a two-dimensional
structure composed of infinite [E8e;] ~ layers that lie perpen-
dicular to the [001] direction, see Figure 1. The Th atoms in
this layer are coordinated by eight Se atoms in a distorted
bicapped trigonal prismatic geometry. Each trigonal prism has

two edges much shorter than the rest. These short edges ar&®

formed by the diselenide groups, ;3e The Th-centered
trigonal prisms make one-dimensional chains parallel to the
[100] direction by sharing triangular faces with each other. The
layers are formed when each chain shares monoselenide ion
Se~, at the apex and capping sites with neighboring chains.
Each [ThSe] ™ layer itself can be described as Zg5g/pe

except for the stacking arrangement of the layers. In Zr&ke

Se atoms of the diselenide groups in one layer are staggere
with the corresponding Se atoms in the next layer to minimize

the steric repulsion, see Figure 2a. The only reasonable placestretch!ng
| stretching,

for the alkali metal to reside between the layers are trigona
prismatic sites, the size of which is not big enough to
accommodate the ®Rb" ions. Therefore, in AT}Beg (A =

K, Rb), all the [ThSe]~ layers are stacked in an eclipsed
fashion by shifting every other layer one-fourth along Iheis

to generate larger square prismatic sites. Since the crystallo-
graphically observed SeSe distance in the diselenide bond is
2.727(2) A for KThSe (2.728(3) A for RbThSe) and the
shortest distance between the diselenide groups is 2.907(2) A,
(2.907(3) for RbThSe;), the resultant stacking arrangement

generates two square prismatic sites with different sizes, see?

Figure 2b. The K/Rb" ions are stabilized in the larger square
prismatic site and are coordinated by eight Se atoms, with K- - -

(24) Sharp, T. G.; Oden, P. |.; Buseck, P.Surf. Sci. Lett1993 284,
L405—-L410.
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Se distances of 3.3922(9) A for KT®e; and Rb--Se distances
of 3.4989(9) A for RbThSe;.

In KThoTes, the Te-Te distance within the ditelluride
fragment (3.057(3) A) is very similar to the Fde distance
between ditelluride fragments (3.085(3) A). Considering that
tellurium is more basic and softer than selenium, the electrons
on the Te atoms can easily delocalize to neighboring Te atoms,
giving rise to, essentially, infinite chains along the [010]
direction. In this case, the eclipsed stacking of the ditelluride
fragment of the [ThTeg] ~ layers is no longer preferred to make
suitable pockets for the alkali metal (Figure 2c). Therefore,
KTh,Tes adopts a slightly different stacking arrangement of
layers by staggering the ditelluride units of one layer to those
of the next layer. All square prismatic sites between the layers
are still present but are of equal size which is suitable to
accommodate the Kions, thus resulting in statistical disorder
of the cations over all such sites.

The assignment of formal oxidation states in these phases
appears to be PiS& (Se?%), judging from the results of
the single-crystal X-ray diffraction analysis. We find it rather
unusual that the observed-Sge distance in the diselenide bond
of ATh,Se; is significantly longer at 2.727 A than the normal
Se—Se bond distance 0$2.35 A, suggesting that the oxidation
state of Se(1) in the diselenide group of jBe&s]~ is between
—1 and—2, namely,—1.25. In other words, it would seem
that the 0.5 equiv of electrons from the alkali metal is located
Qn all the Se(1) atoms in the diselenide groups, and this
longates the SeSe bond by 0.4 A. This corresponds to 0.5
electron per SeSe bond, which would give essentially partially
broken bonds. This situation could cause paramagnetism in the
compounds.

