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Structures of exfoliated single layers of WS, MoS,, and MoSe in agueous suspension
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Single layers of the transition-metal dichalcogenides,WB0S,, and MoSe were formed as aqueous
suspensions by lithium intercalation and exfoliation of crystalline powders and examined by x-ray diffraction
and x-ray absorption fine structufAFS) spectroscopy. The two-dimensional characteristics of these systems
were readily apparent through the absence of(aiki) peaks (#0) and in the strong asymmetry of thiekQ)
peaks in the diffraction patterns. Indexing the diffraction patterns with rectangular unit cells revealed the
diselenide as the most distorted from the hexagonal structures of the parent materials, with the Mo atoms
forming a “zigzag” structure which is also corrugated perpendicular to the layers¥ddge and WW_3-edge
XAFS analysis using WTerelated structural models enabled the determination of the short, intermediate, and
long metal-metal near-neighbor distances with the shortest metal-metal distances contracted approximately 0.4
A compared to parent reference materials. Shifts in thekiabsorption-edge energy in MoSeorrelated with
changing Se-Se interactions. Combining the XAFS and diffraction results enabled an estimation of the layer
puckering and atomic positions in three-dimensional models of the unit cells. Sel&roge XAFS also
identified two selenium-oxygen scattering paths from water or @dths coordinating the layers of exfoliated
MoSs, .
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[. INTRODUCTION uted to a change in band structure resulting from a change
from trigonal prism to octahedral coordination of S around

Because of their unique physical and electronic structurethe Mo or W atom on exfoliatiod-> However, in addition, as
the layered dichalcogenides display a variety of interestingve demonstrate in this paper, there is a significant distortion
properties and phases primarily due to their “two- of the Mo (or W) structure within the layer, from 2D hex-
dimensional”(2D) nature, including highly anisotropic me- agonal to a “zigzag” structure which, in addition, is corru-
chanical, optical, and electrical propertleSome of the sys- gated perpendicular to the layer. A similar structure is seen in
tems are semiconductors and some are metals or semimetadsystalline WTe and also in Li-intercalated MgSand
The metals display charge density wave transiti@®B®W's)  restacked single-layer MgS’
and superconductivity, and are of particular interest because Because of the zigzag structure, we expect that single-
of their structural and electronic similarity to the high- layer MoS,, MoSe, WS,, etc., will display strong in-plane
temperature superconductors. anisotropy in the optical constants, electrical conductivity,

Because of the weak bonding between the layers, it hasnd susceptibility. In addition, the structure may encourage
been possible to exfoliaiseparate into single molecular lay- alignment of adsorbed molecules onto the single layers.
er9 a number of layered dichalcogenides, including the The band structures of transition-metal dichalcogenides
semiconductors MoS MoSe, and WS and the metals have been discussed by Matthéisand Kertesz and
2H-NbS, and 2H-Ta$.%® The semiconductors are more Hoffmanrf and other workers. However, as we demonstrate
readily exfoliated and tend to be more stable than the metalén this paper, single-layer Mg@$ MoSe,, and WS in sus-

To date, no structural studies have been carried out on theension have a structure that is very different from that of a
single-layer metals and little work on their physical proper-layer in the bulk crystal. Using the structures presented here,
ties has been done. For example, it is not known if thedetailed calculations of the band structure for these “two-
CDW's and superconductivity of bulk 2H-NbSand dimensional” single-layer dichalcogenides are now possible.
2H-Ta$S persist in the isolated single-layer form. Exfoliated single layers can be restacked with organic or

In this paper, as part of an ongoing study of single-layefinorganic molecules incorporated between the lajérs®
dichalcogenides, we report on x-ray diffraction and x-rayThis provides a novel approach for the synthesis and study of
absorption fine structuréXAFS) studies on single layer the properties of new layered nanocomposites.

