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Locally modified charge-density waves in Na intercalated VSestudied
by scanning tunneling microscopy and spectroscopy
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We have observed local effects of the charge-density w@&iaw) in in situ Na-intercalated T-VSe, using
scanning tunneling microscopy and spectroscopy between 300 and 60 K. Na intercalates nonuniformly, and
divides the sample into intercalatéd and nonintercalate(NI) areas. Below the CDW transition temperature
these areas displayed totally different CDW’s. The NI areas seemed unaffected by Na, and showéd a 4
CDW that did not differ from the CDW in pure V$eThe intercalated areas showed a strong octahedral CDW
(A1=0.99 nm,\,=0.68 nm, 270°, rotated 20° with respect to the atomic lattioecurring in three different
orientations. Additional spots in Fourier space at low temperatures were interpreted to originate from Na
ordering in a 1.¥X 1.3 R45° structure. Spectroscopy showed a shift of thedvdgrived state below the Fermi
level (Eg) upon intercalation. In the NI areas, a shift towdd (—60 meV compared te-80 meV in pure
VSe,) was observed, while thieareas showed a shift away frofg (—150 me\j. The CDW energy gap was
enlarged in thd areas A~230 meV compared ta~80 meV in pure VSg, while it was never resolved in
the NI areas[S0163-182809)06511-X

I. INTRODUCTION lattice, that changes the electronic properties of the host ma-
terial. Particularly, a CDW state is likely to be influenced by
The layered transition metal dichalcogenid@dVD’s) alkali intercalation, but the expected effects may depend
consist of one transition-metal atom in between two chalcostrongly on the detailed changes in the Fermi-surface topol-
gen atoms forming covalently bonded sheets with formuleogy.
MX,, whereM is a transition metal an& are chalcogen We have studied Na intercalation in the layered TMD
atoms. Adjacent sheets are bonded to each other with wedkT-VSe, by variable temperature scanning tunneling micros-
van der Waals forces, leading to highly anisotropic propercopy (STM) and spectroscopySTS. Pure VSe has been
ties. The anisotropy of the materials leads to interestingtudied with various techniques by a number of different
properties connected to the quasi-low-dimensionality, anduthors, including Eagelsham, Withers, and Birdan
TMD’s therefore serve as model systems for two-Landuyt, Wiegers, and Amelinckkand Tsutsumt. The ob-
dimensional phenomena. Among the interesting propertieserved CDW structures differ greatly, but presently there is a
are the formation of charge-density wa@DW'’s) that oc-  general agreement of a transition at 110 K. The in-plane 4
curs in many, but not all, TMD’s, and the possibility of in- X4 initial phase has been claimed to be both(R&f. 6 and
tentional modification by intercalation of foreign atoms andC (Ref. 5, and changes of the CDW phase-aB0 K have
molecules in between the layers. A CDW is a standing wavédbeen observed, both for the in-plane and the interplane
of electron density that does not necessarily coincide witttomponents;’8that could originate from an |G transition.
the atomic lattice. Usually, different incommensur&lt€) STM studies of VSgat 4.2 and 77 K have been published by
and commensuratC) phases exist in different temperature Coleman and co-worket® and by Kim, Park, and Olift
ranges. The CDW state is caused by electron-phonon inteshowing the 44 CDW and an energy gaji~40 meV at
action, and therefore, does compete with the superconducting2 K1° The electronic band structure of VS@as been
state, to which it has many similarities. As in a supercon-extensively studied at room temperature by a variety of
ducting state, a CDW state is characterized by a transitiotechniques??” and has also been calculated
temperature T¢c), an energy gajg2A), and particle pairing. theoretically'’~*°
The electron-phonon interaction induces a condensate of Intercalation of Na in VSghas been investigated by dif-
electron-hole pairs, leading to a standing electron-densitferent techniques, where the band structure along with mag-
wave with a wavelength of &, and a density of states netic and electronic properties of the intercalated material
depletion (energy gap at the Fermi level E¢). Theoreti- has been studied;?*>?! but low-temperature measurements
cally, a strictly one-dimensional material would be insulatingon NaVSe, are rare. Magnetic measurements were pub-
below the transition temperature, while in reality most matedished by Wiegers and co-worke?$?>%where anomalies in
rials become semimetallic. The CDW phenomenon was prethe conductivity and magnetic susceptibility were ascribed to
dicted in the 1950s, and has been widely studied since thea. CDW. In addition, diffuse scattering in electron diffraction
When evaporated onto TMD’s in ultrahigh vacuum, alkali of Na, sVSe, is believed to originate from CDW's but this
metals can form intercalation compounds of foRyM X5, has not been further investigated.
whereR is an alkali metal:> Upon intercalation, there is a In a previous photoemissiofPES and STM study of
transfer of valence charge from the alkali metal to the hosNa-intercalated VSeat room temperature, we have shown
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™ FIG. 2. NgVSe, at room temperature exhibiting nonintercalated
FIG. 1. Room-temperature spectra showing thed/geak be-  (dark and intercalatedoright) areas. In the intercalated areas, holes
low Er. (A) Pure VSg ~—85 meV. (B) Intercalated areas of of locally missing Na are seen. Scan size ¥a®O0 nnf, V,=
Na VSe, ~—90 meV.(C) Nonintercalated areas of N&Se, ~—80 —109mV andl,=1.79 nA. Inset: Atomic resolution image of an
meV. Solid lines are curve fits to the 256 discrete STS points.  intercalated area. Inside the “holes,” atoms are still visible, exclud-
ing the possibility of the holes being lattice defects. Scan size 4

that the intercalated Na atoms are nonuniformly distributed<4 nn¥, Vy=—107mV, andl;=0.646 nA.