Properties. The optical properties of the compounds were
determined by measuring the solid-state UV/vis diffuse reflec-
tance spectra, which show the presence of two abrupt optical
transitions at 0.90 and 2.16 eV for KI¥g; and 0.90 and 2.09
eV for RbThSe;, suggesting that the materials are semiconduc-
tors and the extra electrons introduced into the it$pe layer
are localized (see Figure 3). The origin of the two transitions
not clear, but they are also present (at slightly different
energies) in ThSgitself25> One possibility is that they are
dichroic due to the anisotropic nature of the electronic band
structure given the lamellar nature of these materials. In fact
visual inspection of the crystals does suggest the presense of

dichroism.
DTA measurements show that K33g and RbThSe; do not
melt below 100C°C.

d The Raman spectra display shifts-at24,~160,~199, and

~234 cnr! for both compounds (Figure 4). Since the-8e
should appear at a higher energy than anySgh

the absorption at234 cnt? for ATh,Se; can be
tentatively assigned to the diselenide group. The wavenumber
at which the stretching vibrations of a normatSge bond occur
varies depending upon both the local geometry of the selenium
atom and the metal with which it makes bonds. For example,
that of USg?6 appears at-285 cnt,27-28that of K;Se at ~253

cm 122 and that of crystalline Se near 238 th#® This
frequency variation occurs despite the fact that the-Se

(25) Choi, K.-S.; Kanatzidis, M. G. Unpublished work.
(26) Ben Salem, A.; Meerschaut, A.; RouxelCl R. Acad. Sci., Paris
1984 299 617-619.
(27) Nouvel, G.; Zwick, A.; Renucci, M. A.; Lockwood, D. J.; Npé#l.
Phys. C: Solid State Phy$987 20, 1881-1897.
(28) Nouvel, G.; Zwick, A.; Renucci, M. Al. Less-Common Met986
121, 253-259.

(29) Batcher, P.; Getzschmann, J.; Keller,R Anorg. Allg. Chem1993
619 476-488

J.
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(A) ZrSe3
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Figure 2. Schematic comparison of the structures of (A) Zr$B) KTh,Se;, and (C) KThTes. In KTh,Tes, each K site is half occupied® The
distribution of chalcogerchalcogen distances are indicated.

is inconsistent with the presence of a 2.73 ASe bond and
_____ more indicative of normal diselenide groups (i.e., with a bond
. distance close to 2.35 A).

The magnetic susceptibility of RbF8e; was measured from
2 to 300 K at 1000 G, and the material appears to be
diamagnetic. This is also discrepant with the model from the
X-ray diffraction study, which suggests paramagnetic behavior
if an unpaired electron is assumed on everySgroup.

These apparent inconsistencies between the spectroscopic data
and the structural model suggest that the local structure
associated with the SeSe unit is more complicated than
depicted from the X-ray crystallographic results. Therefore, we

T T T T T T proceeded to examine the structure of AS& in greater detail
05 1.0 L3 20 23 30 33 using other methods such as electron diffraction, atomic force
Energy (eV) microscopy, and X-ray diffuse scattering analysis.

Figure 3. Electronic absorption spectra of KI3g; (- - -) and RbTh- Electron Diffraction Study and Superstructure Model.
Se (). The band gap energieg,, are indicated. Despite the good structural refinement of the single-crystal X-ray
diffraction data, we noticed that one of the anisotropic temper-
ature factorslU,, for Se(1) belonging to the diselenide group,
was relatively high compared with that of Se(2) and Th atoms
for both the K and Rb compounds (See Table 3). This factor
is three times larger thad;; and Uss for Se(1). Notice that
the K/Rb atoms also have relatively high, values, which is
not surprising because the alkali atoms are surrounded by Se-
(1) atoms and their temperature displacement factors are directly
affected by the behavior of Se(1). This fact gave us a clue for
the potential presence of a superstructure, alondp teds, due
to positional long-range ordering of Se(1) atoms in the diselenide
groups brought about by electronic coupling and resulting in a
charge density wave. The fractional oxidation states for Se(1)
] derived from the structure determination above, in fact, makes
Figure 4. Raman spectra of KEBe; (- - -) and RbThSe; (—). this system a potential candidate for CDW as has been observed
distance in all three compounds ranges narrowly between 2.33in other systems where similar structure/oxidation state relation-
and 2.40 A. On the basis of the crystallographically observed ships exist, e.g. Ln3eLnTe; (Lnh = rare earth)Ko 33820667
Se-Se distance of 2.73 A, which is lengthened by 0.35 A, we AgTe,°
expect the SeSe stretching vibration to appear at much lower  The possibility for superstructure was examined by transmis-
energy. The Raman shift at234 cnt! for ATh,Se;, therefore, sion electron microscopy (TEM). Electron beams interact more

o/S (arbitrary units)