MoS,, MoSe, and WS in suspension and unambiguously  Knowledge of the exact structure of these single layer
determine the structure of the isolated single layers. systems is incomplete. X-ray absorption fine structure stud-
The properties of single-layer MgSMoSe,, and WS  ies performed on single-layer MgSand derivative
and related dichalcogenides and their layered nanocomposanocomposités™° have revealed short, intermediate, and
ites have not been extensively studied to date: howevetpng Mo-Mo distances, indicating a distortion from the hex-
changes in structure can be expected to result in significargonal parent structure. Scanning transmission microscopy
property changes relative to the unexfoliated bulk crystals(STM) on bilayer MoS-2H,0 (Ref. 1§ and incompletely
For example, it has been observed that single-layer MoSoxidized K,(H,0),MoS, (Ref. 17 have indicated in-plane

and WS in suspension do not display the interband opticalunit cells related to the parent Me®y either an oblique
absorption of the bulk semiconductdr§his can be attrib- X 2a or a rectangulaaxv3a distortion with the suggestion
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TABLE I. Summary of lithium intercalationy(=1) conditions
in preparation of the exfoliated layers in 2.5 hMbutyl lithium in

hexane.
LiyMX, Temperature and duration
LiyWS, 100°C, 18 h
LiyMoS, 20°C, 18 hor 100°C, 1 h
LiyMoSe 20°C, 2 weeks or 60°C, 18 h

three-dimensional models of the randomly oriented single
layers in suspension. To our knowledge, this is the first direct
and unambiguous structure determination of randomly ori-
ented monomolecular layers in suspension.

FIG. 1. Comparison of trigonal prismatic metal coordination in
MoS, (left) and octahedral metal coordination in WTéright) Il. EXPERIMENT
single layers. Small spheres are metal atoms. Large spheres are

chalcogen atoms. Exfoliated samples of the disulphides were prepared by

lithium intercalation and extraction as per the literafug
reaction with 2.5 Mn-butyl lithium in hexangunder argon
of a relationship to orthorhombic WI€***® Recent elec- and subsequent reaction and repeated washing with distilled,
tron crystallography workon restacked materials have simi- de-ionized water until @pH~7 was obtained. For complete
larly indicated rectangulaa X v3a unit cells for MoS and  exfoliation, preparation of LM X, with y=1 was necessary.
WS, and produced two-dimensional structural models re-The preparation of exfoliated MoShas not been previously
lated to WTe in plane grouppg for the restacked layers. reported, but is straightforward. After lithium intercalation of
Individual layers from crystalline MoSand WTe are  the 2H (trigonal prismati¢ parent material and addition of
compared in Fig. 1. In both structures, the metal atoms arelistilled water, exfoliated layers are immediately obtained.
coordinated by six nearest chalcogen neighbors with the cop/ashing with distilled water is still performed to reduce the
ordination being trigonal prismatic in Mg@Sand distorted pH to ~7. Table | summarizes the conditions used to per-
octahedral in WTg.* A displacement of the metal atom from form the lithium intercalation. The exfoliated layers are
the center of the cell in WTheproduces a splitting of the six sheets one molecular layer thitk A) and are typically 0.1—
nearest metal-metal distances into two si@85 A), two  1um in extent. X-ray diffraction measurements were made
intermediate(a axis, 3.477 A, and two long(4.37 A) dis-  using a Siemens model D5000 diffractomef@t K « radia-
tances. A 0.21-A puckering of the metal layer accompaniesion) on moist exfoliated slurry which was approximately 5%
the displacement. While in the full WJecrystal structure MX,/95% H,O by weight and sealed under thin kapton
there are two crystallographically inequivalent W sites andsheet. Note that the single layers in suspension are randomly
four inequivalent Te sites, within a single layer, the metaloriented.
atoms and two pairs of chalcogen atofiiel, Te3 and Te2, X-ray absorption measurements were made at the PNC-
Ted) appear to be related by g &crew axis along the short CAT undulator beamline, Sector 20, Advanced Photon
axisa. The glide plane determined from the two-dimensionalSource?® Distilled, de-ionized water was added to moist
electron crystallography work on restacked matefialsuld  paste of the exfoliated materials and sealed in plastic bags.
be the projection of this screw axis into the plane if the layersThe material was allowed to settle in the bag and the bag
are structurally related to WJe clamped to give a region of uniform thickness. Uniformity
Layered nanocomposite materials are prepared by restaclas also checked by examining the image of the transmitted
ing exfoliated single layers. To understand fully the restackbeam with a single-crystal phosphor. Powdered binary
ing process, what is ultimately needed are accurate structurdichalcogenide sampléaldrich) were prepared on transpar-
models of the layers in suspension. Both x-ray diffractionent tape and examined by XAFS for reference. Sample con-
and XAFS can be done on samples in aqueous suspensidainers(tape or bajwere oriented at an angle between 30°
The strongly two-dimensional nature of the diffraction pat-and 45° to the polarization vector of the synchrotron x-ray
terns for these systems makes complete analysis of the urbeam in case of preferred orientation of the layers relative to
cell contents by diffraction impossible, since “two- the container surfaces. Exfoliated MgSeas also applied to
dimensional” diffraction from randomly oriented single lay- tape and allowed to dry while being examined in the syn-
ers provides little information on atomic positions perpen-chrotron x-ray beam. This sample will be referred to as
dicular to the plane of the layers. XAFS can provide “restacked” below.
distances between absorbing and scattering atoms in the lay- A Si(111) double-crystal monochromator, detuned to 60%
ers. By combining diffraction results of higher resolution to reduce higher harmonics, was used to provide monochro-
than previously reportéd® for WS, and MoS, and new matic x rays. Attenuation of the x-ray beam with aluminum
data on MoSg, with XAFS data on these exfoliated layer was necessary to prevent bubble formation from water dis-
systems, and some elementary geom&twye have obtained association. XAFS data were collected in fluorescence and
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FIG. 3. Intensity of diffraction patterns as functions of 2 éin
for MoSe,, MoS,, and WS single-layer aqueous suspension.