below the first layer, leading to intercalatédland noninter- ., o teq for distortion by using the known hexagonal unit
calated(NI) areas? In the mtercalatgd areas, small h_olt_allke cell of VSe, that has a lattice parameter of 0.335 nm.
features are found due to locally missing Na. A preliminary
low-temperature STS study indicates that the intercalated Na IIl. RESULTS
influence the CDW, but the details have not been made
clear®®

In the present work we focus on the influence of Na in- The clean VSg surface had large atomically flat areas,
tercalation in VSg at low temperature§60—-110 K. Na in-  with a trigonal atomic arrangement. The atomically resolved
duced a nonhexagonal CDW at theareas, while the NI images were distorted due to electronic drift in the micro-
areas still showed the presence of @4 CDW that seemed scope, but the lattice constant was close to the expected
to be unaffected by the intercalation. The band structure wa@.335 nm. No room-temperature images of the pure material
changed by a shift of the strong Waderived state just be- are shown here, since they agree with our earlier re$tilts.

low E¢, and by an increase of the CDW energy gap inlthe From experiments and theoretical band calculations, a strong

areas. These types of studies are useful for understanding tHeinly V 3d-derived state is known to exist at100 mev
lowEg.™**"""In our STS data, Fig. lcurveA), it was

formation and modification of CDW's. below
detected as a peak th/dV at ~85 meV belowEg.

Evaporation of<1 ML Na at room temperature showed
Il. EXPERIMENTAL DETAILS the expected nonuniform distribution with dark and bright
) _ .. areas of size 20—100 nm, as seen in Fig. 2. The bright areas
The experiments were made in a UHV STM with oqrespond to areas with Na below the first layer, forming
variable-temperature = facilities(Omicron -~ Vakuumphysik - tywo-dimensional islands,” that causes the material to ex-
GmbH). The samples were cleaved in air and transferred tgang locally to accommodate the Na atoms in the van der
the microscope via a fast-entry load-lock chamber. Most O%Vaals gap between the layers. A step height of 1.6 A be-
the samples, but not all, were heated~800 °C to remove  tyween the areas was found together with “holes” of locally
contamination. The W tips were electrochemically dc etchedmissing Na below the first layer in the intercalated Na is-
and cleaned inside the UHV by sputtering and heaifil§a  |ands, in agreement with our earlier stidyEffects of Na
was evaporated from a home-built breakseal ampoule sourcgejow the second layer and further down are presumed to be
calibrated to evaporatel ML in 15 min. The base pressure npegligible since STM is a surface-sensitive technique. STS at
in the system was 810 **mbar and the pressure did not the| areas, Fig. ZcurveB), showed the V & peak at~90
increase during evaporation. Measurements were made frofjey belowEg, while at the NI areas, Fig. lcurve C), it
300 to 60 K, where cooling was made by a He flow cryostatyas found at~—80 meV.
that was temperature controlled by counter-resistive heating.
Tunneling spectra were measured with a tunneling resistance B. Low temperature
of the order of G). The spectra were taken in a grid across
the surface, and spectra from similar surface structures were 1. Pure VSe
then averaged. The polarity of the applied bias voltage, When lowering the temperature, VS&ndergoes a transi-
corresponds to sample bias. Atomic resolution images wertion to a 4<4 CDW state at-110 K. In our STM images of

A. Room temperature
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nm very tip dependent. Tip changes while scanning could sud-

s 4 denly cause the gap to appear or disappear, while thelV 3

0. 150 i ] peak was still resolved. However, we tried different tips and

: L 4 samples and, when resolved, we repeatedly found the same

C ] energy gap. We found no significant gap changes with tem-

0.120 E
= . perature belowl .

0.090 E

2. Intercalated NgVSe,

0.0 1.0 2.0 3.0 nm When lowering the temperature in the intercalated
samples, we saw two totally different CDW'’s in the two
different areas, as seen in Fig. 5. The NI parts showed a
weak 4<4 CDW, similar to the CDW in pure VSe This
CDW was not distorted by the presence of Na in the islands
nearby. In thd islands, we found a strong superstructure that
greatly differed from the X4 CDW in the NI areas. When
analyzing the superstructure in Fourier space, we found that
it consisted of a distorted hexagonal pattern, i.e., an octahe-
dral pattern, rotated with respect to the atomic lattice. After
distortion correction using the known lattice constéhB35
nm for pure VSeg), the wavelength of this distorted pattern
) ) was 0.93-0.04 nm in one direction and 0.65.04 nm in the
FIG. 3. STM image of the 4 CDW in pure VSg Inthe cross g other directions, and the rotation of the long component
section it can be seen that every fourth atqm is enhanc;ed. The whitg o (30=4)° with respect to the atomic lattice. In NSe,
3"’1 Zzor:’j t:qe: E0751'20:A°f;:§TZ%%SKSe"\:ltc')ct’g'tfgﬁgtt?gzeé dﬁeﬁ’cts the lattice parameter has been measured by neutron diffrac-
(nt'lal’ked b)‘/ f;rrov;/)s ‘ ' tion to 0.348 or 0.373 nm depending on the coordination of
the intercalated atonfs, which would give us a slightly
. longer wavelength of the superstructure. We consistently use
the pure sgmples, we clearly Saw this 4 CDW below 1.10 the pure VSg lattice parameter, since we do not know the
K, shown in Fig. 3. The corrugation was abopt 0.1Aie, Ofeffect of the nonuniform distribution on the lattice constant.
the same order as the atomic corrugation. Figufeutve A) The relationship between the atomic lattice and the super-
shows low-temperature tunneling spectroscopy of the purgycyre, that represents the main characteristics of the
material, where the V @ peak at~—80 meVv and also a  cpyy wavelength, would, however, not differ if we used
CDW energy gaph ~80 meV are seen. This energy gap Wasgnother fattice constant. Figure 6 shows the resulting struc-
not resolved in every measurement, but was proved 10 bg,re in real space, that also can be considered as an octahe-
dral superstructure withh;=0.99nm and\,=0.68 nm,
£.70°, where the\; component is rotated 20° counterclock-