Arbitrary Intensity

T T T LI T
100 200 300 400 500 600
Raman shift (cm™)



Superstructure and Short-Range Order in AS& J. Am. Chem. Soc., Vol. 120, No. 41, 1998711

Table 3. Anisotropic Displacement Parameters?(Aor KTh,Se
and RbThSe with Estimated Standard Deviations in Parentheses

KThases
Th Se(1) Se(2) K
Ua  0.010(1) 0012(1)  0.012(1)  0.024(3)
Ur  0.006(1) 0.032(1) 0.005(1) 0.042(3) i "
Uss  0.015(1) 0.016(1) 0.012(1) 0.022(3)
Uio 0.0000 —0.008(1) 0.0000 0.0000
Uiz 0.0000 0.0000 0.0000 0.0000
Uzs 0.0000 0.0000 0.0000 0.0000 "
RbThpses i
Th Se(1) Se(2) Rb
U.  0.005(1) 0.006(1) 0.006(1) 0.012(1)
Uz  0.003(1) 0.028(1)  0.002(1)  0.026(1) ' .
Uss  0.010(1) 0.011(1) 0.006(1) 0.010(1) \ '
U1 0.0000 —0.007(1) 0.0000 0.0000
Us  0.0000 0.0000 0.0000 0.0000 dillues scalerng
Uz 0.0000 0.0000 0.0000 0.0000 Figure 5. Selected area electron diffraction pattern with the beam

parallel to the [001] zone axis from Rb3%e; showing weak 4x 4
superlattice. Thehk0) family of reflections is shown. Superlattice peaks
around the 310 sublattice reflection are indicated by four small arrows.
Also notice that the superlattice peaks show some streaking afong

Table 4. Selected Distances (A) and Bond Angles (deg) for
ATh,Se (A = K, Rb) with Standard Deviations in Parentheses

KTh.Se RbThSe axis due to diffuse scattering.
Bond Distances
Th—Se(1) 2.9913(9x 4 2.9970(9)x 4 Chart 1. Separation of S8 and Sé&  Groups along thé
Th—Se(2) 2.9615(11x 2 2.9658(10)x 2 Axis and Corresponding Superstructure
Th—Se(2) 3.0153(6X 2 3.0147(5)x 2
A-Se(1) 3.3922(9k 8 3.4989(9)x 8 diselenide groups Sez
Se(1)-Se(1) 2.727(2) 2.728(3) . ' '
Bond Angles
Se(1}-Th—Se(1) 88.91(3k 2 89.05(3)x 2
Se(1)-Th—Se(1) 54.23(4)k 2 54.14(5)x 2
Se(1>-Th—Se(1) 113.36(4k 2 113.43(4)x 2
Se(2)-Th—Se(2) 75.39(2x 4 75.46(2)x 4 e } -
Se(2)-Th—Se(2) 90.04(4) 89.05(3) Dsuper=40 no Se-Se bond
Se(2)-Th—Se(2) 138.20(6) 138.30(5)
ge(l)—Th_Se(z) 76.71(3) 4 76.70(3)x 4 on the AThSe; structure. Four weak supercell peaks around
e(1}-Th—Se(2) 128.45(2k 4 128.36(2)x 4 i Lo .
Se(1)-Th—Se(2) 152.09(2x 4 152.14(3)x 4 the (310) subcell reflection are indicated by small arrows in
Se(1}-Th—Se(2) 83.85(3k 4 83.71(2)x 4 this pattern to make them more recognizable. Notice that these

supercell peaks are streaking alongdhelirection due to some
diffuse scattering while their shapes are sharp alongbthe
direction. The streaking indicates that the superstructure in real
'space along tha direction is more poorly defined than along
“the b direction.

The substructure, observed by the X-ray diffraction analysis
above represents the average positions of the Se(1) atoms. The
weak superstructure seems to be caused by small displacements
from the ideal local arrangement of Se(1) atoms causing the
anisotropic temperature factors (in the substructure) for Se(1)

directions with a modulation vectogsuper = 0.2%*sup + to be larger. Since only2, for Se(1) has an unusually high
0.2%* s essentially resulting in aadx 4b supercell. Here,  Vvalue, we expect that the positional parameters for Se(1) will
a*sypsandb* supare the lengths of the reciprocal sublattice based vary mostly along thé axis.