Fig. 2 are for scattering from randomly oriented single mo-
lecular layers and the standard technique used to determine
structure in 3D is not available for randomly oriented 2D
systems. A strong dependence of peak shape on scattering
contrast is evident for the peak near 0.37*AFor the model
tungsten compound, the scattering is dominated by the
FIG. 2. Effects of changing coordination and scattering contrashigher atomic number of W over that of S and the effect of
on simulated diffraction patterns of hexagonal randomly orientedcoordination on peak shape is negligible. Differences in the
WS,, MoS,, and MoSg single layers. Solid lines correspond to peak shape are more pronounced for MoBor the MoSe
octahedral metal coordination by chalcogen atoms, and dashed linggmulations, where the scattering contributions from Mo and
are for trigonal prismatic coordination. Se to the structure factor are comparable, the peak shape
shows dramatic differences depending on coordination.
transmission modes using ionization chambers filled with hewhere the trigonal prismatic coordination would have a

0.3 0.4 0.6 0.7

0.5
2sin(@)/ A (A1)

lium (transmissiopor argon(fluorescencegas. sharp primary peak and broad secondary feature above the
peak, the octahedral coordination results in a more rounded
lll. RESULTS AND DISCUSSION single peak with a broad tail. Evidence of exfoliated M@Se

transforming from trigonal to octahedral metal coordination
will therefore be apparent by the presence of such a broad
Before analyzing the diffraction data, the effects of theasymmetric diffraction peak near 0.37 A
change in metal coordination from trigonal prismatic to oc- Figure 3 shows the x-ray diffraction patterns for the ex-
tahedral were considered. While this change is accepted fdoliated suspensions. For Figs. 2, 3, and 10 note that
the disulphides in the literatufe® its effects have not been 2 siné/A=1/d=S/27, whered is the plane spacing arlis
as clearly demonstrated for single layers. Figure 2 displaythe scattering vector. A water background signal has been
calculated results of the effect of the changes in coordinatiosubtracted, with a remnant evident at about 0.3".AThe
(trigonal prism to octahedrabnd contrast in atomic scatter- two-dimensional nature of the patterns in Fig. 3 is evident in
ing (difference in atomic numbgrfor model trigonal pris- the asymmetry of the peaksand the ability to index the
matic and octahedral hexagonal single layers of ,WS patterns with only two indices. Assignment of indices to the
MoS,, and MoSe. The calculated diffraction patterns in peaks is based on a rectangular cell related to JWTée
Figs. 2 and 10 were obtained using the Debye formula, deassignment of lattice directiores and b were chosen to be
scribed in detail in Refs. 19 and 21. In the Debye formulaconsistent with recent work on WJein space group
simulation, the positions of the atoms in the unit cell, thePmn2,.'® Lattice constants for the single-layer materials
atomic form factors, and the sample size are the modelwere determined by comparison of peak intensities and po-
dependent parameters. Note that the calculated patterns $itions between the measured patterns and a calculated

A. Diffraction data
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TABLE Il. Summary of lattice constants and deviation from ¢~ 71T |
hexagonal symmetry for exfoliated WSMoS,, and MoSe. In- 3'_ WS, W Lyedge

a) reference
b) exfoliated

plane constants for Wleare provided for comparison from Mar
et al. (Ref. 17. For a metrically hexagonal systen a/b would
equal 1.