© wise with respect to the atomic lattice. This superstructure
was incommensurate down to temperatures of 60 K, and oc-
curred in three different orientations, rotated 120° with re-

B spect to each other. Different orientations were sometimes

found in the same Na islanéFig. 7). These domains did not
show sharp boundaries, but changed gradually over a dis-
tance of a few nanometers.
Looking further into the fast Fourier transfor(®FT), Fig.
8, we found extra spots corresponding to a square period
A with a wavelength of 0.44 nm, i.e., just slightly longer than
the lattice parameter. The two directions of the square sym-
metry were rotated+15° and —15°, respectively, with re-
- . spect to two of the three host lattice symmetry directions.
U —— These FFT spots were only found at thparts at low tem-
03-02-01 0 010203 04 peratures, and as they followed the rotation of the Na-
viv) induced CDW, we interpreted these as an effect of Na order-
ing at low temperatures.

dI/dV (arb units)

FIG. 4. Spectra taken at 60 K. Arrows mark the position of the . . .
V 3d state. The energy gap edges are chosen in the middle of the When scanning at a very low bias, the corrugation of the
flat range abov&; in the tunneling spectra, before the conductanceCPW in the NI areas was enhanced, frend.1 Aat 100 mv

is increased further(A) Pure VSeg, with an energy gap oft to ~0.5 A at 2 mV, regardless of polarity. The corrugation of
~80 meV and the V @ peak at~—80 meV.(B) Intercalated areas the CDW in thel areas was of the order of 0.5 A at 100 mV,
of Na,VSe,, with A~230 meV and the V 8 peak at~—150 mev.  and was also enhanced at low bias-tt—3 A. Cross-section

(C) Nonintercalated areas of N&Se,, with no energy gap and the lines showing the corrugation for different scanning param-
V 3d peak at~—60 meV. Solid lines are curve fits to the 256 eters are found in Fig. 9. In the STM images we could
discrete STS points. clearly see the enhancement of the pure CDW, since it could
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FIG. 5. Overview of the different CDW's in the two different areas. In the intercalated areas a strong octahedral CDW is found, while
the nonintercalated areas exhibit & 4 CDW similar to the CDW in pure VSe 80 K< T<110K. (a) Overview image, 48 46 nn?t, V,
=—366 mV, andl,=0.473 nA. (b) Na-induced CDW~7X 7 nn?, V,=189 mV, andl,=0.789 nA. (c) Nonintercalated area CDW; 7
X7 nn?, V,=—161mV, and,=1.933 nA. White bars show the positions of the cross sections. Note tfiat tine cross section is shown
along the direction of the CDW and not along any host lattice direction.

then be seen directly in the grayscale image together with thecale variation of the much stronger Na-induced CDW. The
CDW in the intercalated part§ig. 10. At higher bias volt- enhancement of the Na-induced CDW was obvious only
ages the small corrugation in the NI areas could not be seemhen looking at line scans, but the relative enhancement was
in the grayscale images, since it was “hidden” by the gray-approximately the same in the two different types of areas,
i.e., about five times.

Low-temperature STEig. 4) showed different spectra in

20'93 nm 2 M the NI and| areas. Belowlc, STS in the NI areafFig. 4
g' ’ (curve C)] showed that the V 8 peak was slightly shifted
SR

toward Eg, to about—60 meV. Lowering the temperature
further did not change the position of this peak. The CDW
energy gap was never resolved in the NI parts of the mate-
rial. Low-temperature STS at theareas|Fig. 4 (curve B)]
showed a large CDW energy gap~230meV. The V 8
peak was shifted also in theareas, but here it was shifted

n Host lattice

Q  Resulting CDW maximas

FIG. 6. The structure of the Na-induced CDW. The periodicities
found in the FFT image are indicated by thin dashed lines. Where
the three periodicities intersect, a CDW maxima will be found
(circles. The resulting incommensurate structure is marked in the
STM image and in the structure model. This structure can also be FIG. 7. Part of a Na island showing two domains of different
considered as an octahedral structuxg~0.99 nm,\,~0.68nm,  CDW rotation, with an angle of 120° between the two directions.
<70°), rotated 20° counterclockwise with respect to the atomic lat-V,=—-124mV, 1,=1.391nA, scan size~24x18 nnf and T
tice, marked with dashed lines in the structure model. =60K.
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FIG. 9. Cross-section lines showing the corrugation for different
scanning parametergA) Nonintercalated area af,=—114mV
and 1,=1.341nA. (B) Intercalated area &¢;,=—189mV andl,
=0.789nA. (C) Nonintercalated area a¥,=—2mV and I,
=2.786nA. (D) Intercalated area atV;=—2mV and I,
=4.015nA. The CDW corrugation was greatly enhanced at lower
bias voltages, i.e., at closer tip-sample distances.

resolution, and stable spectroscopygether with the known
diffusion constant of alkali atoms along TMD layers,
10" 8 cm?/s (Ref. 27, led us to the conclusion that the streaks
are a result of mobile Na below the first layer, as discussed in
an earlier papet’

B. Low temperature

(b) 1. Charge-density waves and Na ordering

FIG. 8. FFT images taken from a Na island beld. (a) _ (a) Local effects.One of the more conspicuo_us conclu-
Unprocessed image (25856 data points (b) After distortion  SIONS from the low-temperature measurements is that the ef-
correction (128& 128 data points, giving lower resolutipirhe out- ~ fect of Na intercalation seemed to be very local. While the
ermost hexagon are the atomic spots, and the inner distorted hexa-
gon contains the CDW spots. Apart from these spots, four distinct
extra spots are foun@arked by arrowsthat correspond to a qua-
dratic period of 0.44 nm. These spots are rotatelb® and—15°,
respectively, with respect to two of the three host lattice symmetry
directions, as marked in the figure.

awayfrom E, to about—150 meV. Neither the gap nor the
V 3d peak changed significantly with temperature.

