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Atomic and electronic structures of the two different layers in 4Hb-TaS, at 4.2 K
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We have studied the atomic and electronic structures of the two different layek$brnT4S, prepared by
a layer-by-layer etching technique using a scanning tunneling microscope at 4.2 K. One [Bysh¢ived the
typical /13X /13 charge-density-wave structure, whereas the other lay¢}) (ad at low bias a triangular
atomic structure with weakly superposetk 3 and at high positive bias &@13x /13 charge-density-wave
structure originating from the lowerTllayer due to tunneling through the topdllayer. The bias-dependent-
intensity of this charge-density-wave structure was shown to be consistent with room-temperature measure-
ments, showing that this is a real intrinsic property of the material. Measured tunneling spectra of each layer
at 4.2 K showed a metallicH layer and an insulatingTL layer with an opening of wide-gap structures at the
Fermi level.[S0163-18287)03912-X]

The transition-metal dichalcogenides consist of sand- According to the scanning tunneling microscope studies
wiches of one transition-metal atofe.g., Ti, Ta, and Nb by Giambattistaet al® and Colemaret al,® 4Hb-Ta$S, has
between two chalcogen atorfesg., S, Se, and Jand have  completely different kinds of images on the two opposite
been extensweIAy studied by electron diffractioresistivity faces of the same crystal cleave. One kind hadax 13

measurements;* and scanning tunneling microscopy : :
(STM).® The two-dimensional structure of the transition- f;z\r/gsi?]ﬂ;Setﬁ;h{_rtykgzdaﬁs ﬁt_(:;:;g Tetlygr'[;jre'_"sérirte;ljlgnably

metal dichalcogenides cause charge-density wWeUBs\V's), . .
standing waves of electron density, below a certain transition‘?bserve strong bias-dependent STM images at room tem-

temperature. The formation of the CDW opens a gap at th@erature. A fully developed/13x 13 CDW is observed
Fermi level. In a strictly one-dimensional material the gap€Ven on the presumablyHlsurface at a relatively high posi-
would lead to a metal-insulator transition, while in real ma-tive bias voltage. Therefore, it is very important to identify
terials the behavior need not be insulating. The transition€ach layer precisely, that is, whether the top layerTsot
metal dichalcogenides exist in different types, depending odH.
the coordination between the transition-metal atom and the Recently, a STM study of Mb-TaS, was performed by
chalcogen atoms. Th& type has octahedral coordination Kim and Olin"* at room temperature and at 77 K. In this
between the transition-metal atom and the chalcogen atonfudy the layer-by-layer etching technique is used to make
and theH type has trigonal prismatic coordination. Thilld ~ Well-defined steps of alternatinglland 1H layers that can
type consists of four alternating layers of and 1H sand- be imaged simultaneously with exactly the same tunneling
wiches (Fig. 1). This alternating-layer structure gives inter- conditions. The STM images ofTllayers show a strong
esting atomic and electronic properties that were understood13x 113 CDW superlattice regardless of the bias voltage.
as a composite nature of those observed in the pure octah&he 1H layers show a triangular atomic lattice at negative
dral and trigonal prismatic types. Each layer is also believedias voltages and a weak13x 13 CDW superlattice at
to maintain its characteristic features found in the corre-high positive bias voltages, consistent with the measure-
sponding pure types, although there is a small electron transaents of Hanet al'® No CDW arises in the H layer at
fer between the two different layefs. these temperatures since the CDW onset in tHed'aS, is

Due to the weak van der Waals force between each layeat 22 K, which is much lower than in the purédZTaS,,
in the transition-metal dichalcogenides, it is possible to etchwhich has an onset temperature of 75 K. Tunneling spectra at
away individual layers in a well-defined manner usingthe different layers show metallicHL layers and insulating
STM."® Using this technique, it should be possible to choosel T layers, giving an alternating stack of insulating and con-
different layers in the polytype transition-metal dichalco- ducting layers, which have been proposed eaflidowever,
genides by making new layers. This also enables one tthermal fluctuations, tunneling between layers, and low-
study the atomic and electronic structures on the two differenergy resolution could modify the spectra at higher tem-
ent layers under exactly the same tunneling condition. peratures. A study at 4.2 K would reveal not only discrepan-
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cies in the spectra, but also th&x3 CDW in the H layer

and the bias dependence of tkf@3x /13 CDW in the H 1T o.ro dp
layer originating from the underlyingTllayer. The layer-by- i '(8 g
layer technique ensures that the two different layers are im- q
aged under exactly the same tunneling conditions. ) O‘b o)
In this study, we have fabricated steps ¢ild-TaS, with 1H 8) 8)

height ~6 A by the layer-by-layer etching technique and
investigated the electronic and atomic structures on the twc
different layers near the step region at 4.2 K. The measurec
STM images and tunneling spectra revealed completely dif-
ferent atomic and electronic structures of the-land 1H-
type layers. The TI-type layers showed the typica/13