MoS, Mo K-edge
c) MoS, reference
d) MoS, exfoliated —04

it (normalized)
LS

MX, a(h) b () v3alb \ : ' I I A
WS, 3.231) 5.662) 0.9887) L J1s
MoS, 3.221) 5.682) 0.9827) 1.,
MoSe, 3.2711) 5.902) 0.9606) 081- Mose, Mo K-adge Jos
WTe, 3.477 6.249 0.964 e D peSe, SeKealge '
’ g) "dry" o restacked j) exfoliated 104
h) reference 4
0 f I | [ | 0
. . . -20 0 20 40 60 =20 0 20 40 60
model pattern using a layer size of X330 unit cells and E-E, (V) E-E, (V)

random orientation of the layef$Note that the model layer

size corresponds to the coherence length or the flatness of F|'GI' 4. >\<,;/ray I\;ear-edgz T\/;I)e;tra for refe(rjencg antd ar?ueous
diffraction regions of the actual molecular layers. The lattice>N9e-layer W3, MoS,, and MoSe compounds. Spectra have
been offset vertically for clarity. Spectrufh) was taken while the

data are given in Table II. It was not possible to obtain dif'restacked sample was drying
fraction data on the freshly restacked MgSand results '
comparable to exfoliated MgSare assumed.

Indexing with the rectangular cells leads to a deviation in
the ratiob/a from the expected value of3 for a hexagonal : . . e
system(Table 1), with WS, the least distorted and Moge For the binary disulphides, no shift in edge e“‘?fwsz w
the most. For the diselenide, the distortion from hexagonal ik3 19 20_2 eV;_Mog MO K 20009.1 eV, determmed from
quite evident in the splitting of theL3) and(20) peaks when the first inflection point, is apparent. For thel d|s_elen.|de, the
compared to the disulphides. These peaks provide strong eyiiolydenumk edge for the exfoliated material is shifted 3
dence supporting the rectangular cell for MgSeparticular. €V Pelow that of the reference materidi =20 008.3 eV)

. . d this shift decreases as the exfoliated material dries and
The resolution of thé€13) peak for exfoliated MoSeenables an . !
determination of the angle between theand b axes to be restacks. The S&-edge XANES does not exhibit a shift

90.03)°. The broad, rounded, asymmetric shape of the over?&tween referencesp=12659 eV) and exfoliated samples.

lapping (02) and(11) peaks for MoSgis consistent with the The possibility of a residual negative charge on the exfoli-

13,22 H H H
change from trigonal prismatic to octahedral metal Coordinaf"‘tef]I layer’ has been considered. Slnce the estimated
tion. The 4% deviation of single-layer MoS&om hexago- residual charge (0.15—0.85/metal atom) is small and the

: : ; tep resolution of the XANES moderate at 1 eV, the lack of
nal is larger than that for crystalline WJ¢3.6%. The dis- S X ) ’
tortion in the exfoliated disulphide@able 1)) is in contrast E’Ln obs_e:vable e;jge S.g'ﬁ Iforhthe sul_ﬁJ_Eldte?hdoes notd_rutle tOl:jt
to the restacked disulphides where the ratio of the lattic e existence or residual charge. at the more-distorte

constants isv3 (restacked W$ a=3.21A, MoS a 0Se, species does exhibit an edge shift is curious, particu-
=3.16 A).” The values of the lattice paraméters reported larly since the shift to lower energfower oxidation state

here are also larger than for the restacked materials—by 1(%ecreases as the material dries and restacks. If this shift is
for WS, and by 2% for Mo$. A contraction of the disul- .
phides on restacking may account for this. AL EPU L

The diffraction patterns in Fig. 3 also provide the infor- %% ]
mation on distortion within the unit cell. For a 2D centered = o
rectangular structure, the structure factor calculations show™
that only (20), (40),... and(02), (04),... type peaks are ob-
served. The fact thqDl) and(03) peaks show up strongly in
Fig. 3 demonstrates that the central metal atom of the rect-
angular cell has moved in theaxis direction. Similarly, the .
absence of10) and(30) peaks in Fig. 3 shows that there is or
no distortion of the central metal atom in tleedirection ol
(computer simulation shows that any distortion greater than |
0.02 A would be detectableNote that single-layer diffrac- <o
tion is insensitive to the atomic position perpendicular to the | [, ", N
layers. o S S P I

Molybdenum data were taken in fluorescence mode while
the tungsten and selenium data were taken in transmission.