IV. DISCUSSION
A. Room temperature

The room-temperature results were in line with our previ-
ous results, and were discussed in Ref. 24. In room-
temperature images we can see streaks in the scanning direc-
tion. One might ascribe this to an effect of tip changes, so FIG. 10. STM image taken witl,= —2 mV showing CDW
that the dark and bright areas are nothing else than changgsdulations both at intercalated areas and at nonintercalated areas,
in the tunneling junction, e.g., by jumping of Na or contami- marked by arrows. CDW structures are shown as a guide for the
nants. The stability of the imagéseproducible areas, atomic eye. The scan size is 4%5 nnt.
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Na intercalation induced a totally different CDW in the CDW is occasionally found, and the rotation with respect to
islands, the NI parts seemed unaffected by the presence tife atomic lattice is-15°. This means that the CDW is simi-
Na in the material. The only sign of changes in the NI areaslar to the one in the T-Ta compounds, and the authors
compared to pure VSewas the shifted V @ peak. As faras  suggest that a stacking order and coordination change (2
our analysis can tell, thex44 CDW was the same as in the —1T) in the surface layers is responsible for the induced
pure material, and we could not observe any obvious distorcpw. The disorder of the superstructure is expected to be
tions of the CDW near theislands. This indicates that local connected to the order/disorder of the intercalated Ag. Pure

effects are dominating in the observed CDW. McMillan's NpSg does not exist in the T phase, but upon intercalation
short-coherence model for calculation of CDW properties athe “T-phase” structure might be locally stabilized.

a finite temperaturé is usually considered to be valid for o nonhexagonal and incommensurate Na-induced
the TMD-CDW systems. This model gives correlation cpw structure is locally induced in a similar way to the
lengths of the order of the CDW unit-cell length, so thatcpw in the AgNbSe system. However, we do not believe
local effects would be expected, although the CDW forma-yyr cDW to be a result of the same type of stacking order/
tion is considered to be a long-range effect of electron-holggordination change, due to the lack of similarities to any
pairing. Local CDW effects upon intercalation was found by gther known TMD CDW's. In real space the CDW is an
Koslowski et al?® using STM on Ag intercalation in gctahedral superlattice with;~0.99 nm and\ ,~0.68 nm,
2H-NbSe, showing islandlike structures with a different , 70 rotated 20° counterclockwise with respect to the
CDW than in the clean material. However, Koslowskial.  atomic lattice. Finding a CDW with a nontrigonal symmetry
measured above the transition temperaturetdi#bSe, so  in a trigonally symmetric system might seem surprising, but
the effect of intercalation in the NI areas are not investigatedihis has been seen in different graphite intercalation com-
Local effects were also shown by Zhaegal upon cre-  pounds(GIC's). Lang et al*” found a number of different
ation of nanocrystals of T coordination in H-TaSe by  syperstructures in bulk-intercalated alkali GIC's. Apart from
voltage pulsing with a STM tip, and the opposite transition, 2x 2 superstructure, due to ordering known from diffrac-
1T—2H were observed by Kinet al.in 1T-Ta$, (Ref. 3).  tion studies, different hexagonal, orthorhombic, and one-
These nanocrystals are well defined, and show sharp boungimensional superstructures are found, that are suggested to
aries between the different phases. In very small crystals thge surface-driven CDW's. Kelty and Lieber found an ortho-
CDW is distorted at the boundaries, and the corrugation amyhompbic structure in KHgg that occurs in two orientations
plitude also differs across the nanocrystal. A difference beysith respect to the atomic lattice and also this is suggested to
tween those nanocrystals and the present situation is that W 3 cDW38 A CDW of different symmetry than the atomic
have Na atoms below the first layer. In our case the resultggtice is therefore a possibility, although it has previously
can therefore not be solely an effect of coordination changegot heen observed among the TMD's. However, that we ob-
in one single TMD layer, as in the TaSand Ta$ cases. serve three different rotations of the CDW pattern is, we
That we did not find as sharp boundaries between our N.I angelieve, due to the trigonal symmetry of the atomic host
| areas, as observed for the Taded Ta$ nanocrystals, is |attice. The white protrusions in Fig. 7 separate different
possibly associated with the fact that the Na atoms are sitijomains, and are less than 0.5 A high. This apparent increase
ated below the first layer. We have to remember that thej, height might be due to a different Na concentration or
boundaries observed at the surface are not the authentigordination at the domain boundaries, but may also be a

boundaries between Na atoms and the surroundings, but aggirely electronic effect. At the boundaries between NI And
an effect of the top layer buckling due to intercalation. areas no such protrusions are found.

(b) The structure of the induced CDW and the ordered Na The extra spots in the FFT are exp|ained as an effect of