x /13 CDW structures, whereas théidtype layers had the
triangular atomic structure with a weak3 CDW superlat- N
tice at negative and low positive bias voltages and a super-
posed+/13x /13 CDW superlattice at a high positive bias
voltage. We quantitatively estimated the bias-dependent in- §
tensity of these superposed CDW and found results quite
consistent with those of Haet al,'° showing that this de- FIG. 1. Summary view of #b-TaS,. The two different layers
pendence is a pure intrinsic property and not a thermal effecghow different images. Step image: sample bias voltage 100 mV
The measured tunneling spectra on each layer at 4.2 K algd tunneling current 5 nA. Image size, 44345 A°. Small im-
showed entirely different characteristics between the twdges: sample bias voltage 500 mV and tunneling current {upA
layers near the step. Thédllayer showed a metallic behav- Per 1aye; sample bias voltage-50 mV and tunneling current 1 nA
ior, whereas the T layer showed a wide insulating gap (lower laye). Image size 3434 A% Also shown is a schematic of
structure at the Fermi level at 4.2 K, more pronounced thaul\he crystal structure of4b-TaS,.

at 77 K.

Single crystals of #b-TaS, were grown by the usual the typical\/13x /13 CDW modulation with & modulation
iodine transport _method. T_he samples were c_Ieaved atroom1q 2 A at a bias voltage of 500 mV, with small atomic
temperature in air and set in the STM unit, which was placegnogulations. At low bias voltage, we observed only the
in the cgnter of a doubly sh|eld§d cryostat in a He exchanggtrong J13x \/13 CDW modulation with a large deflection
gas environment. The STM unit was cooled very slowly to_3 5 & Although the amplitude of the CDW modulation
4.2 K for low-temperature experiments. Mechanically pol-qecreased with increasing bias voltage, we could observe

ished Pt/Ir tips were used. All images were obtained in '[he\E,)>< /13 CDW structures in this layer over the whole volt-

constant current mode. The sign of the bias voltage correége region measuredp to 500 mV). In the lower layer we
sponds to sample voltage.

. . obtained strong bias-dependent images. At bias voltages be-
Figure 1 shows a summary view of a 44845 A? area of 9 P 9 g

. b low +~50 mV, we observed a very weak3 CDW super-
the 41b-Ta5 sm_gle crystal at 4.2 K exhibiting a step struc- | ttice [Fig. 2@]. The much lower CDW onset temperature
ture. The tunneling current and bias voltage were 5 nA an f the 1H layer in 4Hb-TaS, (~22 K) than that of the cor-
100 mV, respectively. Originally, this area consisted of aresponding pure phage-75 K) (Refs. 3 and 1Pmakes this
surface with a strong modulation gfl3x \/13 CDW super-

k _ 3X3 structure difficult to see. Only weak structures, com-
lattice presumably corresponding to th&é phase. By scan- pared to the pure B type, have been observedt a rela-

ning continuously with a relatively small tunneling resistancetive|y high positive bias voltage, larger thar200 mV, we

on the specified area, we could remove part of the layer agpserved a completely different kind of CDW pattern, that is,
shown in Fig. 1 using the layer-by-layer etching method and

image the two different layers at the same time. The step
height was estimated to about 6 A, which is equivalent to the (a)
lattice constant along the axis within experimental error. It ‘
shows that the step is made up of one S-Ta-S molecular
layer’® This kind of etching method allows us to clearly 4
distinguish between the two types of layers that exist. STM
images near a boundary region show clearly two regions
separated by a step. The upper layer in Fig. 1 shows a strong
modulation with a periodicity~12 A, that is, the 13
x /13 CDW superlattice corresponding to th& layer. A
rather flat surface exhibiting an atomic structure with a lat-
tice constant~3 A, believed to be the H layer, is seenin  FIG. 2. (a) STM image on the lower layer in Fig. 1 with a bias
the lower layer. voltage—50 mV, showing a very weak>33 CDW. (b) STM image
To study the more detailed structures, we measured STMn the lower layer in Fig. 1 with a high positive bias voltage of 300
images with a small scan area on the surface of two differenhv, showing they13x 13 CDW originating from the underlying
layers. The STM image of the upper layer in Fig. 1 showsLlT layer.
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can be seen in Fig.(d). A schematic of the two different
layers is shown in Fig. ®). Tunneling from the T layer is
suppressed at negative bias because of the barrier caused by
the occupied states in theHdllayer. At positive bias electrons

can tunnel through the unoccupied states in theldyer to

C tip 1H_ 1T

L - i 4—%‘% the underlying unoccupied Tl layer states giving a/13

400 200 0 20 400 X 13 CDW image even in theH layer. A similar effect
(b)
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% 1H layer remains metallic below the CDW transition, which
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vimv) has been observed in bias-dependent STM images of the
high-T. superconductor B8Br,CaCuOg, 5*'* Tunneling

from the metallic Cu-O plane is seen through the insulating
Sr-O plane and the semiconducting Bi-O plane when the

layer as a function of bias voltage at 4.2 th) Schematic of the applied bias voltage is smaller than the energy gap in the
density of states in & and IT layers. Positively biased electrons Bi-O layer. The interlayer distance between the Bi-O plane
can tunnel through theH layer into the unoccupied states in the @nd the Cu-O plane is of the same order as the interlayer
1T layer, while negatively biased electrons will tunnel only from distance in our sample, i.e., about 6-7 A.