0.06 —

0.04 —

FIG. 5. XAFS interference functiong(k) for reference and
single-layer W$, MoS,, and MoSe compounds. Labeling

X-ray absorption near-edge structup¢ANES) data for  of y(k)'s are as in Fig. 4. Spectra have been offset vertically for
the samples and reference compounds are given in Fig. 4larity.

B. XAFS data

125407-4



STRUCTURES OF EXFOLIATED SINGLE LAYERS B. .. PHYSICAL REVIEW B 65 125407

TABLE Ill. Summary of fit values for the nearest metal-chalcogen and three metal-metal scattering for reference powder and aqueous
layer extended XAFS on WS MoS,;, and MoSe for three fitting cases: singi®E, (1), separatd\Ey's (2), and separatAE,’'s with Ry,
constrained by diffractioif3). Statistical errors listed in parentheses were obtained from the values that doubled the minimum residual sum
of squares. Systematic errors were obtained by comparison with crystalline data. Reference d€ledgerata are also givéBe-ref) as
are fit values for restacked Mose

6 atRy % 2atRy;  oip 2 atRy, o2y 2 atRys s AEgy AEgy res?
MX; A (10*A3) A (107 A? A (10*A) A (10*A) eV eV (%)
WS, (crysta) 2.405 6 at 3.153
WS, (ref) 2.4034)  26(2) 3.1506) 41(4) 566) 5.6 2.7
WS, (exfol.1) 2.4172) 58(4) 2.7313) 37(3) 3.222) 12830 3.81(2) 61(9) 423 4.2 0.8
WS, (exfol.2, 3 2.4173) 592) 2.7385) 373 3.232) 11720) 3.81(2) 65(12) 4.23) 4.68) 1.1
MoS, (crysta)  2.418 6 at 3.160
MoS, (ref.) 2.3915) 22(3) 3.1527) 494) 2.36) 2.3 1.8
MoS, (exfol.1)  2.4083) 54(2) 2.7536) 60(4) 3.1479) 73(7) 3.772) 57(200 1.53) 15 0.9
MoS, (exfol.2)  2.4023) 472)  2.7885) 51(4)  3.201) 68(8) 3.80816) 61(100 1.34) 8.46) 0.3
MoS, (exfol.3  2.4025) 46(2)  2.7994) 47(3)  3.22Q7) 65(6) 3.821) 63(13) 1.38) 10.55 0.6
MoSe (crysta) 2.527 6 at 3.289
MoSe, (Mo-ref.) 2.5193) 27(2) 3.2838) 59(5) 2.36) 2.3 1.9
MoSe, (Se-ref) 2.5213) 17(2) 3.28512) 77(30) 515 51 1.6
MoSe (exfol.1) 2.5282)  66(2) 2.7618) 77(7) 3.20614) 14315 4.03§13 63100 -0.52) —-05 0.6
MoSe (exfol.2) 2.5252) 62(2) 2.7884) 75(6) 3.2412) 15625 4.062) 67(9) —-0.62) 2.4100 0.6

MoSse (exfol.3) 2.5222) 60(1) 2.7996) 64(4) 3.27015 103(30) 4.04515 97200 -—-0.82) 3.86) 0.6
MoSe (restck.3 2.5202) 591 2.8176) 655) 3.277010 88(10) 3.95416) 62177 -—-0.02) 556) 0.9

a

2|Yexpt(i)_ycal<.(i)|

oS = S el D]
exp

X 100.

due to a residual charge on the layers, then the charge would Extended XAFS interference functiongk) (Fig. 5 were
have to be transferred to species located between the layeggtracted from the absorption data using polynomial back-
on drying and restacking. If the shift is structural in origin, ground removal, normalization to edge jump, and a McMas-
then the exfoliated and restacked structures should havetar correctiort® Fourier transforms tdR space were done
distinct difference in some feature that would cause a changesing k* weighting and a 10% Gaussian window over a
in electron density on the molybdenum. While we are unabléange using zero crossings g{k) between 3—-4 A* and

to rule out residual negative charge loss as a contributing3-5—15 A%, depending on the sample. Data were fitRn
factor, arguments in favor of a structural origin for the SPace between 1.6 A and apprommate% 4 A, using models

XANES shifts appear in Sec. 1l C below. generated by the computer prograFF in th.e program
WINXAS,?® with no polarization dependence. Fits were done

by iteration: fit, revise model, and refit. Since there is more
] than one crystallographic site for Se, the single-layer sele-
SWS, ot s, et 12 nium data could be fit only for an average selenium atom and
1 only with the inclusion of additional Se-O scattering %aths

due to the water or OH ions coordinating the layefrs.
Selenium-edge-fit results will be considered after the metal

A L ,y/ ] edges.