superstructureOnly a few STM studies of intercalation in  Na ordering. Three facts support this idea. First, the extra
TMD’s have been reported. Intercalation of Ag if-TaS,  spots were only visible in theareas, and, second, the rota-
lowers the different CDW transition temperatures comparedion of the spots with respect to the atomic lattice followed
to the pure material, and changes the Ta coordination frorthe rotation of the Na-induced CDW with respect to the
1T to 2H.% Bulk-intercalated Li in T-Ta$ induces a re-  atomic lattice. Both these observations suggests that an or-
duction of the CDW wavelength, from 11.5 to 10.3 A at dered Na superlattice was the origin of the spots. Third, they
room temperatur&’ 2H-Ta$, that has a CDW transition at only appeared at low temperatures, and at the same time
75 K, intercalated by Ag shows an ordereak 2 Ag struc-  streaks in the scanning direction are less pronounced. These
ture but no CDW at room temperatuteFe-intercalated B spots could not originate from the sum of other FFT spots,
phases of NbSg TaSe, and Ta$ show a variety of super- neither were they a sum of other spots and a lattice vector.
structures at 300 and 4.2 K, originating from Fe ordering andrhis periodicity was only found in the FFT and not in real
CDW's.® Also Ag intercalation in Nb$has been studied, space. By inverse transformation of images, where only the
but this system does not exhibit a CDWKoslowski et al. spots corresponding to the host atoms and the “Na” were
studied stage-2 Ag intercalatedi2NbSe (Ref. 29 at room  selected, we attempted to avoid the strong CDW to hide a
temperature. This system shows a local CDW, different frompossible superstructure in real space. However, no visible
the intrinsic 3x3 CDW that is found below 33 K, in areas superstructure was observed. Baial. observed a X2 su-
where intercalated atoms are located below the surface. Thgerlattice due to ordering in Fe-intercalated samples of the
CDW pattern in the AgNbSe system is a strongly disor- 2H-phases of NbSg TaS, and TaSgby STM and atomic
dered hexagonal pattern with an average wavelengtforce microscopy(AFM).*® In TaSe the amplitude of the
Aeow=1.25nm, a value close to that expected for/a3 superlattice was barely detectable at room temperature, while
x /13 superstructure. Atomic resolution together with thelow-temperature STM scans, as well as room-temperature
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FIG. 11. Possible sites for Na between the host layers in,VSe
For low coverages, both and B sites can be occupied, but not
neighboring sites due to the short Na-Na distance.

AFM scans, showed larger modulations. This was interpreted
as a large static transfer of charge to the surface Se atoms,
observed by AFM, while the local density of states modifi-
cation atEg, responsible for STM response, was small at  F|G. 12. Combination of the host lattic@loty and the 1.3
room temperature and increased at low temperatures fox1.3 R45° Na structurgcircles. Rectangles enclose the allowed
TaSe. We cannot exclude the possibility of this being the Na positions, i.e., when the superstructure does not coincide with
origin also for our low-temperature observation of ordering.the host lattice. The resulting structure is essentially domains of
Although no observation supports it, the Na could be orderedlternatingA and B positions, but with positions slight off-center
even at room temperature, but in any case Na ordering wouldllowed.
be the origin of the observation of extra FFT spots at low
temperature. averaged over the entire surface, i.e., the two different areas
Intercalated NgvSe, is expected to exhibit one of the are mixed. Therefore, it is likely that we have a higher con-
trigonal prismatic R(1) or octahedral R(ll) structures’ In centration in thd areas than PES indicates. We believe the
our case, we believe that we have tH&(8 structure for two  Na concentration to bg~0.5 in the topmost layer of the
reasons. First, this structure is usually found in intercalatiorislands. The ordered structures, according to Hibma and
compounds with low alkali-metal concentration. Second, theBloembergen, therefore will not be directly applicable in our
expansion along theaxis, caused by the Na atoms being toocase. According to Wiegef8,the 3R(l) structure is found
large to fit in the van der Waals gap, is different in the twofor 0.5<x=<0.6, and the B(ll) structure for stoichiometric
structures, and the-axis lattice parameter of theRgl) (x=1) NaVSe,. Mixtures of VSe and 3R(I) (low concen-
structure fits best to our measurements, as has been reportggtiong and R(l) and 3R(ll) (high concentrationsare
earlier?® It has been suggested that th&®(® phase of found in between. We note that what we observe is actually
NaVSe, exhibits CDW's?*#223put any structure of such a the mixture of pure VSgand the R(I) structure.
CDW has not been reported. In th&k@) structure the in- Our FFT observations could be translated into a 1.3
tercalated Na atoms occupy trigonal prismatic sites between 1.3 R45° structure in real space. To test whether this struc-
the host atomic layers. In stoichiometric M, eitherAor  ture was possible, we draw the atomic lattice together with
B sites(Fig. 11 will be occupied. Fox<<1 bothA andB this structure. When the atomic lattice and the “Na posi-
sites can be occupied, but not neighboring sites, since thgon” coincided, the “Na atom” was not allowed to sit there,
distance between the alkali atoms would then be too smallwhile a position slightly off center in the octahedral holes
Diffusion of Na along the layers is then likely to proceed by was allowed, although pum or B sites presumably are pre-
jumps of typeA— B.?! According to Bloembergen, Haange, ferred. As the “Na-Na distance” is slightly larger than the
and Wiegeré! Na in TMD’s will be ordered in a Xv3 lattice parameter, Na is allowed to sit in a %.3.3 R45°
structure. Hibm# showed that in NATiS, for x<0.25, Na  structure with no coincidence with the host lattice for about
ordering in 22 andv3Xv3 superstructures is found, while seven unit cells, i.e., 2—3 nm. After this distance the Na will
for 0.25<x<0.5 a 2xv3 structure, in different rotations, is sit in a forbidden position, and the periodicity will be broken.
found. Since we are evaporatingl ML, we probably have However, leaving one row empty in the host lattice before
Na only in thesurface layersand the density of Na is fairly the next Na atom is inserted will restore the periodicity. The
low. According to our earlier PES measureméfitsy  structure then consists of small domains with alternating
~0.25. This cannot be directly compared to the STM mearows of A andB coordination(Fig. 12). At the interfaces of
surements for two reasons. First, in the PES measuremertisese small Na domains, rotations of the structure can be
we are comparing the Nap2and Se 8 core-level signals, allowed, as observed in the STM images. This domain struc-
and since the penetration depth is small in PES, more Se witlre could also explain the appearance of islands, as well as
be detected in the photoemission spectra. Two Se layers exitite appearance of holes of locally missing Na in between
close to the surface before Na appears in the first van delifferent domains. However, the holes might also be an ef-
Waals gap, and also the next Se layer, below the first van ddect of excess V in the van der Waals gap, since MBews
Waals gap, contributes in PES. Second, the PES signals angetal rich. To our knowledge, no other structures than the
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ones discussed (2v3,2x2v3Xv3) have been reported. sition would be common for the pure VSand the NI parts
Still, our structure explains the observed data, and the lowf Na,VSe,, due to the similarities of the CDW. The Na-
Na concentration might give possible ordered structures. Ouinduced CDW is completely incommensurate in the tempera-
1.3X 1.3 R45° structure is therefore the most plausible ex-ture range investigated. It would of course be interesting to
planation, and we can note that neither thev3 nor our look for possible ICE transitions in thel parts at lower
1.3xX 1.3 R45° structure is hexagonal, as one might expectemperatures. The 60-K limit of our experiment ensures that
from the symmetry of the host lattice. The periodic latticewe are well below the possible IC-transition at 80 K in the
distortion that is accompanying the CDW changes the latticepure sample. The lower limit of our STM is around 30 K, but
and might allow the Na atoms to occupy positions slightlybelow 60 K we found it more difficult to obtain stable tem-
off center from the pureA and B sites more easily. This peratures. Therefore we cannot exclude further transitions
lattice distortion is too small to be resolved with STM, espe-occurring at a lower temperature, but there are also examples
cially when considering our image distortion. One could ar-of CDW’s that are incommensurate down to the mK range,
gue that a third pair of spots, giving a distorted hexagonak.g., the M phases of TaSand NbSe °