On the basis of these results, we can consider a plausible
superstructure model with a quadrupled cell alonghifeis.
If all the electrons from the alkali atoms are transferred to the
diselenide groups in ATf$e;, it would correspond to Teper
two Se?~ groups, or 2e per four $& groups. Of course, two
electrons can cleave, reductively, one diselenide bond into two
which satisfy theh + k = 2n + 1 condition such as 100, 010, and 210 Single selenide ions, e Therefore, the remaining three
should be systematically absent due to the extinction rule forcemtered diselenide groups are expected to be norma Senits instead

cell,hkl, h+k+1=2n+ 1. The weak reflections present at these positions ¢ Se?5, with normal bond distances and Raman frequencies.
(where the systematic absences occur) are not violations but result from

the interaction of the Ewald sphere with diffraction spots in the first-order 1NiS bond cleavage, which can happen only in one out of four
[hk1] layer. This is due to the very thin dimensions of the observed Se?~ groups, probably causes the CDW and the quadrupling

specimens £100 A) along the crystallographicaxis which broaden the o the a andb crystallographic axes (see tentative model in Chart
reciprocal lattice spots significantly along th® axis. (b) Reimer, L. 1). This model requires that all electrons are paired and thus

Transmission Electron Microscop®nd ed.; Springer Series in Optical : - i ) .
Sciences; Springer-Verlag: Berlin, 1989; pp 2284. agrees with both the diamagnetism and semiconducting nature

strongly with matter than X-rays, and thus electron diffraction
is more sensitive to the presence of a weak structure modulation
Indeed, electron diffraction studies revealed a weak superstruc
ture along both tha and theb axes. Both compounds, K#h

Se and RbThSe;, showed very similar electron diffraction
patterns. Figure 5 shows the electron diffraction pattern for
RbThSes with the beam perpendicular to tlad plane3! The
reflections associated with the new superstructure present in
ATh,Se; are very weak and occur along both thtand b*

(30) (a) Lee, S.; Foran, B. J. Am. Chem. S0d996 118 9139-9147.
(b) Zhang, X.; Li, J.; Foran, B. J.; Lee, S.; Guo H.; Hogan, T.; Kannewurf,
C. R.; Kanatzidis M. GJ. Am. Chem. S0d995 117, 10513-10520. (c)
Lee, S.; Foran, B. 1. Am. Chem. S0d 994 116, 154-161. (d) Prodan,
A.; Hla, S. W.; Marinkovic, V.; Bohm, H.; Boswell, F. W.; Bennett, J. C.,
Phys. Re. B: Condens. Matterl998 57, 6235-6238.

(31) (a) Since we are looking down the [001] direction, i@ reflections
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were unable to resolve the 2:8 A spacing of atoms within
the rows. Figure 6B is an enhanced region of the original image,
which shows a recognizable undulation along the rows of Se
atoms (white regions), but no well-resolved atomic structure.
It is reasonable to expect the Begroups to lie slightly higher
on the surface than the regions ofS@ns because of the more
narrow Se-Th—Se angles associated with the diselenide groups.
In this respect the higher, white, regions in the photo of Figure
6B should be due to the $e groups. The average spacing of
these higher lying regions seems to-b#2—15 A not~24 A,
which would be expected from the quadrupling of the lattice
spacing. This discrepancy may be attributed to a certain degree
of surface air oxidation of Se ions to Sg> groups, which
corresponding to thab plane. Panel A shows a raw image which has will increase the density of the latter on the exposed surface.
been flattened with a second-order polynomial to account for nonlin- The lack of resolution along tHeaxis could be due to a number
earity in the piezoelectric scanner. Panel B shows a blown up region of factors including (a) poor definition of the superstructure
of the irr_1age after a s_patial Fourier filtration to remove instrumental along this direction, which is consistent with the obsenwedk
Z)':i‘i e{_'xgoslggngir”ig';%fgom the data. The rows run parallel tothe g, rstrycture in the electron diffraction patterns, (b) surface
’ : modification upon exposure to the ambient, or (c) limitations