— 16

[N} w
T

100 x |F(k (k)] (A?)
T
1

— 1.
<) MoSe, exf. d) MoSe, restck.

0.4~ 0.4

Oiw | et M’% | ) paga —0
4

0 2 4 0 2
R(A) R(A)

FIG. 6. Comparison of fits with the magnitudes of &feFourier
transforms of the XAFS(k)’s for the metals in single layers ¢#)
WS,, (b) MoS,, (c) MoSe,, and(d) restacked MoSge(air dried. FIG. 7. Geometry for determining the out-of-plane puckering of
Vertical bars indicate the regions over which the data were fit.  the metal atoms for the single layers.
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TABLE IV. Fractional coordinates for atoms within a single
layer unit cell of WS, MoS,, and MoSe (exfoliated and
restackeglobtained from best-fit XAFS distances and lattice param-
eters from diffraction. Errors reported are half the range obtained
from positions at the maximum and minimum puckering. Positions
are for half the atoms in the unit cell. Remaining atoms can be
found from the transformatiorx(y,z)=(x+1/2,—y,—2).

Atom X y z
WS,, a=3.23A, b=5.66 A, “c’=6.162 A
w 0 —0.19525) 0.00712
s1 0 0.09217) —0.2834)
S2 0 0.4287) 0.1923)
MoS,, a=3.22A, b=5.68A, “c"=6.147 A
Mo 0 —0.19745) 0.0379)
S1 0 0.03714) —0.292@8)
S2 0 0.4075) 0.1855)
MoSe,, a=3.27A, b=5.90A, “c’ =6.464 A
exfoliated:
Mo 0 —0.1891) 0.0357)
Sel 0 0.03614) —0.298410)
Se2 0 0.414) 0.1815)
restacked:
Mo 0 —0.19436) 0.00Q16)
Sel 0 0.09014) —0.2854)
Se2 0 0.43®) 0.1993)

MoS,

Because of the in-plane 2 screw axis, the two distinct (exf)
tungsten crystallographic sites in WiTéRef. 18 are suffi-
ciently similar in their environmentéumber, type, and dis-
tance of atomsto permit treating them as equivalent by
XAFS over distances out to 4.5 A. The assumption implicit
in fitting our data to a WTgbased model is that this also
holds for the exfoliated layers. For the reference (exfz,)
compound®?’ and the exfoliated samples, coordination
numbers were fixed according to the crystalline or
WTe,-based structural models used, respectively. For the
shifts in edge energyAE,), several different treatments [, 8. Structural representations féa) exfoliated MoSe
were considered necessary. In standard methbHg,is de-  single-layer model viewed perpendicular to the layer énaingle-
termined by fixing the distances in a reference compound t@ayer MoSe (exfoliated, MoSe (restackell MoS,, and WS
the crystallographic values and varyinge, to obtain the viewed along thea axis. Small, white spheres are metal atoms.
best fit. In doing so with the molybdenum reference com-Larger medium and dark gray spheres are chalcogens above and
pounds in this work, the fits were visibly poor with residuals below the plane, respectively.
more than a factor of 3 worse than when the following meth-
ods were considered. AE, into in-plane and out-of-plane values may allow for any

A single shift based on reference materials has beeanisotropy. In compromising between these concerns, we
used® in conjunction withFerr. Individual shifts have also treated the fits in three ways: with a singi&, allowed to
been used, but not witkerr 4 Correlations between the shift vary, with separate\E, values forM-M and M-X interac-
andR values are always a concethThe change in metal tions, and with separate shifts, but the second metal-metal
environment between the reference trigonal prismatic MoSdistance constrained to the diffraction value determined by
structure type and the octahedral, distorted structures majre a lattice constant. Analysis of the restacked Mp8ata
invalidate transferring the shift from reference to single-layerinvolved using thea lattice constant for the exfoliated dis-
data. The strong structural and hence electronic anisotropy ielenide. All other parametetscalingS3, distance$R;}, and
the single layers may also cause problems#nrF calcula-  Debye-Waller parametel{.wjz}) were allowed to vary when
tions and may result in an anisotropid,. Since the metal- fitting the sample data.
metal interactions are largely in plane in these layer materials Table IIl summarizes the metal-scatterer distances ob-
and the metal-chalcogen interactions out of plane, separatingined from the fits for the nearest metal-chalcogen and
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TABLE V. Comparison of model selenium to neighbor distances
with XAFS SeK-edge diffraction-constraine@®.27 A constrained
fit results for an average selenium in exfoliated MpS&vo Se-O
scattering paths were also fit.