pattern for the “Na ordering,” could be hidden along the

vertical line in the FFT imagéFig. 8. However, these spots 2. Corrugation enhancement

would then be visible in the 120° rotated pattern, which is  \aterials such as graphite TiTaSe, and IT-TaS, can
not the case. The only possibility of a third pair of spots inghow anomalous corrugations that are too large to be char-
the rotated image would be if they coincided with the atomicgcteristic of the surface atomic structdPé? Tersoff'2 sug-
spots. Using that periodicity gives a real-space structure thafested that this is due to an electronic effect in materials
is even harder to fit in the host lattice than the square struGyhere the Fermi surface collapses to a point at the corner of
ture. Also, the 90° difference of the “Na spots” in the FFT the surface Brillouin zonéBZ), which is possible for a semi-
suggests that a square symmetry would be most plausible.conguctor or semimetal of reduced dimensionality. The STM
Due to the (I) structure, N@VSe, cannot be directly jmage in this case will correspond to a single wave function,
compared with the other types of ordinary TMD-CDW ma- haying nodes leading to large corrugations across the unit
terials. The induced CDW showed some similarities to thecel| defined by the Fermi surface. In a quasi-two-dimensional
1T-Ta compounds, i.e., rotation, strong corrugation, and gnaterial, such as the TMD's, the wave functions can be ex-
large energy gap. The nonhexagonal structure can, howeveianded into six plane waves, and, if the band edge falls near
not be explained by comparisons to other TMD-CDW sys-the BZ corners the model will generate a hexagonal array of
tems, as discussed above. One can note that$e; itselfis  gingular dips'* This means that the Fermi-surface collapse
a very special material, e.g., in many ways it behaves morgij| not be complete, but the nodal structure will depend on
like the 2H compounds than theTkTa compounds. VSe  the degree of Fermi-surface elimination. This effect should
occurs only in the T phase, but has an exceptional value ofhowever be independent of the tip-sample distance. Soler
c/a (1.82 compared to 1.75 for TkTaS, 1.80 for et al*® suggested corrugation enhancement by a mechanical,
1T-TaSe,, 1.633 for the ideal T structure, and 1.82—1.85 e|astic, tip-sample contact at low bias making the actual tun-
for the 2H structure, and shows a low¢, small corruga- nel distance variations smaller than the response of the piezo.
tion of the CDW, no rotation with respect to the atomic The contact area is assumed to be on the atomic scale.
lattice, and a small energy gap. All those properties are morpethic4* argued that the actual tip-sample contact area
similar to the H-phase materials than thél Imaterials. would be large, and that the main reason for the corrugation
(0) T¢ and IC-C transitionsFinding an exacl¢ is diffi-  enhancement would then be an effect of shear in the stacking
cult by using STM and STS, since the actual tip conditionsayers. A flake of the layered material transferred to the tip
are crucial, and image quality can change during scanning ifvould give the expected periodicity while imaging, since
an unpredictable way. However, the observiedseems to  what is detected is the fluctuation in conductance between tip
be roughly the same in the NI andoarts of NaVSe,, and  and sample. We reject this explanation, since we observe
also the same as in pure V$e.e., ~110 K. It might be  defects, that would not be expected if a flake of the material
surprising thaff c was the same in theand NI areas, espe- were located at the tip. Mamiet al*> explained corrugation
cially when considering the large energy gap in thereas, enhancement by tip-sample contact mediated by contamina-
that usually goes with a highdi. . Wieger$® found anoma-  tion. According to their model, tunneling occurs from a pro-
lies in the magnetic susceptibility vsfor Na,VSe,, ascribed truding miniature tip, through a contamination layer that
to a CDW. The temperature anomaly depends @ma non-  causes tip-sample contact. Their measurements after cleaning
linear fashion. This is probably connected to the differentthe tip and the graphite surface in vacuum showed a much
structures of Ngv/Se, at various concentrations, and it is lower corrugation than in air for the same tunneling condi-
therefore hard to conclude whether our obserVgdagrees tions, leading to the conclusion that significant distortion of
with the expectations. the surface by mechanical tip-sample contact is present only
No IC-C transitions could be observed either in the purewhen there is a contamination layer. We cleave our samples
VSe, or in the NI areas of N&Se,. Due to the drift in the in air, and, even if the sample is heated, there might still be
microscope it is very difficult to measure the exact CDWsome contamination at the surface, so that this mechanism
wavelengths with enough accuracy, so this is probably betterould be possible. However, all the mechanisms of tip-
done with other surface-sensitive techniques, e.g., diffractiosample contact are also likely to affect the atomic corruga-
techniques. However, most other techniques suffer from &on, which is not observed in our measurements. Apart from
lack of site-specific measurements, and the NI aradeas the contamination mechanism, the contact mechanisms as-
would be studied simultaneously. We believe that any transume a poor conductor. Vges metallic below the transition
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TABLE I. Summary of our STS and some earlier experimental and theoretical results.