Chart 2. Possible In-Plane Ordering of Se and Sé&- associated with the AFM technique. While the AFM results
Groups Consistent with the Observed Superstructure were consistent with the X-ray and electron diffraction data,
they could not unequivocally address the issue of-Se
c© 00 00 00 070 bonding along the superstructure direction.
o—0 00 O 0 00 OO0 Probing the Existence of Se-Se Single Bonds in Local
/Se?z' Structure by Diffuse Scattering and PDF Analysis. To
o—0 0 © o—0

oo 0 determine directly the presence or absence of diselenide bonds
00 0—0 O0—0 00 O OSe at the normal bond distance of 2.34 A, it is necessary to use a
probe of the local structure. To do this we carried out an atomic
pair distribution function (PDF) analysis of X-ray diffraction
data?232|n this technique, powder diffraction data are corrected
for experimental artifacts, normalized by the photon flux and
the number of scatterers, and divided by the sample-average
atomic form-factor to recovey(Q), the total scattering function
(i.e., diffraction pattern) (eq 1). This is then Fourier transformed
to obtain the atomic pair distribution function (PDIg)r) (eq

Asuper

2).
-— bsuper o - ) sin Qr
] Sublattice Superlattice SQ) = N(F,,(Q)) ’1 + /:m4ﬂr p(r)T dr (1)
of these compounds. It is also consistent with the Raman 2 a2 2r oo .
spectroscopic data which support the presence of singte Se 4rr®p(r) = 4nrpo + ;fo QASQ]sinrQdQ  (2)

Se bonds.

The quadrupling of the cell along thteaxis is due to the  \whereQ = 47 sin 6/, SQ) = normalized scattering function,
ordering of the three $& and two S& species along this = average atomic scattering factr(Q) = (fx(Q) + 2fm(Q)
direction. The streaking of the spots along #fedirection + 6fsdQ))/(Zx + 2Zm + 6Zsd, Z = atomic numberN =
suggests ordering along tleedirection is not as well defined  nhumber of scattering atoms, apdr) = atomic pair density
as along theb direction. This can be easily understood if we fynction.
consider that along tha axis direction there is no substantial The PDF represents all the interatomic vectors in the structure.
interaction between the parallel 3e groups, since they are  1he approach is the same as has been used to study glasses
spaced 4.2 A apart. Therefore, any particular ordering of the and amorphous materigd323 The PDF is a measure of the
Se*” groups and pairs of Se atoms, along the axis, will microscopic density in the solid. Recently, we have been
not have as strong of a driving force as it does alongothis. extending its application to disordered crystalline matef&ls,
Ifit occurs at all, it might be irregular and of shortrange. Chart \yhere we can carry out a full profile-fitting regression modeling
2 shows a possiblea#x 4b superstructure model with only the  gpayysis; similar to Rietveld refinement, except that it yields
Se(1) atom network on thab plane. , the local rather than the long-range ordered strucfre the

Observations with Atomic Force Microscopy. To inves- present case, we are interested simply in determining whether

tigate whether the a x 4b superstructure could be observed gnort Se-Se bonds exist in KTiBe; and we have not carried

directly on the surface of a RbJ8e, layer, we used atomic ot 5 complete full profile modeling of the PDF data. This

force microscopy (AFM). The AFM image of the surface of || pe reported in the future.

RbThSe;, shown in Figure 6A, clearly resolves the periodic

rows of Se atoms in the crystals. The spacing between the rows (32) An _overview of the use of_this gnd other sc_attering _techniques for

of Se atoms were measured to be 4t 0.2 A, which studying disordered crystals is given in the following: Billinge, S. J. L.
. . . . Curr. Opin. Solid State Mater. Sc1996 1, 477.

corresponds well to the lattice constant in the a-direction of (33) Billinge, S. J. L.Local Structure from DiffractionBillinge, S. J.