Model DistancegA)

Scattering Fit (A)
path Sel Se2 Se-avg.
2 MoS,
Se-Mo 2.528 2.528 2.529 %
Se2-Se2 3.03 2.98D) = |
Sel-Se2 3.209 3.209 3.18) - / B
Se-Se 3.270 3.270 3.28)
Se2-Mo 3.681 3.588)
Sel-Se2 3.710 3.710 3.718
Sel-Se2 3.820 3.820 3@

metal-metal distances. Figure 6 compares the fits with the
Fourier transformed data for the aqueous single-layer
samples for the diffraction-constrained case. Best results

PHYSICAL REVIEW B 65 125407

M MoSe,
\N\M\V\\/\x

\M
L T
0 0.6 0.8

L L
2 0.4

were obtained for Wg where the difference in atomic num-
ber(2) is the highest. The MoSransform resembles that for

2 sin (0)/ A (A1)

FIG. 10. Comparison of the x-ray diffraction data with simula-

earlier data on MoSlayers separated by a water bilayer in tions based on the atomic positions given in Table IV for exfoliated
Fig. 3 (curve C) of Ref. 12 and may indicate some partial ws,, MoS,, and MoSe suspensions. Light lines correspond to the
restacking of the sample. Two additional W-S scatteringsimulations.

paths could also be fit in the WSlata, yielding values of
Ry, of 3.581) A and Ry; of 4.045) A. Similar paths in the

From Table llI, the correlation between tRevalues and

other samples gave weak contributions to the transforms ang, E, shifts is quite apparent. Treating the data with only a
COU'E not be fit rella}blyhTr}(_e ab?rence oLpresenpe Offthssgingle AE, resulted in smaller metal-metal distances since
weak contributions in the fits affected the position of t €the shift for the nearest metal-chalcogen scattering tends to

third metal-metal distances by 0.01-0.02
Table Il are the results from including these extéX
paths. Previous fits to XAFS data on Mpflated species fit
only a nearest metal-chalcogen p&tf? Generally, though,
lower confidence is had in the Mg&nd MoSeg systems,
where the difference iZ is lower and the features beyond
the first peak in the transforms are weaker.

1.2 T I T T

100 * |7 (k2 ()| (A”)

R(A)

FIG. 9. Comparison of thB-space fit with the magnitude of the
k? Fourier transform of the seleniukredge XAFSy(k) for exfoli-

- The numbers iRy inate. Metal-metal values were larger for the second

case, where separate shifts were permitted to float, and larger
still in the third case, where the second metal-metal distance
was constrained to be tleelattice constant. For further work

in determining atomic positions in the unit cell, the con-
strained fit results were used.

C. Geometry, XAFS, and diffraction combined

The positions of the metal atoms in a Wielated unit
cell can be readily obtained from the geometry of Fig. 7.
After determining, from Pythagorean -calculations, the
lengths of the bisectors that connect the out-of-plane metal
atom to the midpoint of tha axis, the cosine of the out-of-
plane angle was determined. The puckeringnd fractional
coordinate along thb axis, y, followed. The values obtained
for the exfoliated layers and restacked Me3ee WS—h
=0.09(15) A, y=0.3911); MoS,—h=0.46(5) A, y
=0.3991); MoSe, (exfo)—h=0.45(9) A, y=0.3781);
and MoSe (restck)—h=0.0(2), y=0.3886(12). Interest-
ingly, the restacked MoSdayers appear to have no pucker-
ing of the metal atoms, but retain the octahedral chalcogen
coordination of the metals. Because of the large error bar,
however, a small puckering is possible.