V 3d state, V 3d state, Energy gap

RT(meV) 60 K(meV) A (meV) 2A/kgT¢ Ref
Pure VSeg -85 —-80 80 (60 K) 17
Pure VSe 40 (4.2 K) 8.4 8
Clean areas of N¥Se, -80 -60
Na area of NgvSe, -90 —-150 230 (60 K) 48
Pure VSg, theory -170 14
NaVSe, theory —380 14
2H-TaSe, theory 30 25

temperature, stoichiometric NaVSis considered as a semi- Vvalues, cf. Fig. 13. Wang, Slough, and Coleman studied pure
conductor, and N&/Se, for 0.5<x<0.6 is metallic2 The  VSe, by STS!® They reported an energy gap=40 meV at
mixed phases fox<0.5 are therefore expected to be metal-4.2 K that does not agree with our measured gap,

lic, since both VSg and the R(l) structure are metallic, ~80meV. CDW gaps have a BCS-like temperature depen-
while the higher concentration mixed phases are possiblglence, i.e., increasing gaps when decreasing the temperature,
semiconducting. We have a low concentration sample an0 our gap would then be expected to be smaller than 40
expect the entire sample to be metallic. Tip-sample contadneV. The measurement of Ref. 10 was done with a voltage
mechanisms can therefore not be thain cause for our ob- range of less thar: 100 meV and did not resolve the W3
servation of corrugation enhancement, but an electronic efstate. That we see the Vd3peak ensures us that at least a
fect is needed to explain the results. Still, despite that thgart of the band structure is reflected in the data, but at the
approach of Tersoff can explain the large corrugations obsame time this peak complicates the estimate of the gap. We
served in the T-Ta compounds and graphite, the approachhave tried smaller voltage ranges to see if we could find a
with mechanical contact is needed to explain the distancémaller gap inside the structure we ascribe to the gap, but all
dependence, that is well established at least for grafhite.

Therefore, a combination of contact and electronic effects U85 T ]
might be the solution of the corrugation enhancement. 03k 3
Giambattisteet al. measured a rapid change of tunneling T ]
barrier with distance in VS&* The tunneling barriers for 3 025f ;
the 1T-Ta compounds are found to have much slower varia- g o2of 1
tion, and the conclusion is that the presence of a strong CDW N l
causes this slower variation, and thereby a lower response to 2 015¢ 1
tip-sample distance variatiofThe width of the energy gap S o4 F ]
in our | areas is of the same order as for the Ta compounds,
despite the metallic character, and we have a fairly strong 0.05F 1
. . . a)
CDW in these areas. We might therefore expect more simi- EF o bt

larities to the I'-Ta compounds in theareas. However, we
found a percentage corrugation enhancement500% at
low bias in bothl and NI areas. A measurement of the tun- Er o e
neling barrier vs distance in the different areas of our L
Na,VSe, sample could give a clue to the expected behavior 005 F J
of the | islands compared to the NI parts. Obviously, the [ %
corrugation enhancement in the CDW systems are a complex :+ 5 o
01 -
015 F —
L C J
o 1

matter that needs further study. The corrugation enhance-
ment is not crucial for the conclusion of the structure and

behavior of the CDW'’s, but is an observation that might give

additional clues to the understanding of STM response to
CDW'’s and also of the CDW'’s themselves.

Position of V3d state (eV)

-0.2 A L L
3. Energy gaps and the \3d state
FIG. 13. Statistics from spectroscopy measurements that clearly

In all STS measurements the structures in the tunnelingy, ..« ihe trends of the shifté) Energy gaps in puréA) and
spectra were rather broad. We chose values for the Structurgercalatedc) samples(Nonexisting gap in NI areas not shown.

in the middle of the peaks for the Vd3derived state, and in () position of the V @ state in the different samplega) Pure

the middle of the flat range in the spectra for the energy gaps;se,. (B) NI areas of NgVSe,. (C) | areas of NaVSe,. The box

Our STS measurements are summarized together with som@closes 50% of the values, horizontal lines correspond to median
other experimental and theoretical results in Table I. To acvalues, and vertical lines extending from the box mark the maxi-