the overlying H layer because of the barrier the filled states cause. A resistivity measurement by Wattamaniuk, Tidman, and
Frindf shows that the polytypeHb-TasS, has different con-

ductivity along and across the layer. Metallic conductivity
was observed along the layers, with an insulating behavior
perpendicular the layers, suggesting a stack of alternating
metallic and insulating layers. From analogies in the electri-
cal properties of the corresponding pure phasksTaS,,

(a)

FIG. 3. (a) Intensity of/13x \/13 CDW modulation in the &

a \/13x /13 CDW modulation that arises from the second
1T layer [Fig. 2(b)] with the clear surfac& atomic struc-
tures resolved. The atomic structures in {f#8x /13 CDW

in_the 1H layer were muc_h clea_rer than those in thelayer. which is metallic along the layer, andTiTaS,, which is
Figure §'a) .ShOWS the intensity of f[hevl3><.\/f% CDW insulating along the layer, they assume thatlayer would
modulation in the H layer as a function of bias voltage at |, insulating and B would be metallic.

4.2 K. The CDW intensity was estimated from the corre-  155akaet al 1528 tried to distinguish T from 1H layers

sponding spot in the Fourier transform of the STM image.ith tunneling spectra and obtained characteristic ones cor-
For_negative bias voltages, there are no appreciafl®  yesponding to the H- and IT-type layers at room tempera-

x /13 CDW spot. As the bias increases from zero to positivgure. However, the observed tunneling spectra at room tem-
bias, \13x /13 CDW modulation starts to appear around 50perature are too obscure to distinguish each layer precisely
mV and increases in amplitude with increasing bias voltagedue to large thermal fluctuations and inter-layer tunneling
This kind of bias-dependent STM image has also been oheffects. Colemaret al? also measured the tunneling spectra
served at room temperature in this material by Haml’®  on an unspecified layer in this compound at 4.2 K. Their
and is explained in terms of an energy-dependent tunnelingesults show quite interesting gap structures, which consist of
process betweenTLand 1H layers. Comparing our low- several sharp peak structures related to the harmonics of the
temperature results with the room-temperature data of HamT gap. They pointed out that this may arise from stacks
et al, they show almost the same characteristics. This meansonsisting of the insulatingT. layer and metallic H layer.

that the bias dependence of the STM image should be relaterh avoid this kind multiple-tunnel-junction effect across the
to the difference in the intrinsic band structures of the twobarriers made up of the alternating Jand 1H layers, we
different layers and not to temperature effects. Our CDWmade the electrical contacts around the rim of the whole
amplitude is somewhat smaller than the one observed by Hasample except on the top layer in the scanning region. This
et al, probably due to smaller interaction between the diffel’-gives smaller interaction and is probably the reason for our
ent layers in our sample. The energy dependence has begswer CDW amplitudes compared to those of Haral. New
explained as tunneling from theTllayer through the over- |ayers were made by the layer-by-layer etching method and
lying 1H layer. The T layer has a gap due to the CDW the tunneling spectra were measured at different layers sepa-
transition, as shown in the spectra in Figa4 However, the  rately. Our tunneling spectra on each layer show a stack of
metallic 1H and insulating T directly and clearly. The gap

in the 1T layer is wider and clearer than in the 77 K study.

In summary, we have investigated the electronic and
atomic structures at 4.2 K on the two different layers @f 1
and 1H type in 4Hb-TaS, near a step region prepared by the
layer-by-layer etching technique. The measured STM images
and tunneling spectra revealed completely different atomic
and electronic structures of th&@41and 1H-type layers. The
' ' ; 1T-type layers showed the typical13x 13 CDW struc-

diidv.
di/dV(arb.)

T T T T T

M T T T
400 200 0 200 w0 -300 -150 0 150 300

V(mV) V(mv) tures, whereas theH-type layers had a triangular atomic
structure with a weak 83 CDW superlattice at negative and
FIG. 4. Tunneling spectra at 4.2 K of tfig) 1T layer showing oW positive bias voltage and a superposéBx 13 CDW

an insulating gap structure arfl) 1H layer showing that this layer superlattice at high positive bias voltage. The bias-dependent
is metallic. CDW intensity was consistent with the room-temperature in-
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tensity reported earlié? showing that this is a real intrinsic which layer is the top layer in4b-TaS,: by STM images at
property of the material and not a thermal effect. The meanegative and low positive bias voltage and by spectroscopy.
sured tunneling spectra on each layer at 4.2 K also showed )

entirely different electronic structures between the two layers This work was supported by the Swedish Research Coun-
near the step. TheH layer showed a metallic behavior, cil for Engineering SciencéTFR). We would like to thank

whereas the T layer showed an opening of a wide insulating Dr. Hans Starnberg and Professor F. Levy for providing us
gap at the Fermi level. This gives two ways of determiningwith the single crystals.
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