For the three-dimensional models, the chalcogen positions
were located at the fit nearest-neighbor distance from the

ated MoSe. Vertical bars indicate the region over which the datametal atoms. Corrections of 0.02 and 0.008 A were added to

were fit.

the Mo-S and Mo-Se distances, respectively, based on the
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offset of the reference from the crystal value. Choosing halfvhich increases to 3.14 A on restacking. Both distances are
the c axes of the 2HM X, structured parents to give out-of- less than in the parent 2H-Mog€3.335 A intralayey, but
plane scaling for fractionat coordinates leads to the model considerably larger than in elemental @32 A). The dis-
unit-cell atomic positions listed in Table IV for the exfoliated ulphide models also possess moderately short S-S dis-
layers (and restacked MoSg Although in WTe there are tances: 2.97 and 2.98 A, respectively, for the tungsten and
two metal and four chalcogen atomiand crystallographic ~ molybdenum materials. These distances are also less than in
positions in the unit cell, the 2screw axis within the layer their respective parent compounds, but to a lesser extent than
simplifies this to the one metal and two chalcogens reporteth the exfoliated diselenide. Strong Te-Te interactions are
in Table IV. The other atom positions in the unit cell can bepresent in WTg,'® so chalcogen-chalcogen interactions in
obtained by the transformatio,{/,z)=(x+3,—y,—z). A  the exfoliated layers can also be expected. In particular, in-
representation of the exfoliated MoSayer is given in Fig. creased Se-Se interactions appear to be driving the larger
8. Additional metal-chalcogen distances in Wi at 3.581) distortion for MoSg. An increase in Se-Se interactions
and 4.045) A, while the corresponding model values are (bonding would result in electron transfer back to the Mo,
3.707) and 4.081) A. Comparable paths in exfoliated lowering the effective oxidation state of the Mo, and would
MoS,, at 3.661) and 3.8%5) A, do not compare favorably cause the observed decrease in the absorption onset energy
with model values of 3.55) and 4.081) A. Likewise, simi-  evident in the XANES of Fig. 4.
lar M-X paths in exfoliated MoSg at 3.531) and 4.102) A,
are inconsistent with 3.68) and 4.181) A predicted by the V. CONCLUSIONS
model derived from the metal-metal paths and the diffraction
values for the lattice constants. These paths are not stroné:;r
contributions to the XAFS and may not have been fit well.
Inaccuracies in the models may also exist.

The seleniumK-edge XAFS y(k) for the exfoliated
MoSe, was transformed over the range 2.64—14.2 Aith

Three-dimensional models of the structures of single lay-
s of WS, MoS,, and MoSeg in suspension have been
obtained by combining x-ray absorption fine structure studies
of the WL3, Mo K, and SeK edges with x-ray diffraction
results. The diffraction data show that the single layers have

2 L o . . o a two-dimensional rectangular unit cell rather than the hex-
k® weighting and 10% Gaussian window similar to the metalagonal cell of the bulk structure. The layers exhibit short,

Zggﬁéggzggéﬁseﬁgemﬁﬁzldggér?l\qﬁret(;]?ré?r?ltcr)]r:a }\)Ii_etoeAi termediate, and long metal-metal distances and octahedral
9e. ¢ alcogen nearest-neighbor coordination consistent with a

e e e ot o ience 2%, S0l zagditorion of e metl ich s o cosled
distances obtained from the fit are compared to those préa__erpendmular to the layers. The distortion is largest in the

. . . diselenide due to increased Se-Se interactions in addition to
dicted by the model in Table V. Two additional Se-O back-p, o et bonding. Two Se-O distances attributed to water
scattering paths at 2.0D and 2.302) A were necessary for

the fit. A comparison of fit with transformed data is given in or OH ions also were identified coordinating the Mg$sy-

Fig. 9. Fit and model values are not consistent within the > at 2.081) and 2.32) A

errors (errors from doubling the minimum residual sum of
squares as per Table lldetermined from the XAFS analysis.
Comparisons of the single-layer suspension diffraction This work was supported by Natural Sciences and Engi-
data of Fig. 3 with simulated diffraction patterns based omeering Research Council of Canada through operating
the positions in Table 1V are given in Fig. 10. grants and a major facilities access grant. Experiments at the
In comparing the structures of exfoliated and restacked®NC-CAT beamline, Advanced Photon Source, Argonne Na-
MoSse, it can be seen that the decrease in puckering omional Laboratory, are also supported by the U.S. Department
restacking is not accompanied by a large change in the neaof Energy, Basic Energy Sciences under Contract Nos. W-31-
est metal-metal distance. The model for the exfoliated layel09-Eng-38(APS) and DE-FG03-97ER45628PNC-CAT).
does possess a chain of shacross intralayerSe2-Se2 We would also like to thank M. Newville and J. O. Cross for
contacts at 3.03 A2.98 A from the SeK-edge analysjs discussions oEFF, AE,, and anisotropy.
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