count for measurement uncertainties, we made statistics @fium and minimum values. single values far away from the rest are
the measured values, and what is given here is the medianarked as circlefoccurs in curveC in (b)].
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we could see was the tail of the Vd3state. We find it The state belowEg originates from a mainly V
puzzling that the V 8 state is not resolved in the spectra of 3d-derived band. Near the Brillouin-zone center, the elec-
Ref. 10, but prominent in our spectra. The presence of therons have a parallel wave-vector componkpt0. These
peak could give an overestimate of the gap, since we mostlglectrons tunnel much more effectively than electrons with
base the gap on the structure seen aldeye However, the largek;, and dominate the STM imaging and spectroscopy.
gap should be symmetrical, and can not be much smallgdenceforth, when we discuss the calculated energy of the V
than the estimated ~80 meV. Also, the spectra are repro- 3d state, we refer to the energy at the center of the Brillouin
ducible with different tips and samples. To our knowledge,zone, i.e., at thd point. The V 3 state is found about 100
the spectra of Ref. 10 is the only published energy gap fomeV below Ex from various theoretical and experimental
VSe,. However, one should note that the interpretation ofstudiest?***"~*°Calculations’ of the undistorted VSeand
STS spectra is far from trivial, and measurements of energgtoichiometric NaVSgpredict a shift of the V @ state from
gaps in high¥¢ superconductors have given values that dif-—170 meV in pure VSgto —380 meV in NaVSe as a
fer considerably® consequence of intercalatidief. Table ). This is not the
The unsuccessful attempts to resolve the energy gap in thease in our observations. The small variations in the position
NI areas of NaVSe, does not necessarily have to be anof the V 3d state at room temperature cannot be considered
effect of an intercalation-induced change of the gap. Theignificant. Instead, a shift of the Vd3state, from—90 to
low-temperature measurements of the pure MSample —150 meV in thd areas, is found below the CDW transition
showed that resolving the gap is highly dependent on the tigemperature. We have no ready explanation why we only
Thus the lack of a gap could be an effect of not having thefind this shift belowT . The V 3d state is located within the
appropriate tip for resolving the gap in the NI parts. How-energy gagi.e., inside the density of states depleigmthe
ever, it could also be an effect of the shifted \d 3tate | areas, and is therefore likely to be influenced by the CDW
approachingEg, making the gap difficult to resolve. A formation, as in our observation. Still the calculations predict
CDW gap need not necessarily be much more than a weake shift as a consequence of intercalation itself, and not of
depletion atE, and the reason that we expect an gap is thehe CDW formation. In the NI areas the shift is small, from
observation of the X4 CDW modulation in the topographic —80 to —60 meV, and one could argue that it is just a mea-
images. Considering the similarities of this CDW and thesurement artifact. The statistics from different tips and
pure CDW, we expect the electronic structures to be roughlgamplegFig. 139 convince us, however, that the shift exists,
the same. since the state clearly appeared at lower energies than in the
The NgVSe, gap was found to be largey~230meV, pure samples. In our earlier pafewe suggested a shift of
compared to thé\~80 meV gap for pure VSe This gapis —60 meV also to be present at room temperature. With
of the same order as the gaps in the-Ta compounds, that larger statistics this shift at room temperature is not clear.
have been measured t©150-200 meV in T-TaS and  The differences in the absolute positions of the &/ 3ate in
1T-TaSe (Refs. 47 and 48 However, this large energy gap the calculations and experiments are not very surprising.
also suggests a highdr; than observed here. Our energy First, the calculations consider a stoichiometric sample, and,
gap andT. gives a value of A/kgT-=48, which is ex- as electrons are transferred to the host lattice upon intercala-
tremely high. The value of /kgT¢ for the 1IT-Ta com- tion, the V 3 state must have a higher binding energy in a
pounds are~6, according to Ref. 10, while pure VShas stoichiometric sample than in a nonstoichiometric sample,
2A/kgTc~17, according to our measurements, a value closée., the state will be shifted further away frofg in a sto-
to the 2H compounds that havel kg T~ 15— 25(Ref. 10. ichiometric sample. Second, the calculations assumd a 1
Miyahara, Bando, and Oz&Ri measured a value of crystal structure, while we are most likely to have B(B
2A/kgTc=57 in the semiconductingTETiSe, using a pla-  structure as discussed above. We note that the PES data for
nar tunneling junction. The energy gap of Ref. 49, howeverthe V 3d band is in lesser agreement with the calculations
is largely dependent on temperature, and approaches a valtian for the Se g-derived valence bands at higher binding
of ~25 atT., more consistent with optical measurements ofenergies, and that no shift of the W 3peak has been re-
the same material. Our sample is evidently different fromsolved in the PES measurements done at room temperdture.
ordinary TMD'’s, and the surroundings of théslands could The PES determined Vdband is very narrow, which also
give effects keepind ¢ at a lower temperature although the favors the short-coherence model of McMill&hstill, we
gap is increased. According to the theory by McMilfdn, have no explanation of why there is a shift away frBmin
2A/kgTc~30, which is in between our value and the onesthel areas, and towarHg in the NI areas. We have observed
observed for the pure TMD’s. The gap edge was quite broathat the ordering of Na atoms at low temperatures induces a
in our measurements, so by choosing another criterion focharge ordering, but it appears that it also involves a mecha-
the gap edge than in the middle of the flat range, e.g., choostism where charge is transferred from the NI areas td the
ing the value closest possible to the point where depletiomreas. Unfortunately there are, to our knowledge, no theoret-
starts, the energy gap can become significantly smalleiical or experimental studies available, either for pure M@e
down to as low values asMkgT-~30. This is still a large the intercalated material, probing the low-temperature effects
gap, but in excellent agreement with the theory of McMillan. on the band structure. The expected effects at low tempera-
The VSe transition is a metal-metal transition, although tures are therefore not known. We would also like to stress
most TMD’s become semimetallic after the CDW transition,that STM has a unique possibility to distinguish between the
and we still have a fairly high density of stateskat below  different areas, which is not possible for most other experi-
Tc after intercalation, indicating that WdSe, also has a mental techniques, so that it would be difficult to compare
metal-metal transition. any other results directly with STM measurements.
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V. CONCLUSIONS the CDW at low bias were found in bottand NI areas. This

We have demonstrated a local modification of the cDW"&S not believed to be of pure tip-sample contact origin, but

in Naintercalated VSaoaether with a nonhexadonal order- also due to electronic effects. The results clearly showed the
) Setog 9 . local properties of both the intercalation-induced CDW and
ing of Na below the first layer at low temperatures. While the

NI parts of the sample seemed unaffected by the presence E) e undistorted CDW in the NI areas.

Na in the material, thé areas showed a strong, octahedral,
CDW, rotated with respect to the atomic lattice. STS showed
local effects on the band structure, with a different shift of
the V 3d-derived state belovEg in the different areas. A We thank Dr. H. Starnberg for providing the V\Serys-
large energy gap was found in thareas, in agreement with tals. I.E. acknowledges financial support from the Swedish
the short-coherence model of McMillan, while no gap wasFoundation for Strategic Resear¢BSH Microelectronics
ever resolved in the NI parts. Corrugation enhancements girogram.
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