4.203 A. While the rows of Se atoms are clearly visible, we L., Thorpe, M. F., Eds.; Plenum: New York, 1998, in press.
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Figure 7. X-ray powder diffraction pattern from KE8e. The data
are shown in the form o®(SQ) — 1), which is the structure function

that is Fourier transformed to obtain the PDF.
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Figure 8. Pair distribution functions in the form qf(r) from KThy-
Se. Part a shows the PDF obtained from the data. Part b shows the
PDF calculated from the crystallographic model of the structure. In
both cases an arrow has been placed at a distance of 2.34 A, which i
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are separated by this distance in the solid. Thus, the first peak
to appear is the nearest-neighbor distance. In the crystal-
lographic model determined from the single-crystal refinement
(see above), this is at 2.73 A and is aS® distance. This
feature is not resolved from the strong-t8e peak centered
around 2.98 A in the crystallographic model. This peak is the
sharpest and tallest feature in the model PDF calculated from
the crystallographically determined structure. The peak maxi-
mum occurs at 0.125 Rand is cut off in the figure. In the
model this peak is almostx2 higher than the next strongest
peak atr =5 A. Also, in the crystallographically determined
model, there is no intensity ip(r) at the position of the
diselenide bond, 2.34 A. In contrast, the PDF derived from
the observed data shows that the peak at 2.98 A is significantly
broadened, to the extent that it appears weaker than the second
strong peak at=5 A. Furthermore, a well-developed shoulder

is evident at 2.34 A, indicated in Figure 8 with an arrow. These
factors taken together are strong evidence for the existence of
significant numbers of short diselenide bonds in the material
and support the existence of the superstructure observed with
the electron diffraction data (see above). A more complete
modeling analysis is underway to fully determine the local
arrangement of atoms in this materal.

4. Conclusion

ATh,Se; (A = K, Rb) has a two-dimensional structure related
to the ZrSe-type and possesses a charge density wave. The
stacking arrangement of these layers is slightly modified from
that of the ZrSe structure to accommodate the added alkali
metal ions between the layers. This structure is also different
from that of the telluride analogue, due to the different nature
of the chalcogens. TEM and PDF studies reveal that the short
Se—-Se distances of 2.7 A, determined by single-crystal X-ray
diffraction, are an artifact of the averaging effect of the single-
crystal structure and that there is a CDW modulation due to an
extra electron from the alkali metal which cleaves one out of
four diselenide bonds. The resultant structural distortion
establishes aatx 4b superstructure due to the ordering ofSe

Jgroups and Se ions. The PDF studies, which take into account

the length expected for a diselenide bond. The lack of intensity at this the diffuse X-ray scattering in the total diffraction pattern,
position in p(r) for the model reflects the fact that in the average directly and unequivocally expose the presence of thé Se
structure this distance does not exist; however, it is clear from the data groups. These conclusions are supported by magnetic suscep-

that this diselenide bondoesexist in the material.

The corrected data in the form 6fQ) = Q(SQ) — 1) are

tibility measurements and optical and Raman spectroscopic data.
Finally, the well-defined crystallographic sites of thé K the
structure of AThSe may serve as a model for the analogous

shown in Figure 7. The data contain Bragg peaks and diffuse sites for Li ions in LiZrSe;. The difference would be that in
scattering. Both of these contributions to the scattering are the latter only tetrahedral or octahedral sites would be likely,
Fourier transformed to obtain the PDF. This is important since formed by the negatively charged selenium atoms from the
the diffuse scattering contains the short-range order information cleaved diselenide bonds. The enhancedHSe~ interactions
which is not considered in a conventional Rietveld or single- could stabilize the alkali metal in the interlayer space, preventing

crystal crystallographic refinemeft.

Figure 8 shows PDFs in the form ofr) from the data (a)

it from facile deintercalation. Finally, the observation of CDW
distortion in AThSe; suggests that similar phenomena may also

and calculated from the crystal structural model (b). Overall, existin the related KT4Tes and warrants a closer look into the
the PDF from the data and the model are qualitatively similar, structure of this compound.
as expected; however, there are significant differences as we

describe. Peaks occur at positionsin p(r) when two atoms

(34) The data and PDF shown represent a preliminary analysis where
corrections for multiple scattering and Compton scattering have not been
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